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Preface 


This is the forty-sixth and last annual volume of the TRANSACTIONS of the 
American Institute of Electrical Engineers. It consists of the complete papers 
and accompanying discussions presented at the two conventions and three 
regional meetings of the Institute prior to September 1927. The January 1928 
Quarterly TRANSACTIONS contains the papers from the two succeeding meetings 
in 1927. The annual report of the Board of Directors for the fiscal year ending 
April 30, 1927, and a list of the officers, committeemen, and Section and 
Branch officers for that period, are included in this volume. The index of 
subjects has been made as complete as possible, with ample cross references. 
The authors’ index contains as well the names of all those contributing to the 
discussions. In addition to the papers published in this volume, the index lists 
certain articles of more transitory interest, which were printed only in the 
JOURNAL. 


In 1928, with Volume 47, the Institute inaugurates its new policy under 
which the JOURNAL consists of abridged papers, while the Quarterly 
TRANSACTIONS will contain the papers and discussions in full. 
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Synchronous Machines—III 
Torque-Angle Characteristics Under Transient Conditions 


BY R. E. DOHERTY* 


Associate, A. I. E. E. 


Synopsis.—This is the third part of a series of papers on the 
subject of synchronous machines. The first two were: 

I. An Extension of Blondel’s Two-Reaction Theory, 

II. Steady State Power-Angle Characteristics. 

The present paper deals with the power-angle, or torque-angle, 
characteristics under transient conditions, namely, 

A. Cyclic variation of impressed torque, 

B. Sudden angular displacement, 

C. Synchronizing out of phase. 

It is shown, as in Fig. 6, that although the slope of the torque- 
angle characteristic (which is an important factor in the determina- 
tion of the resonant frequency) under the oscillatory condition ts 
greater over a large range of values of the average angle 3’ than 
under steady operation, nevertheless in the range of normal operation, 
i. e., from 8’ = 0 to’ = 25 deg., the two slopes, in the case of 
salient-pole machines, are practically the same. Hence, it ts only 


N certain applications of synchronous machines it 
is required to determine the relation between the 
torque and the displacement angle under transient 

conditions. For instance, when such a machine is 
direct-coupled to a reciprocating engine or compressor, 
there is, of course, a resultant alternating component of 
torque which causes an angular oscillation of the 
machine. This produces current pulsations in the 
line which are a function of the torque-angle character- 
istic,—that is, of the “synchronizing torque.” Such an 


oscillation induces currents in the field winding, thus. 


affecting the values of synchronizing torque, and there- 
fore must properly be treated as a transient phenome- 
non. The present treatment, on this basis, however, 
shows that although there may be special cases where 
the effect of the oscillation on synchronizing torque is 
significant, there are nevertheless many practical appli- 
cations where it is not. 

Another instance is sudden angular displacement. 
If, when operating under a given load condition and 
angular displacement, the rotor is suddenly displaced 
to a different angle, the torque at the new angle will be 
different, under this transient condition, from the value 
at the same angle under steady operation. 

Still another instance is synchronizing an incoming 
alternator out of phase. In this case, the resulting cur- 
rent and torque are much greater than at the same phase 
difference under steady operation. There may be 
danger of overstressing the shaft or coupling in such a 
case; hence it is important to have means for pre- 
determining such forces. 

The problem of steady state operation has already 
been treated by the authors!. It has also been treated 

*Both of the General Electric Co., Schenectady, N. Y. 
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tn rather rare, special cases that a correction in thi slepe for the 
oscillatory condition is necessary. For such cases, Equation 27 
gives the correction. 

Referring to condition B, Fig. 18 shows the steady tate torque- 
angle characteristic and also the characteristics for the mndition of 
sudden angular displacement, the latter occurring fron various 
given points on the steady state curve. The slopes tnaicated by 
dotted line segments in Fig. 6 merely correspond to parts oj the com- 
plete characteristics shown in Fig. 13. The latter are calculated 
from Equation 46. 

It is fairly well known that synchronizing out of phase gives 
rise to much larger torque than would exist at the same angular 
displacement under steady operation. The difference between these 
two torques is shown in Fig. 17 for a steam turbine type generator. 
The steady state torque is calculated from Equation 26; the trarsient 
torque from Equation 61. 


more recently by Putman’, giving the same results for 
those aspects of steady operation treated by him. His 
paper also investigated certain conditions of transient 
operation. The results for the latter, however, differ 
in certain important respects from the present 
treatment.’ 

It is the purpose of the present paper to establish 
mathematically, from what appear to be reasonable 
and practical premises, the relation between torque and 
the displacement angle of a synchronous machine under 
the following conditions: 

A. Cyclic variation of impressed torque, 

B. Sudden angular displacement, 

C. Synchronizing out of phase. 


PREMISES 


For condition A it is assumed that: 

1. The machine is connected to a relatively large 
power system, 

2. The effect of armature resistance is negligible. 
This has been justified in a previous paper.! 

3. The currents are polyphase, balanced, sine waves 
(in time). They can be resolved, therefore, into two 
complementary polyphase current systems, one in 
which the current in each individual phase reaches 
maximum at the instant the axis of the field pole coin- 
cides with the axis of magnetization of the phase under 
consideration—this is termed the direct component of 
current; and another in which the current in the same 
phase reaches maximum one quarter-cycle later, that 
is, in time quadrature. This is termed the quadrature 
component}, 

4. The machine has salient poles. Cylindrical rotor 
thus becomes a special case of salient poles in which the 
synchronous reactances in the direct and quadrature 
axes are equal. The transient reactances in the two 
axes, however, May or may not be equal. 
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5. The mchine has a short-circuited rotor winding in 
the quadratve axis, as well as the main field winding in 
the direct wis. The effect of an amortisseur winding 
may thus be taken into account as a practical 
approximation. 

6. Saturation is negligible. While the results apply 
strictly only to machines in which magnetic saturation 
is negligibie, nevertheless this does not mean that practi- 


eal calculations, within practical accuracy, can not be 
thus made when saturation is present. Indeed, they 
are made, just as many other similar calculations are 
made, by exercising engineering judgment in shading 
the constants of the machine with respect to the degree 
and distribution of the saturation. 

Such a procedure should be recognized, however, as 
an approximation and should not be treated, as it 
sometimes is, as a correct method. The theory of 
superposition does not apply when saturation is present. 
Hence a linear relation between field current and 
nominal voltage can not be combined properly with 
other equations of armature voltage. 

7. The pulsation in the magnitude of the fundamental 
component of armature m. m. f. is harmonic. The pulsa- 
tion may comprise more than one harmonic, in which 
case each may be treated separately, and the results 
superposed. 

8. The frequency of this pulsation is low compared 
with the normal electrical frequency. It thus becomes 
permissible, as a close approximation, to express the 


current as a vector of harmonically varying amplitude.. 


The modulation frequency, i. e., the frequency of the 
envelope of the current wave, must be low enough for 
the polyphase relation of the currents at any instant 
not to be appreciably disturbed. In still other words, 
the current wave throughout any cycle of normal fre- 
quency is not appreciably changed from a sine wave 
by the modulation, as indicated in Fig. 1. 

For conditions B and C, it is assumed, in addition to 
the above and excepting 7 and 8, that 

9. The effect of the field circuit resistance is negligible 
in the first moment. It is assumed that the time inter- 
val in which the displacement occurs is small enough to 
justify this. 

10. The direct component of the transient armature 
current is neglected. This component gives rise to an 
alternating torque comprising normal frequency and 
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higher harmonics. These rapidly alternating torques 
do not, as a rule, produce significant motional effects, on 
account of the relatively large inertia of the rotor with 
respect to the frequency of the torques. 
treated ina future paper. The present treatment deals 
only with that component of torque which is uni- 
directional for a given displacement and is the com- 
ponent which may throw large stresses on the shaft if a 
machine is synchronized out of phase. 


A. CYCLIC VARIATION OF IMPRESSED TORQUE 


When a synchronous machine is direct-coupled to a 
reciprocating engine or compressor, the impressed 
torque comprises a steady component with superposed 
alternating components. The latter may be substan- 
tially a single harmonic, or it may comprise a number of 
significant torque harmonics. Each harmonic may be 
treated independently. 

The problem may therefore be definitely stated as 
follows: A synchronous machine, operating on a rela- 
tively large power system, and carrying a given average 
mechanical load, experiences also an impressed cyclic, 
angular oscillation which produces an harmonic modu- 
lation of the armature current, as indicated in Fig. 1. 
This induces, by transformer action, a corresponding 
alternating component of current in the field winding, 
thus affecting the power-angle, or torque-angle, charac- 
teristic of the machine—that is, changing the slope, as 
indicated in Fig. 2. Thus, instead of an oscillation 
above and below the point p, from a to b on the steady 
state characteristic, as would occur at very low fre- 


‘quency of impressed oscillation, the actual oscillation, 


for the above reasons, would be from a’ to b’, i. e., ata 
different slope. In other words, if the frequency of 
oscillation is low enough in relation to the resistance of 
the field circuit, the adjustment of the field flux to the 
changing armature m.m.f. will be effected without 
appreciable induced currents in the field. On the 
other hand, for the same angular oscillations, if the 
frequency is so high that the field flux cannot change, 


Torque or Power 


Displacement Angle 


Fig. 2 


the maximum induced field current will result—. e., 
that which is required to maintain constant flux link- 
ages. Hence the induced field current will be between 
these limits and the slope of the torque-angle character- 
istic will also fall between corresponding limits. 

The slope, designated by 7, is an important factor 
in the resonant frequency of the machine. The rela- 
tion which this bears to the frequency of the impressed 


These will be ` 
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oscillation is an important factor in determining the 
magnitude of the oscillation‘. 

The present problem, therefore, is to determine the 
slope of the torque-angle characteristics at the point p 
corresponding to the average torque, Fig. 2. 

The plan of attack is, first, to determine the rotor 
current induced by the oscillation. This, added to the 
average value supplied by the exciter, determines the 
total nominal voltage as a function of time. From the 
vector diagram of voltages, the displacement angle of 
the machine is also expressed as a function of time. 
Since the torque has been shown! to be a function of the 
nominal voltages and displacement angle, it may also 
be expressed, from the foregoing relations, as a function 
of time. 
term and an alternating component. ‘The plan is to 
obtain the complex expression for ‘‘motional impe- 
dance* by dividing the alternating component of torque 
by the alternating component of velocity, both ex- 
pressed as vectors. The two components of the 
motional impedance give, respectively, the damping 
coefficient and the resilience coefficient, 7. e., synchroniz- 
ing torque. 

The use of motional impedance is convenient be- 
cause of its analogy with electrical impedance. In the 
particular convention chosen‘, velocity corresponds to 
current, torque to voltage, damping constant to resis- 
tance, motional reactance to capacity reactance, etc. 


Thus, the real term of the motional impedance 
consumes a torque which is in phase with the velocity 
(just as resistance consumes a voltage in phase with the 
current) and therefore represents damping. The 
imaginary term, the motional reactance, consumes a 
torque which is in time quadrature with the velocity 
(just as capacity reactance consumes a voltage in 
quadrature with the current) and hence in phase with, 
and proportional to, the displacement—just as the 
voltage across the condenser is in phase with and pro- 
portional to the charge. It therefore represents the 
synchronizing torque. That is, the change of angular 
displacement is accompanied by a proportional change 
in torque. This proportionality factor, t. e., the slope 
of the torque-angle characteristic, is the objective of the 
investigation for condition A. 

Percentage Representation of Quantities. As in the 
first two sections of this investigation, already pub- 
lished}, the various quantities here will be expressed as 
a percentage (as a fraction) of some definite value, thus 
avoiding cumbersome conversion factors and other 
constants. For instance, all armature currents are 
expressed as fractions of normal current; all voltages, as 
fractions of normal voltage; etc. 

Equations for Condition A. Since the modulation of 
the armature current produced by the angular oscil- 
lation of the machine is assumed to be harmonic, the 
current wave will be as shown in Fig. 1. The total 


*This term has been used by Dr. A. E. Kennelly and others. 


The torque thus expressed contains a constant ° 
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direct component of current t4 at any time t and ex- 
pressed in terms of the peak value, is 
ta = la’ + A ta COS st a) 

where 
A ia = the peak value of the low-frequency alternating 
component which causes the modulation, as 

shown in Fig. 1, 

the steady, or average, value of the direct 
component expressed in terms of the peak 
value as a fraction of the peak value of normal 
current, 

s = angular velocity corresponding to the frequency 
of modulation, expressed as a fraction of the 
angular velocity corresponding to normal 
electrical frequency, 

t = time, expressed as a fraction of the time re- 
quired, at normal frequency, to pass one 
electrical radian. 

Thus the time. angles corresponding to the two 

frequencies are expressed, respectively, at s t and t. 

Likewise, the quadrature component is 


tq = 1,' + At, cos (st + a) (2) 
where a = the time phase difference between the low- 


frequency modulations of the direct and quadrature 
components of current. 


ta’ 


or id 


8X id 


Zero time can be chosen so that (1) is true, since 
the total current, and therefore each of the two com- 
ponents, is assumed to be modulated harmonically. 
But the phase difference a is not known. 

The modulation of the polyphase armature currents 
produces a corresponding low-frequency variation in the 
otherwise constant magnitude of the armature m. m. f. 
(space sinusoid), 7. e., the armature reaction, which 
rotates at the same speed with the field poles. That 
particular component of armature reaction which is 
directly opposite the pole, that is, the direct component 
produced by ta, is impressed on the same magnetic 
circuit with which the main field winding is linked. 
Thus, by transformer action, these harmonic variations 
in armature currents induce corresponding variations in 
the field winding, the latter being short-circuited 
through the exciter armature. 

The variations in the quadrature component, how- 
ever, are obviously not short-circuited by the main field 
winding. If there is an amortisseur winding, or some 
other short-circuited winding in the quadrature axis, 
the currents induced therein by the variations of i, 
must also be taken into account. 

The next step is to determine these induced field 
currents. Just as the armature reaction can be ex- 
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pressed in terms of the current of only one phase 

(because all of the currents are related in phase and 

magnitude so that this is possible) it is obviously also 

possible to express in the same way the variation of that 

armature reaction, within the limits of the premises. 

Hence the transformer relations may be determined 

from the well-known equivalent circuit. Thus in 

Fig. 3, 

zı = armature leakage reactance at normal frequency 

(see notation). This is taken to be the same 
for 214 and 2,. See “Reactance,” in Bibliog- 
raphy 1. 

Xiao = field leakage reactance, in armature terms, for 
the winding in the direct axis—7. e., main 
field winding. 


Ra, = resistance of main field winding, armature 
terms. 

Zma = mutual reactance, direct axis. 

2q1 = equivalent impedance. See Fig. 3. 


ea) = voltage across 2,1. | 
It is shown in Appendix A that the variation in the 
field current, direct axis, corresponding to A t4 is 


ATs = Aila tjb) (3) 
or, as a function of time, from (1), 
A Ia = Atqg(acosst— bsinst) (3a) 

Likewise 

AI, = 42, (c +jd) (4) 
and, from (2) and (4), 
AI, = Ai, (ccosa—dsina) cosst 

— (csin œ + d cos æ) sin st (4a) 


where 


S? mae (Zma + X tac) 


aiz Rad + s? (Lea + X tda)? 
b S Ima Raa 
7 Rad’ + s? (Imad + X ida)? 
8? Baa (Lag + X tqa) 
ain a F s? (Ling Eg X tga)? 
ge Stach ca 


Roa’ + s? (Lac + X tga)” 


With the alternating components of the field currents 
thus determined, the nominal voltages, which are pro- 
portional to the field currents, may be also determined 
by adding to the alternating component, the constant 
term supplied by the exciter. Since both the field 
current and the nominal voltage are expressed as 
fractions, they are numerically equal. Thus the peak 
value of the total nominal voltage, direct axis, at any 
time is, from (3a), 

ea = IL' + Aly 
= Ia’! + Aña (c coss t— bsins t) (5) 
and, since there is assumed to be no constant excitation 
in the quadrature axis, the quadrature component is, 
from (4a), 
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e, = ATI, 
= Ai,(c cos a—d sin a)cos s t— (c sin a+d cos a)sins t 
(6) 
The variable displacement angle ô will now be 
determined as a function of time. From Fig. 4 it is 
shown in Appendix A that two expressions for this 
angle can be written: one, as a function of A i, tand a; 
the other, as a function of Ai, and t. These will be 
identities involving terms of sin s t and cos s t. Equat- 
ing the respective coefficients, as in Appendix A, a is 
determined. Thus, 


bd + (xa — a) (x, — ¢) 
d (ta — a) — b (xz, — ©) 


Also, it is shown by equating the magnitudes (since 
the expressions represent the same angle) that the 
ratio of Az, to A tais 


_ fanart 
(x,—c)? + d 


The variable displacement angle 6 comprises the 
average component 6’ plus an alternating component 
AO. 

Thus 


cota = 


(7) 


Aig 


ae cot 6’ (8) 


6=6’'+ Að (9) 
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The alternating component as a function of t and Az, 
is, as shown in Appendix A, 


Ata|(ta— a) cosst + bsins t] 


ao e sin 6’ 


(10) 

It has been shown! that the torque of a synchronous 
machine connected to a power system of constant volt- 
age is determined by the nominal voltages e4 and e,, 
the terminal voltage e, the synchronous reactances 


z4 and z, and the displacement angle 6. It is 
Ela e ea e* (Za — X) 
T = = sin ô + a cos 6 + Qn. 2, sin26 (11) 


This equation gives the torque not merely for steady 
state conditions, when A ô = 0, but for any condition 
within the limits of the premises, when the actual 
values of e4, e, and 6, existing at the moment under 
consideration, are substituted. 

Substituting in Equation (11), e4 from (5),e, from (6), 
ô from (9) and (10), and A 7, from (8), the equation for 
the torque T at any time t is obtained, which contains 
a constant term T’ and an alternating component 
AT. Thus 
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T=T'+AT Now if the current in (17) is a sine wave, it can be 
where expressed of course as a vector by the following familiar 
2 _ method. 
T! = — si fig a na (12) Let 
= sın 9 m d 
i dy me 
It is convenient to express the alternating component 
of torque as a vector. Thus where w = the angular velocity corresponding to the 
te~- esna frequency of the current. 
Alsu o TS Se Then Equation (17) becomes 
; e sin 6 i Za i 
e cos? 6’ — q)? 2 E=1 (j ) 
t-ga sin ô’ (¢ cos æ — dsin a) q| ee + (La aa a | jw 
(=e) td ör 
tjai] b p , be sin 8 E ‘a 
(Mis = Es i= 
° w C 


e cos? 6’ 


(ta — a)? + b? 
mans sin 0” (c sin a + d cos a) A 


(£e = c)? T d? 
(13) 


where T.’ is the synchronizing torque, given by Equa- 
tion (26), corresponding to steady state operation. 

The next step is to obtain the vector expression for 
the alternating component of velocity. Dividing (13) 
by this velocity will give the motional impedance. The 
velocity of oscillation is given by the rate of change of ô 
with respect to time. Thus, substituting (10) in (9) 
and differentiating, the velocity is 


d A ô 


nace DOE 
— — -m 


SAt: 
e sin 6’ 


[— (ta — a) sin st + b coss t] (14) 


Taking the cos s¢ term as reference vector, as before, 
(14) becomes 
sA la 


Q = — (b+ 5 (za— @)] 


e sin 6’ (15) 


Consider further the meaning of motional impedance. 
The well-known equation for torque consumed in any 
mechanical system involving inertial reaction, damping, 
and resilience is, for rotation, 


dQ 
T=I1 +T.0+T. fadt (16) 
where 
Q = angular velocity 
I = moment of inertia 


T, = resilience coefficient 
Ta = damping coefficient 


This is exactly analgous to the expression for voltage 
consumed in an electrical circuit containing inductance, 
resistance, and capacity. The familiar equation is 


di 1 
E = ut +Ri+-p Sidt (17) 


Similarly, in Equation (16), if the total consumed torque 
is a sine wave, the velocity is 
5 T 
“DA a 19) 
l T, ( 
eee (: 8 ) 


Since in the present problem the purpose is to study 
the character of the electromagnetic torques only as 
affected by the oscillatory motion, the inertial reaction 
does not enter the equations. In the presentrcase it 


Fig. 5 


is as if, in Fig. 5, the total voltage E were a sine wave, 
thus giving a sine wave current, and as if only the com- 
ponent E, of the consumed voltage were to be investi- 
gated. The impedance which consumes the voltage 
E, would be 


_ 1 

, IC (20) 
and, similarly, in the present problem the impedance to 
the oscillatory motion, t. e., to the velocity of oscilla- 
tion, offered by the electromagnetic reactions of the 
machines is, by (19), 


Z=- =R- 


AT . IT, 
ng SAFIA = La z (21) 
Thus, the motional resistance, due to damping, is 
T T 3 (22) 


and the motional reactance, due to the synchronizing 
torque, 1s 


X = - 
a (23) 
and T,=—sxX 
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Dividing,13) by (15), and equating to (21), 


Transactions A. I. E. E. 


aa ecos? ô’ | (za— a)? +b , : 
b e six? 6’ + ga Ni ee ea [(c cos a — d sin a) b + (x4 — a) (c sina + d cos a)] 
q q 
Ta = s (0? + (a — a)?] (24) 
and 
e sin? 6’ f a (xz — a) — b? e cos?’ [(xz— a) (c cos æ — d sin a) — b (csin æ + dcosa)] 

T, z T,” Ee n o fo ee A N eee OY ee =<. a es 25 

T La [ (rq — a)? + | Te J [b? + (za — a)?] [d? + (x, — ¢)?] (25) 


It is thus seen that the synchronizing torque, i. e., the 
slope of the torque-angle characteristic, is equal to the 
steady state value 7,’ plus an increment which is a 
function of the frequency of the oscillation and the aver- 
age displacement angle 6’. 

T,’ is obtained by differentiating (11) with respect 
to 6, and substituting 6’ for 6. Omitting the second 
term, since there is no constant excitation in the 
quadrature axis, 


e eq! (£a — £.) 


cos 6’ + e 


= cos 2 6’ (26) 
Equations (24) and (25) are general. The type of 
machine usually found in installations where such 
oscillations exist, however, is the salient-pole type with 
anamortisseur winding. For sucha winding, calculation 
shows that the resistance is so high at practical fre- 
quencies of oscillation that the winding has a negligible 
effect on the synchronizing torque. ' That is, c and d 
may be assumed to be zero in (25). For such cases, 


e sin? 6’ E (tq— a) — =] 
Ld (%qg— a)? + b? 


The main field winding and the amortisseur winding 
do produce damping, as given by (24). That is, c and 
d cannot be neglected in (24), although they are negli- 
gible in (25). 

Consider a few special cases. When the resistance of 
the main field winding is very small compared to the 
leakage reactance, b becomes zero and, as shown in 
Appendix A, 


T, = Le + (27) 


= Xa — £a’ (28) 
where zx,’ = transient reactance, direct axis. Thus 
(£a — 2x4’) sin 26’ 
yan I 2. 
T, =T,' +e esas (29) 
Substituting (26), 
e eq’ La—2 
LS : coud et coo # 
La tad, 
(ta~ za) . 
E Aa 2 57 
+e a sin? 6 (30) 


This condition—7. e., zero field resistance, b = 0— 
gives the maximum synchronizing torque which can be 
obtained for the given average nominal voltage e,’ 
and terminal voltage e, at any oscillating frequency 
which is low enough to make c and d = 0. For more 


rapid oscillations c becomes significant, as shown later 
in Equation (32). 

When the oscillations are very slow, so that the in- 
duced field currents are practically zero, a and b are 
zero, and 

T= T’ (31) 
That is, the oscillation occurs on the slope of the steady 
state angle-torque curve. 

Another interesting case is the condition of very rapid 
oscillation in which the resistances of the direct axis 
winding and the quadrature axis winding are zero, that 
is, 


R,,and R,, = 0 


(keke Sakae Pee eeh 
Bae e? Xe PAs eeeee 
tt AA NT TTT TTT 
+ Rae? Skee nea ee 

P A WARIA E 
E N aa T 


pa IN ea ed | 
pt Py tT 
eae Doe Ned de ils 
RSME ERRE 


ATTA ANI 


m 

m 

Sa aee 

pt Oh 
Hiatt ett tN 
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Then, as shown in Appendix A, 


Ema ; 
T au Aue UTR 
b=0 

Lng ; 
c= Tae $X, 7 te Fe) 
d= 0 


Substituting these expressions in (25), 

La — Xa! i T 
T,=T.' 4e (=. ae 2 
Ta La 


cos? 5] 
a. 2. 


(32) 
Numerical Examples. a. The following constants 
are representative of a low-speed synchronous motor, 
say 300 kv-a. at 120 rev. per. min.: 
zu = 1.0, 2, = 0.6, 2x4’ = 0.4, 
eg = 0 


e = 1.0, e. = 1.4, 
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The torque-angle characteristic for steady state 
operation, calculated from equation (11), is shown in 
Fig. 6. The slope of this characteristic at any angle 6 
is-the synchronizing torque, as given by Equation (26). 
The synchronizing torque for oscillatory operation 
under the assumption that b = c = d = 0, is shown at 
different angles by the dotted line segments, as calcu- 
lated for Equation (30). 


ee OIS I 
PET TTR YT AIA Tt 
Bann (see sees 
PTT TAT TT AAT LT 
ah cee IN TT 
Pee eR eee Cae eae 


Torque 


TATT STLA) 
E A E T TAIN eeee 
AECE C EAT TERE N E wae 
pt EE 


Electrical Degrees 
Fig. 7 


If an amortisseur winding were added to the machine, 
the constants would be modified somewhat as follows: 


1.0, x, = 0.6, x4’ = 0.25, x,’ = 0.8, e = 1.0, 


Under the assumption that b = d = 0, the synchro- 
nizing torque, as calculated from (32), is shown by the 
full line segments in Fig. 6. 

b. In Fig. 7 the characteristics are shown for 
6 = c = d = Q0, and for a higher speed machine with a 
somewhat lower transient reactance z4’ and a relatively 
smaller pole arc: 
xa = 1.0, z, = 0.5, 24 = 0.3, e= 1.0, e = 1.4. 

c. Fig. 8 shows the characteristics of a laminated 
cylindrical rotor machine: x, = 1.0, zm = 1.0, 
rq’ = 0.15, e = 1.0, eg’ = 1.45. | 

These curves bring out some very interesting and 
important facts: 

1. The synchronizing torque T, under the oscilla- 
tory condition (indicated by the slope of the dotted 
lines) is exactly the same* as T,’ for steady state opera- 
tion at 6 = 0 (2. e., at no load, neglecting armature 
resistance); and departs only slightly from the steady 
state slope up to 6 = 30 electrical deg., which may be 
considered the practical operating range. Moreover, 
the dotted lines are the maximum slopes, neglecting the 
field resistance. The slope T, for the transient con- 
dition, therefore, will be more nearly the same as the 
steady state slope T,’ than shown. 

2. The practical approximation which has been used 
for some years by the authors is to divide full load 
torque by full load angle, which corresponds to the slope 


*This is also evident from equation 29 for 6 = 0. 
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of a line through zero and the full load point on the 
curve. This, it will be noted, falls between the steady 
state slope and the dotted line, and is protably nearer 
the correct value in most practical applications than 
either of those limits, particularly for salient-pole 
machines. 

3. It will be observed that the slope of the dotted 
line is still positive beyond the maximum power point 
of stable, steady state operation. This means that if a 
machine were operating beyond the angle correspond- 
ing to maximum, steady state power, say at 100 electri- 
cal deg., the machine would be stable under sudden 
changes, although the steady state characteristics at 


- that point indicate instability. 


4. Comparison of Figs. 6 and 7 with Fig. 8 shows 
that the difference between T,’ and the maximum 
slope T, indicated by the dotted lines, is much greater 
for cylindrical rotor machines than for those of salient- ` 
pole construction. An inspection of Equations (29) 
and (30) shows that the correction term for transient 
condition is the same in either case. The difference is in 
the middle term of (30), i. e., the reaction torque term 
due to salient poles. When this is zero, as for cylindri- 
eal rotors, the correction term merely becomes a 
larger percentage of the total. 

5. The addition of the effect of the quadrature axis 
winding, which comes into full play for very rapid 
oscillations, is shown in the full line segments, Fig. 6. 
It will be noted that the slope is steeper, and remains 
positive throughout the range between 6’ = 0 and 
6’ =T. 
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B. SUDDEN ANGULAR DISPLACEMENT 


A synchronous machine operating at a constant 
terminal voltage e, nominal voltage e,’, armature 
currents 74 and 2,, and an angular displacement 6’, 
is suddenly displaced by an angle A ô giving a total 
displacement ô. This will cause increments in the 
armature currents, so that the total current is 

1d = 1a’ + A OF 
tg =t + At, 

The increments Az, and Ai, 


(33) 
(34) 
will induce corre- 
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sponding incements of current in the short-circuited 
rotor windirgs in the two axes, and this also gives rise 


to incremeats in the nominal voltages. These are, 
from equations in Appendix A, 
A ea = Aia (Xa— La’) (35) 
Ae, = At, (Xa — Xg’) (36) 
The total nominal voltages are thus 
Ca = Ca’ + Ata (La — Za’) (37) 
ea = At, (Xa — Xi’) (38) 


There is assumed to be no constant component of 
nominal voltage in the quadrature axis. 

The vector diagram for the conditions both before 
and after the sudden displacement, is shown in Fig. 9, 
from which the following relations are derived: 


Fic. 9 
lata = (ta! + Ata) £a = ea — ecos ô (39) 
la Za = (la + Ai) £a = esin ô +e, (40) 


Solving for A t4 and Az,, and substituting in (37) and 
(38), respectively, 


, 


£ a — 2 
eg = t ea — oe (e cos 6 + tq’ £a) (41) 
Xd Xd 
and 
Lg — t . ; 
e = — ~; (esin ô — 2,’ x,) (42) 
Ta 
Substituting (41) and (42) in (11), 
e Ca’ . e? (£a E X,’) : 
T = K sin ô + ET PT sin 2 ô 
Za — La’ La — 2X,’ 
— e a ia’ sin ô + —~——— i,’ cos ô (43) 
Xd Ta 


The initial currents 7,’ and 7,’ are determined from 
the initial conditions as shown in Fig. 9. Thus 
€4' — ecos 6’ 


aa, a i re 
ta = £a (44) 


e sin 6’ 
gen (45) 


Substituting these relations in (43), 


, ta! — Xe’ 
. qg . 
T = . sin ô + e 57777 sin2d 
d d ~q 
La — La’ Ea — Ly’ 
+ e ————— sin 6 cos 6’ — e —_—_,— cos 6 sin 6’ 
LaLa A A 


(46) 


Transactions A. I. E. E. 


Equation (46) gives the relation between torque and 
angle when the rotor is very suddenly shifted from the 
initial phase angle 5’ to the new position 6. 

The synchronizing torque T, is obtained by differen- 
tiating (46) with respect to ô. Thus, 


, 


ee,’ La’ — T, 
T, = cos 6 + e ———— cos 256 
La Ly 
La~ La ; Lo- Xe, bag 
+ e —_—— cos 6 cos 6’ + e ———~ sin 6 sin 6 


La Xa E 


(47) 

The value of T, for sudden change, at the initial 
angle 6 = 6’, is 
, Za — r , 


q 
cos 6’ +e aaea cos 2 6’ 
Ld Xa 


Ta = 


, t — Za’ l , 
———— sin? 6 
iki 


(48) 


Equation (48) can be re-written 


Uy 


‘anaes La ; 
cos 26 
Xa 


La 
Ta = cos 6’ + e 


a — Xa’ . Yg—2X, ° 
+ e ————_ sin? 6’ + e —_—,— cos? 6’ 


(49) 


The first two terms of (49) comprise the synchronizing 
torque T,’ at the angle 6’ under steady state operation, 
as given by Equation (26). Hence, 

ta xa’ 
= , De a ey 
T. T, Te ta La’ sin? ô + 


a s? 6’ (50 
co 
Lo pa ( ) 


LAFI 
a 


, 
Qn 


CN 
PT IN Y 
SEE 
PN 
AA 
Er 
Rie 
aes 


It is thus seen that the svnchronizing torque for very 
rapid displacements from the initial steady load angle 6’ 
is equal to the steady state value 7,’ plus an increment 
which is independent of the initial excitation and de- 
pends only on the terminal voltage, reactances, and the 
initial angle ô’. It is interesting to note that this equa- 
tion checks with (32), which was derived, of course, 
under assumptions which are equivalent to those in 
Equation (50). 


ies a ee ee a ee ee ee ee ae PORRER p. SEEE gm ee Ne ye ea 0 ee 
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Numerical Examples. Equation (46) is applied to 
four different representative cases: 

a. Laminated salient-pole rotor. 
gine or compressor type.) 
za = 1.0, xz, = 06, 2.’ = 0.4, x,’ = 0.6, e= 1.0, 
eg’ = 1.4, e = 0. | 

The torque T is plotted against displacement angle 6 
in Fig. 10 for various values of initial angle ô’, and for 
the above voltages. Also, for comparison, the steady 
state torque-angle characteristic is shown, as calcu- 
lated from Equation (11). 

b. Amortisseur winding, salient-pole rotor. 
speed engine or compressor type.) 
za = 1.0, x, = 0.6, z’ = 0.25, xz,’ = 0.8, e = 1.0, 
eg = 1.4, e,’ = 0. 


(Low speed en- 


(Low 


The characteristics for this case are plotted in Fig. 


11. 
c. Laminated cylindrical rotor, Fig. 12. (High 
speed turbine generator.) 
e = 1.0, 
T Tsd ht T Th 
PT TTT AT 
BRS 2eP ane 
TIVIT YII] Tg 
TAIYA 
PITTA T YII I AA 
A SUAT VN 
LAKAAT VAI] | 
ATINA 
NALLY eT pA 
tA owl | | | EA b- 
A ean eae 
CETT os ae es 
d. Massive steel cylindrical rotor, Fig. 13. (High 


speed turbine generator.) 
za = 1.0, z, = 1.0, x, = 0.15, z,’ = 0.2, e = 1.0, 
ea = 1.4, ea =0. . 

These examples bring out some interesting points. 
In Fig. 10, example a, it is seen that if the machine is 


ee 


operating at a steady load corresponding to 6’ = 


(i. e., 45 electrical deg.) and at approximately full load | 


excitation eg’ = 1.4, a very sudden angular displace- 
ment of the rotor would cause a torque following the 
characteristic marked 6’ = 7/4. Similar character- 
istics are also shown for other initial angles 5’, but for 
the same nominal voltage e4’. It is interesting to note 
that 
1. The slope of these characteristics, that is, the 
synchronizing torque (which may be computed from 
Equation (50)), at the initial angle ô’ corresponds to the 
dotted line segments in Fig. 6, since in the latter b = c 
=d=0. That is, the resistance is zero and x, = 2,’, 
as in the present case. In other words, the dotted lines 
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in Fig. 6 are merely corresponding parts o the complete 
characteristics shown in Fig. 10. 

2. The characteristics reverse between zero angle 
and 6’. | 

3. The maximum torque is attained when the initial 
angle is 6’ = 0, in which case it reaches 3.0 times normal 
torque at about 105 electrical deg. It will be noted also 
that when 5’ = 0, the slope of the transient curve is the 
same as that of the steady state curve, and continues to 
be so for 15 or 20 electrical deg. | 
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4. All characteristics are zero at ô = 0 and 6 = =. 

The addition of an amortisseur winding significantly 
modifies the characteristics. Fig. 11, example b, shows 
the following points: 

1. As in example a, the maximum slope occurs for 
6’ = 0; unlike a, the slope of the transient character- 
istic at 6’ = 0 is much greater than the slope of the 
steady state curve at that point. 
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2. The maximum torque is about 4.5 normal 
torque. 

3. Unlike example a, the characteristics are not all 
zero at 6 = 0 and 6 = m, but show from 1.0 to 1.65 
times normal at these angles, at which the steady state 
torque is zero. . 

Figs. 12 and 13 show characteristics for cylindrical 
rotor machines, examples c and d. The respective 
characteristics have the same general form as those for 
the salient-pole machines with the following exceptions: 

1. The maximum torque is much greater, due to 
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the lower resctance. It is of the order of 8.0 times 
normal torqre instead of 3.0 or 4.0 times normal. 

' 2. There is a greater deviation from the steady state 
curve in the neighborhood of 6’ = 0. 


C. SYNCHRONIZING OUT OF PHASE 

Synchronizing out of phase gives rise to problems 
very similar to those occasioned by sudden angular 
displacement, as treated under B. The essential 
difference is that in the latter case the circuit is already 
closed, and carrying an initial current, when the dis- 
placement occurs; whereas in the former, the circuit is 
open and the current zero until the instant the syn- 
chronizing switch is closed. This difference in boun- 
dary conditions makes it desirable to treat the cases 
independently. 


If the synchronizing switch is closed when the in- | 


coming machine is out of phase with the system by the 
angle 5, armature currents, of course, suddenly appear. 
The two components t4 and 2, induce corresponding 
current increments in the short-circuited windings in the 
direct and quadrature axes, respectively. The induced 
increments of rotor currents are, numerically, the incre- 
ments in nominal voltages e, and e, since both are 
expressed in per cent. 

Thus, by Equations (35) and (36), the suddenly 
appearing currents 7, and 7, cause the following induced 
increments in the nominal voltages: 

A €a = la (La — La’) (51) 
A e, = ta (Za — X4’) (52) 
The vector diagram for conditions at the first instant 


is shown in Fig. 4. From the diagram and Equations 
(51) and (52), 


e Cos 6 + la Lag = e; + 1a (La = Xa’) (53) 

and 
e sin Ô + t (La — X) = la Xa (54) 

From these two relations, 
ea’ — ecos6 
Paes aaa (55) 
La 

and 
e sin 6 ee 
ta F g ( ) 

Substituting (55) and (51) and (56) in (52), 
Aey = an L (e,’ — e cos 6) (57) 
Xd 
and 
La — i ; 

Ae, = esin 6 (58) 


The total nominal voltage e4 in the direct axis is the 
sum of the constant component e,’ supplied by the 


exciter, plus the induced a i Thus, 
£ Za — La 
eg = £ eq’ — e cos 6 (59) 
La 
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The total nominal voltage e, in the quadrature axis is 
A e€, since there is assumed to be no component fur- 
nished by the exciter. That is, 


La — x,’ 


e, = e sin 6 (60) 


q 


Therefore, substituting (59) and (60) in Equation (11), 
the torque is 


e (£a — 2,’) 


e ea’ ; 
T = : sin26 (61) 
La 


ara 

Pedeetcstood ob of KN 
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It is very interesting that Equation (61) for torque 
under this transient condition is of exactly the same 
form as (11), excepting that in the present case the 
reactances are the transient reactances, xa’ and x,’, that 
is, the total leakage reactances, instead of the syn- 
chronous reactances x, and x, It is interesting also 
that Equation (61) comprises the first two termsof (43), 
1. e., when 74’ and 1,’ = 0. It is not obvious, however, 
that the assumption 7,’ = 7,’ = 0 in (43) is equivalent 
to the open-circuit condition on which (61) is based, 
since with the closed circuit and the assumed nominal 
voltage e,’ there would be armature currents. 

Since the same voltages e and e,’ appear in the Equa- 
tion (61) as in (11), but with much lower reactances, the 
torque is correspondingly higher. 

Numerical Examples. Four representative cases will 
be considered. In each case, a curve, calculated by 
Equation (61), is shown of the torque which would be 


E 
r arte ieee 


Fig. 15 


obtained if the machine were synchronized out of phase 
by any angle 6. For comparison, the steadv state 
torque-angle characteristic, Equation (26), is shown. 

a. Low speed engine or compressor (ype of, say, 
300 kv-a., 120 rev. per min. 
Xa = 1.0, La’ = 0.4, tL, = 0.6, ee = Ly) 
Ca! = 1.0. 

Characteristics are plotted in Fig. 14. 

b. Same as a, but with an _amortisseur winding. 


Feb. 1927 


Za = 1.0, La’ = 
Ca’ = 1.0. 

Characteristics are plotted in Fig. 15. 

c. Medium speed water-wheel type of, say, 5000 
kv-a., 300 rev. per. min. 
za = 1.0, x.’ = 0.27, x, = 0.5, 2x,’ = Zo 

= 1.0. 

Characteristics in Fig. 16. 

d. High speed steam turbine type generator of about 
35,000 kv-a. with massive steel rotor. 


0.25, x, = 0.6, xz,’ = 0.3, e = 1.0, 


e = 1.0, 
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za = 1.0, za’ = 0.15, z,=1.0, x,’ = 0.2, e = 1.0, 

‘= 1.0. 

Characteristics in Fig. 17. 

It will be noted that these characteristics are of the 
same general nature as those shown in Figs. 10, 11, 12 
and 13. It will be noted that a machine without 
amortisseur winding effect, z. e., without a short-cir- 
cuited winding in the quadrature axis, will suffer 
practically no more torque when it is synchronized at an 
angle less than, say, 20 deg., than would be exerted by 
the machine at that angle under steady operation. It 


increases very rapidly, however, above the steady state 
value for increasing angle, the maximum torque being 
obtained when the machine is synchronized at about 
100 deg. 

Referring to Figs. 14 and 15, the addition of a 
short-circuited rotor winding in the quadrature axis 
very greatly increases not only the maximum torque 
but also the difference between the transient character- 
istic and the steady state curve at small angles. 

It should be kept in mind that the torque given by 
Equation (61) is the average value existing in the first 
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moment under the transient condition. There are, 
in addition, alternating components oi normal and 
higher frequencies which are not taken into account 
here. While the latter are of large magnitude, never- 
theless the frequency is so high that the torque does not 
have time, except in case of resonance, to produce 
much displacement, and therefore strain in the shaft. 
Hence the alternating component is rarely a serious 
factor. The unidirectional component given by Equa- 
tion (61), however, has time to produce large strain’ in 
the shaft and coupling, where the fly-wheel effect on the 
other end of the shaft is comparable with that of the 
synchronous machine, as in the case of a turbine driven 
generator or a motor-generator set. 
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Appendix A 

When a three-phase system of currents of constant 
amplitude flows in the winding of a three-phase machine, 
there exists a uniformly rotating sinusoidal m. m. f. of 
constant amplitude, this m. m. f. rotating at syn- 
chronous speed. This is the speed at which the poles 
are rotating and by proper time phase of the currents, as 
at zero power factor, the rotating m. m. f. may be made 
to exist at every instant directly over the field poles, 
1. €., the direct axis. If each of the three-phase currents 
pulsates in amplitude at a frequency, f, the m. m. f. 
over the field winding will likewise pulsate at the same 
frequency. The alternating component of this pul- 
sating m. m. f. in ‘acting on the field winding, which is 
short-circuited through the exciter armature, will 
induce currents in the field winding and we have essen- 
tially a transformer with the secondary short-circuited. 
The frequency impressed on this transformer is ob- 
viously the modulating frequency of the three-phase 
system of currents. 

The equivalent diagram for this transformer is as 
shown in Fig. 3. In this diagram, 

x, = armature leakage reactanceat normal frequency, 

X*4, = field leakage reactance, in armature terms, for 
the winding in the direct axis, i. e., the main 
field winding, 


Raia = resistance of the main field winding, in armature 
terms, 

ma = mutual reactance in the direct axis, 

Za, = equivalent impedance, 

€a = Voltage across Za, 

S = modulating frequency as a fraction of normal 
frequency. 

Then 


g JS2na Rag +78 Xu) 
= 7 Raa + J S (Ting + X ida) 


When a current A t, flows through Za, the voltage ea is 
SNZ i (2a) 


(1a) 
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The current flowing in the field winding will be 


Cay 


Raa +78 Xtaa 


Substituting (la) in (2a) and (2a) in (3a), and rational- 
izing, 


A Iia = (3a) 


s? Tma (Ema + X ida) + J 8 Imad Ria 
Ra + 8? (Ema + Xida)? 


The field current A Jz, is here expressed in armature 
terms; 7. e., it is the ampere-turns induced in the field 
winding as a fraction of normal armature ampere 
turns. The field current in field terms is numerically 
equal to the per cent nominal voltage which it produces. 
Since normal armature ampere-turns, existing in the 
field winding, produce a mutual flux or nominal voltage 
numerically equal to Xma, the current A I 4, will produce 
a nominal voltage, l 


Alaa =At, (4a) 


Lma A laa" 
Hence, the field current in field terms is 
S? Emi? (Emi + Xida) +J S Eme Rao 


i La PAA Raa? + 8? (Ema + X ida)? (3a) 
If we let 
8? ana? Cat X rae) 
Raa? + È (Ema + X ida)? =a ne) 
and 
S ma Raa 
E S 7? na 
Aa = Aŭ (a +jb) (8a) 


If A iais taken as the reference vector, Equation (8a), 
as a function of time, is 


A Ia = Atala cosst— bsins t] (9a) 

In the quadrature axis, similar relations may be 

obtained for such short-circuited rotor windings which 
exist in this axis. By similar reasoning, we get 


8? mai (Ema + Xiga) +J E Ema Roa 
Ale = Ate Rut +E Eng F Xn) OW 
If we let 
s? a (Laie F X iqa) = 
Rio + s? (Like + X tga)? Ei one) 
and 
—— Simha d 12 
Ra + $3? (mq T X tea)? 7 l = 
then , 
AI, = Ai, (c +jd) (13a) 


The modulating current A?, is not, in general, in 
time phase with the modulating current, Aĉa Hence, 
if 47, is assumed to vary as a cosine function of time, 
i. e., the reference vector, A 7, must be taken as 


*Here Xmd is merely a numeric to change a quantity from one 
reference to another and the operator is not required. 
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At, = At, cos (st + a) (14a) 
Then (13a) as a function of time becomes 
AI, = At,[(ccosa—dsina)cosst 
— (csin æ + d cos æ) sins t} (15a) 


With the alternating components of the field currents 
thus determined, the nominal voltages which, in per 
cent, are numerically the same as the field currents, 
may be determined by adding to the alternating com- 
ponent the constant term supplied by the exciter. 
Thus the total nominal voltage in the direct axis is 


ea = Ia’ + At, (acosst— bsinst) (16a) 
Since there is assumed to be no constant excitation 


in the quadrature axis, the total nominal voltage in the 
quadrature axis 1S 
e, = A îi, [(c cos æ — d sin æ) coss t 
— (csin œ + d cos æ) sins t) (17a) 
The displacement angle will now be determined as a 
function of time. It has been shown! that the vector 
diagram for a synchronous machine connected to a 
source of voltage e is as shown in Fig. 4. Armature 
resistance has been neglected since it may be shown to 
have a negligible effect on power angle characteristics 
for values of resistance which exist in commercial 
machines. In the diagram, 2, is the total component 
of current in the direct axis and is given by 
ld = ta’ + A la cos st (18a) 
where 
ig’ = the average peak value of armature current in the 
direct axis. 
Also, 2, is the total component of current in the quadra- 
ture axis and is given by 
1, = 1,’ + Az, cos (st + a) (19a) 
where 
1,’ = average peak value of the armature current in the 
quadrature axis. 
From Fig. 4, the following relations may be obtained: 
€a = e COs Ô + ta Xu 
= e COS Ô + ta' £y + Atazacosst (20a) 
and 
e, tesind = t, £e 
t, Xa + At, xz,Ccos (st +a) (21a) 
The angle ô in these equations comprises two com- 
ponents, an average value 6’ and a variation angle A 6. 
Hence 


= 6’ +A6 
and Equations (20a) and (2la) become 
ea = e Cos (6’ + Ad) + 14’ £a + Atgxecosst (23a) 
and 
e, + esin (6’+ 46) =7,'2, + At, 2x, cos (st + a) 


(22a) 


(24a) 
From (23a) 
e cos (6 + Ad) = €a— ta’ tg— Atgxqcosst (25a) 
Expanding (25a) 
e cos 6’cos A6— esiné’sin A Ô = eg— 14’ Xa 
— Atgxqgcosst (26a) 
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For very small values of A 5, Equation (26a) may be 
written 


ecos6’— eAdsin ò’ = eg— ta’ £a— Ataxgcosst (27a) 
or 
e cos 6’ — ea + 44’ £a + Ataxecosst 


e sin 6’ 
Substituting for e4 from Equation (16a) and. placing 
Ia! = ea’ (29a) 
we get 
Ad = 


e cos 6’ — eg’ +14’ Xa + At {(tg— a) cosst + bsins ft] 


e sin 6’ 
(30a) 


But A ô is, by definition, alternating with respect to 
time. Also the bracket quantity on the right hand side 
is evidently alternating with respect to time. Since the 
other terms in the numerator are constant with respect 
to time, their sum must be zero, that is, 


e cos 6’— ey’ + 14’ tq = 0 (31a) 
Then 
_ (xa— a) cosst+bsinst 
Ad=A a (32a) 
From Equation (21a) 
esin Ô = 1,'%,— ea + At, Te cos (8t + a) (33a) 


Substituting (29a) in (33a), and expanding, 
e sin ĝ’ cos 46 + e cos ĝ’ sin Ad 
= 1,’ Za — €g + îe Z (COS a cos 8 t — sin asin st) (34a) 
For very small values of A ô, Equation (34a) may be 
written 
e sin 6! + e A ô cos ĝ’' = t,’ £a — €y 
+ 4 îi, £, (cos & cos s t — sin a sin 8 t) (35a) 
Substituting for e, from Equation (17a) and solving 
for, 
A ô = 
Ta’ Xa — esin’ + Ar, f[(£a — c) cosa + dsin a) coss t 
— [(xz, — c) sin a— d cos a] sin s t} 


e cos 6’ 
| (36a) 
For reasons following Equation (30a), 
1,/%,—esind’ = 0 (37a) 
Then 
. [((x,— ¢) cosa + d sin a] cos s t 
re ees — [(4,-—c) sin æ — d cos a] sin s t (38a) 


e cos 6’ 


Equations (32a) and (38a) are equations for the same 
angle. Hence the time phase angles must be the same 
and also the amplitudes. 

From the time phase relations 

b d cos a— (x,—c) sina 


za—a — dsina+ (£a — c) cosa (39a) 
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bd + (ta— a) (4,—¢) : 
cota = d (te @)— B(%,—0) (40a) 
Equating the amplitudes of (32a) and (38a), 
TF AL a) Ba e an a (41a) 
e sin 6 e cos 6 
and 
A la = (£a — a)? + b2 ; 
A F = Ta, o) +a cot Ò (42a) 


Under tertain conditions, the resistance of the field 
winding may be quite negligible compared with the 
reactance and it is interesting to examine the limiting 
case, t. e., when Raa is zero. Equations (6a), (7a), 
(11a) and (12a) are then respectively 


Lima 
eer 2 (430), 
b=0 (44a) 
Lmg? 
c= am, F Aa (45a) 
d=0 (46a) 


When the resistance of the field winding is zero, the 
total impedance of the equivalent circuit in Fig. 3 at 
normal frequency is the transient reactance, 7. e., j z4’. 
Hence 


J £a =] tia tj E OR (47a) 
Ima + Xida 
The synchronous reactance is from Fig. 8, 
J £a = J Zia tj Ema (48a) 
From (47a) and (48a), 
, Ema” 
Za — Xa = tat oe (49a) 
By similar reasoning for the quadrature axis we get, | 
/ Lmg 
La— 2X,’ = Ta, + oe (50a) 


Hence, Equations (43a), (44a), (45a) and (46a) 
become 


a = a — Xa’ (Sla) 

b=0 

c=27,-—2,' (53a) 

d= 0 (54a) 
NOMENCLATURE 


All armature currents are expressed as fractions of the 
peak value (sine wave) of normal current. 

All field currents are expressed as fractions of the field 
current corresponding to open circuit, normal voltage 
(sine wave) at normal frequency. 

All voliages are expressed as fractions of the peak 
value (sine wave) of normal voltage. 
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Frequencies and angular velocities are expressed, 
respectively, ss fractions of normal frequency and nor- 
mal electrical angular velocity. 

Angles are expressed as fractions of one radian. 

Time is expressed as a fraction of the time corre- 
sponding to one electrical radian at normal frequency. 

Reactance is expressed in per cent (as a fraction), that 
is, as a ratio of the voltage drop due to normal current 
to normal voltage. 


e = terminal voltage, 

e4 = nominal voltage, due to excitation in the direct 
axis, 

e, = nominal voltage, due to excitation in-the quad- 
rature axis, 

Ia = field current, direct axis, in field terms, 

I,’ = field current, direct axis, in field terms (average 
value), 

I, = field current, quadrature axis, in field terms, 

Iaa = field current, direct axis, in armature terms, 

I,a = field current, quadrature axis, in armature 
terms, 

ia = total direct component of armature current at 
the time t, 

i, = total quadrature component of armature cur- 
rent at the time t, 

iq’ = steady, or average, peak value of the direct 
component of armature current, 

i,’ = corresponding value of the quadrature 
component, 


Aig = variation of ta. See Fig. 1. 
Ait, = variation of t, 
R = motional resistance, corresponding to the damp- 
| ing constant, 
Ria = field resistance, direct axis, in armature terms, 
R,. = field resistance, quadrature axis, in armature 
terms, 
8 = frequency of modulation of armature current, 
T = torque expressed as a fraction of that corre- 
sponding to the current and voltage (at unity 
power factor) on which the reactances are 


based, 
Ts = damping constant, torque corresponding to 
unit electrical angular velocity, 
T, = resilience constant, torque corresponding to 
unit electrical angle, 
.’ = value of T, for the synchronous machine at the 


: _ average angle 6’ under steady state operation, 
X iaa = field leakage reactance, direct axis, in armature 
terms, 
X ņa = field leakage reactance, quadrature axis, in 
armature terms, 


X = motional reactance, 

xa = synchronous reactance, direct axis, 

x, = synchronous reactance, quadrature axis, 

zı = armature leakage reactance, for either direct or 


quadrature axis, 
Zmnq = mutual reactance, direct axis, 
mą = mutual reactance, quadrature axis, 
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Zm = motional impedance, 

Za. = equivalent impedance, direct axis. See Fig. 3. 
Ząı = corresponding impedance, quadrature axis, 

a = time phase displacement between the modu- 


lating current in the direct axis and the modu- 
lating current in the quadrature axis, 

6 = displacement angle of the nominal voltage from 
the terminal voltage as a fraction of unit 
electrical angle (electrical radian). It is the 
actual space phase lag or lead of the rotor, 

Q = angular velocity of mechanical oscillation as a 

fraction of normal rotational velocity. 
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Discussion 


J. F. H. Douglas: I wish to ask a question regarding the 
paragraph which reads, ‘‘Jt will be observed that the slope of 
the dotted line is stil] positive beyond the maximum power 
point of stable, steady-state operation. This means that if a 
machine were operating beyond the angle corresponding to maxi- 
mum, steady-state power, say at 100 electrical degrees, the 
machine would be stable under sudden changes, although the 
steady-state characteristics at that point indicate instability.” 
Iam somewhat curious to know under what operating conditions, 
if any, this becomes of interest? 

The curve in Fig. 7 involves not only sin 6 but also sin2 6; 
that is, it quite obviously contains a second harmonic. I believe 
this is fully recognized in the paper, and I simply wish to call 
attention to the fact that most textbooks do not recognize the 
existence of this second component, and that it 1s very Important 
that it should be recognized inasmuch as it greatly increases 
torques in the stable operating range. 

R. D. Evans: I was much interested in the question raised 
about the increased power limit obtainable by means of auto- 
matic control of excitation. I interpret the answer given by 
Mr. Nickle as giving essentially the same idea as what was incor- 
porated in the term ‘‘artificial stability,” a term coined by Mr. 
Shand in 1924. At that time it was thought impossible in actual 
operation to obtain a condition of increased power limits by that 
process. 

Subsequently we made tests of a somewhat similar nature to 
that described by Mr. Nickle. These test results given in the 
closing discussion! on the Evans and Wagner paper at the 1926 
Midwinter Convention, were the first experimental verification 
of the fact that increased power limits were actually obtainable. 
I might liken the condition of increased stability by control of the 
excitation to the process of maintaining equilibrium by the 
artificial process of juggling. Up to 90 deg., or actually some- 
what less, it is possible to obtain stable operation inherently. 
Beyond that point, equilibrium may be maintained artificially 
but it is necessary to use automatic devices. This corresponds to 
the action of a juggler in making a corrective action after the 
system has started to pull out. This action on a power system is 
possible because of the time required for the system to pull out 
of step. 


— 
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In the presentation Mr. Nickle described a mechanical system.. 
We, too, have found such a system to be very good for the purpose 
of visualizing the actions taking place during the transients. 
Analytically, the actions are quite complicated, but they can be 
understood by a suitable mechanical model by adding inertia 
to the vector arms, and a spring connecting them. Mr. Griscom 
described a system of this general character in an article entitled 
*‘A Mechanical Analogy to the Problem of Transmission Sta- 
bility”, Electric Journal, May 1926. I notice that Mr. Nickle 
has described the addition of a dashpot to the arrangement which 
makes it possible to simulate the condition of the demagnetizing 
action in a machine, which changes the internal e. m. f. and brings 
about the change of machine reactance from leakage to syn- 
chronous reactance. 


W. V. Lyon: Mr. Doherty and Mr. Nickle have presented 
in this paper an ingenious method for analyzing, what I believe 
to be, a very difficult problem. They have founded their 
analysis on what seem to be a reasonable set of premises. These 
premises have been so well chosen that in the subsequent mathe- 
matical work it is necessary to make but one simplifying assump- 
tion in order to arrive at a final result that is not unduly compli- 
cated. Whether or not this method of analysis produces accurate 
results can be determined only by laboratory experiment, and 
it is to be regretted that such data are not available at the present 
time. In fact we have at the Massachusetts Institute of Tech- 
nology measured the torque-angle characteristic of a small 
synchronous motor when the load torque varies cyclicly. To be 
more exact we measured the power-angle characteristic, although 
there is but little difference between the two. Unfortunately 
I have had no opportunity to compare these results with Mr. 
Doherty’s calculations. 


In the third part of their paper where they consider the 
question of synchronizing out of phase, I should much prefer to 
gee them follow the methods that have already been developed 
for computing the transient currents in a three-phase synchronous 
generator. The first shock on the machine, coming as it does 
within the time of one cycle, would probably occur before the 
rotor has swung more than a negligible amount. The methods to 
which I refer are based on the differential equations which 
apply to synchronous machines, whereas Messrs. Doherty’s 
and Nickle’s treatment has no such fundamental background. 
Since, however, the differential equations assume certain ideal 
conditions that do not exist, it is possible that their method 
will actually give better results. Here, again, laboratory ex- 
perience only can decide. 


I should like to suggest another method of attacking this 
problem. The premises upon which it is based are much the 
same as the authors have chosen. Briefly the assumption is 
that the vector diagrams which are used to explain the steady- 
state operation may also be used when the angular velocity of 
the rotor is not constant. The actual condition of operation 
can be resolved into two component conditions of operation as 
follows. First, consider that the armature is short-circuited and 
that normal excitation voltage is impressed on the field. The 
determination of the armature and field currents is a simple 
process even if the angular velocity of the rotor is slowly 
changing. Next, consider that the field winding is short-circuited 
and that normal polyphase voltage is impressed on the armature. 
Here we have an induction motor with an unsymmetrical rotor 
winding. The determination of the armature and field currents 
is again a fairly simple process which is well understood. It is 
only necessary to assume that the currents are determined by 
the actual angular velocity of the rotor and are not affected by 
its acceleration. Laboratory experiments alone can determine 
whether this assumption is reasonable. Under the actual con- 
dition of operation both of these components of current exist 
simultaneously and the resultant torque can be computed without 
much difficulty. We can then set up the differential equation 
which equates the electromagnetic torque developed equal to the 
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sum of the torques acting on the shaft and that die to the accelera- 
tion of the rotor. Although I have had no oppertunity to make 
this solution in detail I have gone far enough te see that there 
are no insurmountable difficulties in the path. 

H. V. Putman (communicated after adjournment): It would 
seem that the damping torque calculated by the authors is not 
the actual damping torque of the motor. Actually, the damping 
torque is proportional to the rate of change of only that part of 
the displacement between the pole and the electrical field, 
while the damping torque calculated by the authorsis proportional 
to the rate of change of the total displacement. Such a radical 
departure from the accepted ideas about this problem, is at least, 
worthy of further explanation. | 

There is enother peculiar thing about this damping torque 
Ta calculated by the authors. It was obtained by substituting 
in a formula for the synchronizing torque derived under the 
assumption of steady-state conditions. They stato that Equation 
(11) which is the synchronizing torque under steady conditions, 
gives the torque not merely for the steady state but for any con- 
ditions within the premises when the actual values of the nominal 
voltages and the displacement existing at the moment under con- 


-sideration, are substituted. Substituting these values for the 


oscillatory condition in this formula, for the synchronizing 
torque, gives a vector expression of which one term is the syn- 
chronizing torque, and the other, so the authors claim, is the 
damping torque. It at least seems peculiar that one could 
obtain a damping torque by substituting in a formula for the 
synchronizing torque, derived under steady-state conditions 
and one would be inclined to question the premises which could 
lead to these conclusions. 

If I understand the paper correctly, it seems to me that the 
fundamental assumption made by the authors, is unjustifiable. 
They assume that the whole phenomenon discussed in Part A 
can be handled as the result of two transformer actions, one tak.- 
ing place in line with the pole, and the other in line with the inter- 
polar space. The armature current has been resolved into two 
components, one in line with the average position of the field pole, 
the other in line with the average position of the inter-polar space. 
The modulation of these components of current causes the arma- 
ture reactions produced by them to pulsate in magnitude. So 
the armature reaction produced by the direct component of 
current, for instance, pulsates in magnitude in line with the 
average position of the field pole. It is not in line with the field 
pole at every instant of time, as assumed by the authors, and 
hence, it would seem that the phenomenon can not be calculated 
as a simple transformer action if the damping torque is to be 
obtained correctly. If this assumption is not made, the problem 
might become more complicated but the damping torque, would, 
in all probability be found to depend on only that part of the 
displacement between the pole and the electrical field. 

I think that the mathematical work from Equations (14) to (21) 
could be much simplified as follows: 

A T is the pulsating motor torque resulting from an oscilla- 
tion 40 which was shown to be a harmonic function of st; that is, 
AO is a function of the type 


Asinst + Beosst (1) 
and the total motor torque is of the form 
AT=T7,dS04+ 742 (2) 


but since AO is an harmonic function of s l, it is evident that: 


: d f 
AO = E E N = E e 
8 dt 8 


(3) 


ie eat S . A T ] 
Substituting (3) in (2) gives oo Ta — Zo I, 
s 
which is the author’s Equation (21). 
I found the explanation given in the paper for this part of the 
work, more confusing than clarifying, because of the confusion 
of the units involved. For instance, the well-known equation 
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for torque consimed in any mechanical system, which is the 
authors’ Equation (16), involves torque in foot-pounds, and time 
in seconds ard angular velocity in mechanical radians per 
second. Also Equation (17) involves time in seconds and when 


one puts Pa = jw, the differentiation is with respect to time 


in seconds. 


I have been much interested in this percentage representation 
of the time unit, but it seems to me that the use of time expressed 
as a fraction of the time corresponding to one electrical radian 
at normal frequency, is actually somewhat cumbersome. For 
instance, if time is in seconds, one obtains the damping torque 
in units of torque per radian per second, and one can mark his 
answer exactly what it is. But how does one express damping 
torque in the time units used by the authors? They define it 
as ‘‘the damping constant, torque corresponding to unit electrical 
angular velocity.” Unit electrical angular velocity is the angular 
velocity in electrical radians per second, divided by w so that 
when one obtains the damping torque in the units used by the 
authors, he is rather puzzled as to how it is to be used until it has 
been transferred into electrical radians per second or some other 
tangible unit which can be defined. 


R. H. Park: Mr. Putman states in his discussion that 
“Actually, the damping torque is proportional to the rate of 
change of only that part of the displacement between the pole 
and the electrical field, while the damping torque calculated 
by the authors is proportional to the rate of change of the 
total displacement. Such a radical departure from the accepted 
ideas about this problem, is at least, worthy of further 
explanation.” 

The explanation of this phenomenon is as follows: At any 
given frequency of motion of the rotor there will exist a harmonic 
electrical torque on the rotor of the same frequency and pro- 
portional to the amplitude of oscillation, the constant of pro- 
portionality depending in general on the frequency of oscillation. 
In general, there will be a difference in the time phase of the 
torque and the displacement. The total harmonic torque, 
however, may be broken up into two components, one in time 
phase and one in time quadrature with the displacement of the 
rotor. The component in time phase with the total displacement 
is referred to as the synchronizing component of torque. The 
component in time quadrature is referred to as the damping 
component of torque, because it is in time phase with the rate of 
change of displacement—i. e., in time phase with the velocity. 
Therefore it is quite clear that at any given frequency of oscilla- 
tion the electrical torque is capable of being expressed as 

(a constant)’ X total displacement) + a constant) 
x rate of change of total displacement). 
It is also true, as shown below, that at any given frequency of 
oscillation the torque may be expressed as 
(a constant) X (relative displacement of magnetic field and 
pole) + (a constant) X (rate of change of relative 
` displacement of magnetic field and pole). 
since, at any given frequency the relative displacement 
of the field and pole is in constant relation to the total dis- 
placement of the rotor provided that the oscillations are small 
as was assumed. 

Mr. Putman also raises a question as to the reasonableness 
of the process by which the synchronizing and damping com- 
ponents of torque were calculated by substituting in the steady- 
state formula for synchronizing torque. The legitimacy of this 
method of calculation is explained most simply from the following 
considerations. 

1. The electrical torque on the rotor depends only on the 
instantaneous distributions of flux and current in the machine. 

2. Neglecting armature resistance, the distribution of flux 
and current in a machine, and therefore also the magnitude of 
torque, are known uniquely when the magnitude of the direct 
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and quadrature nominal e. m. fs., terminal e. m.f., and the 
displacement angle between the rotor and the terminal e. m. f. 
are known. (It is to be noted that nominal voltage is to be 
interpreted as the percent armature flux linkages due to the 
direct component of field current, quadrature nominal voltage 
similarly and terminal voltage as the percent total armature 
linkages.) 


3. Although the formula in question was originally derived 
in the study of the magnetic torque under steady conditions of 
operation, and was therefore expressed in terms of the nominal 
and terminal voltages and the displacement angle, nevertheless, 
since the torque, at any instant, actually depends only upon the 
instantaneous values of these quantities, it follows, as stated in 
the paper, that the formula may be extended in scope so as to 
cover variable conditions of operation. 


Since the formula expressed the electrical torque completely, 
it must contain all component torques; thus it must contain 
both synchronizing and damping components. As shown in 
the paper, this is found to be the case. 
torque formula employed can, moreover, be demonstrated in a 
more explicit manner than given above. I propose to give such 
a demonstration in a paper to be presented before the A. I. E. E. 
in the near future. 

C. F. Wagner (communicated after adjournment): During 
the discussion of this paper the question of the efficacy of voltage 
regulators and exciters in increasing the amount of power has 
arisen. This brings up the question as to whether the improve- 
ment so obtained could be attributed to the regulator or to the 
exciter. It is apparent that both must be sufficiently rapid; 
a long time lag in either regulator or exciter being approximately 
equivalent to conditions under hand regulation. It has been the 
experience of the Westinghouse Company with which I am 
associated that their standard vibrating voltage regulator, 
which is used with standard exciters, is sufficiently rapid even for 
quick-response exciters. This becomes apparent when it is 
known that the contacts of such a regulator close in a fraction 
of a cycle (at 60 cycles) under reduced potential. In light of 
these facts one must conclude that the improvement in power 
limits is due to improvements in exciters rather than improve- 
ments in regulators, the regulators as already developed being 
sufficiently satisfactory. 

C. A. Nickles Mr. Douglas has asked about the operation of 
synchronous machines above the steady-state power limit. In 
answering this question, a simple case with a evlindrical-rotor 
generator connected to an infinite bus will be considered. If 
the terminal voltage of the infinite bus is e, and e, is the nominal 
voltage of the generator, the power interchange between the 
generator and the bus is given by 


P = sinô 

where z is the synchronous reactance of the machine. Evi- 
dently, when e, e, and z are constant, this expression has a 
maximum when 6 = 7/2. If, however, e, is caused to vary in 
such a manner as to become a definite function of 6, the expression 
for power may have its maximum for values of greater than 
T/2 and the maximum power is increased. Operation beyond 
the steady-state power limit thus depends upon applying the 
proper excitation at the proper time. 

By means of a new voltage regulator which we have developed, 
such requirements are fulfilled and machines have been caused 
to operate beyond the steady-state power limit by a considerable 
amount. To illustrate this, the following test may be cited. 
Two 435-kv-a. synchronous machines were connected to the 
same bus, one being driven as a generator and the other running 
asamotor. The rated voltage of these machines was 4000 volts 
and since, at this voltage, the possible power transfer would 
seriously overload the direct-connected, direct-current machi nes, 
all tests were run at a reduced voltage; 7. e., 2200 volts. The 
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maximum power obtained in tests where the terminal voltage was 
held by hand-controlled rheostats and also by standard regu- 
lators, was 180 kw. The use of the new regulator increased this 
power to 480 kw. or almost triple the value which could be ob- 
tained by ordinary methods. The angular displacement between 
the rotors of the two machines when operating at these loads was 
considerably beyond 90 deg. as was verified by means of strobo- 
scopic observations. The torque-angle characteristics for angular 
displacements beyond the steady-state limit thus have a physical 
significance as well as a theoretical one. 

R. E. Doherty: Mr. Evans has referred to the term, ‘‘artifi- 
cial stability,” coined by Mr. Shand, as applying to operation 
beyond the ‘‘static’’ stability limit. Why coin a new term, since 
classical usage has long since specified such a state as ‘‘dynamic’’ 
stability, in contradistinction to ‘‘static’’ stability? It is the 
distinction between the stability of a boy riding a tricycle in one 
case and a bicycle in the other. 


He refers also to the discussion which took place at the Phila- 
delphia Convention in 1924!, regarding power transmission, and 
states that ‘‘at that time it was thought impossible in actual 
operation to obtain a condition of increased power limits by that 
process,” that is, by dynamic stability. There were a number of 
opinions expressed at that meeting regarding stability. I 
remember that I expressed this particular one: that, considering 
the then present stage of electrical engineering art, and the 
extent to which the studies under consideration projected beyond 
the limits of experience, we should ‘‘neither gamble that a volt- 
age regulator will be able to insert a supporting prop under an 
otherwise falling system, nor depend for stability during load 
transients, upon possible, momentary, favorable conditions due 
to momentum and field transients. These may add up in the 
right direction, but engineers had better keep them up their 
sleeves . .” Mr. Nickle’s investigation since that time has 
demonstrated that synchronous operation far beyond the steady- 
state limit is possible. Thus the mechanical momentum can be 
utilized in this connection to a much greater degree than was 
thought possible at that time. 

I hope that the importance of Mr. Nickle’s tests may not be 
overlooked. The greatest increase above the steady-state power 
limit which Mr. Evans and his associates state that they have 
obtained on test is about 20 per cent. I wish to call attention 
to the fact that in Mr. Nickle’s test, the steady-state limit was 
180 kw., and that, by the use of a new regulator which he has 
developed and which applies excitation not merely quickly, 
(i. e. not merely ‘‘high-speed excitation” but at the right time 
phase), it was possible to raise the power from 180 to 480 kw. 
And, in my opinion, he has written a new chapter in the story 
of long-distance power transmission. 

Mr. Wagner refers to test results given in the closing discussion 
of the Evans and Wagner paper at the last Midwinter Conven- 
tion, both as being ‘‘similar’’ to those mentioned by Mr. Nickle, 
and as being ‘‘the first experimental vertifications that increased 
power limits were actually obtainable.” 

How similar? They showed an increase of 20 percent. Mr. 
Nickle’s test showed an increase of 160 per cent beyond the 
power corresponding to the steady-state limit—i. e., from 180 
to 480 kw. 

Over a year before, the paper by Doherty and Dewey, at the 
Pacific Coast Convention, September, 19257, had test results 
showing a 28 per cent increase in power above the steady state 
limit. 

It is recognized generally that the problem of bringing about a 
quick change in the exciter voltage is important. The point 
which does not yet appear to be recognized in Mr. Wagner’s 
discussion, is the very important part which the regulator plays. 
From his discussion, one 1s clearly led to the conclusion that his 
sole criterion regarding the efficacy of the regulator is whether its 


1. A. I. E. E. Trans., 1924, p. 71. 
2. TRANS., A. I. E. E., 1925, p. 972. 
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contacts close promptly on the occasion of a sudden voltage 
disturbance. Thoughtful consideration must nevertheless surely 
indicate that the subsequent behavior of the regulator is of equal 
importance. However, such questions as he has raised cannot be 
effectively settled by verbal discussion. Mr. Wagner’s view 
would be immensely more convincing if, instead of submitting 
the time required for the regulator contacts to close, he had 
adduced some test results obtained by the use of the standard 
vibrating regulator which he mentions, such test results showing 
an increase in power over the steady-state limit comparable with 
those brought out in Mr. Nickle’s and my discussion. 

We are pleased to note that Professor Lyon considers the 
authors’ premises to be reasonable; also that M. I. T. expects 
to make some experiments along these lines. Prof. Lyon 
mentions another possible method of attack which is interesting, 
and I hope that he may have an opportunity to carry this through. 

Mr. Putman has raised some interesting points which the 
authors are glad to have the opportunity toclearup. Mr. Park 
has answered the question regarding the damping torque, and the 
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particular angular velocity on which it depends; also he has 
shown why the torque formula referred to is applicable in general, 
and therefore in the present case. The authors acknowledge 
that there should have been further explanation regarding this 
point in the paper. 

With reference to his proposal to simplify the mathematics, 
both ways are now available, so the reader may choose to his 
liking. 

Mr. Putman’s statement regarding the authors’ alleged 
assumption relating to the reference axes is interesting and 
requires detailed comment. The basic conception is a syn- 
ehronous machine connected to an ‘‘infinite bus,” and experienc- 
ing a periodic angular oscillation. Under such conditions the 
magnitude of the space fundamental component of armature 
m. m. f. will pulsate periodically. Moreover, on account of the 
variation of power factor during each oscillation of the rotor, the 
position of the m. m. f. wave with respect to synchronous space 
will vary periodically—at the same period as the pulsation in 
magnitude. 

The question is, how shall these phenomena be expressed? 
One may choose the premises which the authors have actually 
chosen, or those which Mr. Putman understands that they have 
chosen, and the result will be the same; that is, one may assume 
the component of the fundamental m.m.f. wave over the 
pole (i. e. the direct component) and likewise the quadrature 
component, to vary harmonically; or, as Mr. Putman suggests, 
that the components in line with the average positions! of the 
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pole axis and the quadrature axis, vary harmonically. In the 
first case it is tacitly assumed by the authors that those varia- 
tions of the m. n. f. in line with the pole other than the harmonic 
variations, are negligible, being second-order differences under 
the assumed extremely small oscillations. And it is these 
negligible differences to which Mr. Putman has apparently 
assigned an undue importance, as shown in the following: 

Referring to the accompanying figure, let 6, be the angular 
displacement between the average position of armature m. m. f. 
wave and the average position of the direct axis of the rotor, 
both of which positions are fixed references in synchronous 
space. Also, let the total armature m. m. f. wave vary harmoni- 
cally in amplitude according to the expression 


a=A+AAcos 8t 
and let the position of the m. m. f. wave vary harmonically 
about its average position according to 
Aĝa = Abs cos (st + B) 
The harmonic oscillation of the direct axis about its average 
position is 
AO, = Aĝ; cos (st + B:) 


The.total‘angular displacement between the armature m. m. f. 
wave and,the direct axis of the rotor at any instant is then 


Ô =6, + Ad: cos (st +8) — Ad; cos (st + B:) 
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Thus the component of m.m.f. which exists in the direct 
axis at all instants is l 
Aa = (A + 4A A cos s t) cos [ A; + Ad; cos (st + B) 
— Ads cos (st +f) } 
Expanding, and taking advantage of the close approximation 
that for small angles 


1i 
n 
| 


cos T 


sinz =z 
Ag={A+AAcosst} 


[ < a6, cos (st + B) jibe ete” | 
cosĝ, | 1 — aaa, Ea 


— sind, { 46; cos (st +8) — Ads cos (st + B:) | 


Neglecting second order terms, 

Aa = A cosĝ, + [A A cos6, cos st — A sind, {462 cos (s t + B) 
— Ad, cos (st + Bı) }] 

likewise for Ag. 

Hence the m. m. f. in the direct axis, that is over the pole, or 
in the quadrature axis, at all instants comprises a constant term 
plus a harmonically varying increment—which is the form taken 
by the authors. 
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The M. M. F. Wave of Polyphase Windings 


With Special Reference to Sub-Synchronous Harmonics 
BY QUENTIN GRAHAM! 


Associate, A. I. E. E. 


Synopsis.—The m. m. f. waves of fractional slot windings 
or other irregular windings are found to contain harmonic com- 
ponents having wavelengths greater than two pole pitches. These 
are designated as sub-synchronous harmonics since their harmonic 
order is lower than that of the synchronously rotating wave. They 
induce currents in the damper windings of synchronous machines 


HE m. m. f. wave shapes of polyphase windings 

have been investigated by numerous writers.’ 

The methods of analysis vary somewhat but the 
results are essentially the same. It is known, for 
example, that with the usual three-phase winding, the 
m. m. f. wave consists of a fundamental sinusoidal wave 
traveling uniformly at synchronous speed and certain 
odd multiples of the fundamental]. Of these higher 
harmonic components, it is easily shown that the third 
or multiples thereof do not exist, and that the 5th, 
11th, 17th, etc., travel against rotation while the 7th, 
13th, 19th, etc., travel with rotation or in the same 
direction as the fundamental wave. The speed at 
which these components of the m. m. f. wave travel is 
inversely as their harmonic order. Thus the 5th 
harmonic travels at one-fifth synchronous speed, 
the 7th harmonic at one-seventh speed and soon. Each 
component moves through its own wavelength in the 
same interval of time. 


In the present paper, the m. m. f. waves of certain 
particular types of windings are examined in some detail 
and it is shown that they possess additional harmonics 
which may have an important bearing on machine 
performance. The paper deals chiefly with fractional 
slot windings. 


The term ‘‘fractional slot” is applied to machines in 
which the ratio of the number of slots to the number 
of poles is not an integral number. In machines 
of this type the m. m. f. wave varies from pole 
to pole. Thus when the m. m. f. for the complete 
armature is plotted and the wave analyzed, it is found 
to contain harmonic components having a wavelength 
greater than twice the pole pitch. That is, there are 
harmonics of lower order than the predominant com- 
ponent which travels at synchronous speed and which 
is normally spoken of as the fundamental wave. It 
becomes convenient, then, to use a new rotation in 
which the complete developed armature is taken as 


1. Designing Engineer, Westinghouse Elec. & Mfg. Co., 
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2. See, for example, ‘‘The Mathematical Treatment of the 
Magnetomotive Force of Armature Windings” by B. Hague in 
the Journat of the Institution of Electrical Engineers, July, 1917. 

Presented at the Winter Convention of the A. I. E. E., 
New York, N. Y., Feb. 7-11, 1927. 


19 


which may produce noticeable loss. Some test data concerning losses 
are included. These harmonics have an effect upon reactance and, 
under certain conditions, they may cause vibration. An appendiz 
covers the calculation of the m. m. f. of three-phase fractional slot 
machines. 


2m radians and the fundamental component of the 
m. m. f. is a wave whose length is 2 m. The complete 
m. m. f. wave contains components which are various 
multiples of this fundamental, one of which is the 
synchronously rotating wave. The synchronous com- 
ponent, which in usual notation is the fundamental 


| P 
wave, now becomes the “9 th harmonic, where P is 


the number of poles. There may be other component 


P 
waves having harmonic orders below the “9 th or syn- 


chronous component and there will always be com- 
ponents of higher order. 


The existence of these components of low harmonic 
order in the m. m. f. wave of fractional slot and other 
irregular windings has not been noted previously, as 
far as I am aware.’ For convenience in distinguishing 
them from the usual higher harmonic components, I 
have used the term “sub-synchronous harmonics” 
since their harmonic order is below that of the syn- 
chronous component. This term is not entirely satis- 
factory since there may be important components whose 
order is above the synchronous component but which are 
not multiples thereof. The term “‘non-synchronous har- 
monic” may be used to designate any component other 
than the synchronous and of course is applicable to the 
5th, 7th, etc., which occur in integra] slot three-phase 
machines. 


It is interesting to examine the sub-synchronous 
harmonics with reference to their speed of rotation and 
their direction. It is well known that the usual higher 
harmonics proceed around the armature at less than 
synchronous speed, each moving its own wavelength 
during a cycle of the current. It is not surprising, 
then, to find that the sub-synchronous harmonics 
travel at higher speeds, fulfilling the same condition of 
one wavelength of travel during one cycle of current. 
The direction is found to be with rotation in some cases 


3. While the present paper was being prepared, the existence 
of these harmonics was mentioned in a footnote by Doherty 
and Nickle in their paper, Synchronous Machines, presented at 
the June, 1926, Convention of the A. I. E. E. 
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and against rotation in others, as will be shown later. 

The methed of determining the existence of any 
harmonic and of finding its magnitude will be shown 
in detail. The fluxes which correspond to the various 
harmonics will then be considered. The effect of these 
fluxes in both the stator and rotor will be discussed 
and it will be shown that they have an influence upon 
reactance and upon losses. 


DETERMINATION OF M. M. F. 


A balanced polyphase winding having an integral 
number of slots per pole and equa! spacing of phase 


Fia. 1—M. M. F. or FuLL Pitcu Coin 
belt: produces an m. m. f. wave in which the space 
distribution is repeated for every pair of poles. For 
this type of winding it is sufficient to plot the m. m. f. 
for two pole pitches and to base all analyses of armature 
reaction on an equivalent two-pole machine. For the 
type of windings under consideration, however, the 
m.m.f. distribution varies from pole to pole around 
the armature so it becomes necessary to consider the 
entire winding. The method of analysis used here 
consists in finding, first, the m. m. f. wave set up by a 
single coil. This is decomposed into its various har- 
monic components after which each component is 
added separately to the corresponding waves of the 
other coils. 

Consider for the moment a developed armature such 
as is shown in Fig. 1 with a coil having a pitch equa! to 
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half of the developed length. This may be, for exam- 
ple, a two-pole machine with a full pitch coil. The 
m. m. f. set up by this coil has a space distributed shown 
by the rectangular wave. It is well known that such 
a wave can be expressed as 
4/ 1. 1. 1. ) 
a= sina +5 sin3a+ F sinda. .- pra 
Suppose now that the throw of the coil is less than 
half of the developed armature. The m. m. f. form 
then takes the unsymmetrical rectangular shape shown 
in Fig. 2. The areas under both halves of this wave are 
equal and the ratio of the positive to the negative 
ordinates varies with the angle 68 which expresses the 
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coil throw. The magnitude of any harmonic com- 
ponent of a wave of this type is shown, in Appendix A, 
to be 


0.45 ———_— 
a, = V 1— cosnB 


(5) 
In this case both odd and even harmonics may be 
present. However, if the armature shown in Fig. 2 is 
used to represent a two-pole machine with short throw 
coils and the usual balanced arrangement of slots and 
phases, the even harmonics will not appear in the final 
m.m.f. wave due to a cancellation that takes place 
when the components of all coils are added. This is 
in agreement with the well-known fact that chording 
a winding changes the magnitude of the m. m. f. but 
does not introduce dissymetry. 

Let another developed armature be represented by 
Fig. 3. In this case the complete machine has a large 
number of poles and the throw of the single coil shown 
is small compared to the complete developed armature, 


Fig. 3—M. M. F. or SINGLE Cort OF A MULTIPOLE MACHINE 


For purposes of analysis, however, the coil may be 
considered just as if it were a coil of extremely short 
throw on a two-pole armature. The angle of throw 
of the coil is 8 and the complete armature span is taken 
as2 m. The values of the different harmonics are found 
from (5). The component of lowest harmonic order 
will have a length equal to the complete armature; 
that is, it will be the fundamental wave and the other 
component waves will have harmonic orders which are 
multiples of its order. 

The problem then resolves itself into locating all 
the other coils in their correct positions and adding 
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together the waves of the same harmonic order. Ap- 
pendix B shows the method of carrying out this calcu- 
lation for the case of fractional slot, three-phase 
windings. Fig. 4 shows the fundamental wave and the 


P 
z th or synchronous harmonic for a 10-pole machine. 


The magnitude of the fundamental is exaggerated in 
the sketch. 
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If the same method of analysis were applied to a 
winding which is not of the irregular type, the harmonics 
of lower orders appearing in the m. m. f. of a single coil 
would cancel out when combined with those of the other 
coils. This is simply stating that when the armature 
winding for one pair of poles is the same as for every 
other pair of poles, the m. m. f. wave repeats itself for 
each pair of poles. 


FRACTIONAL SLOT WINDINGS 


Modern a-c. machines make extensive use of windings 
in which the number of slots per pole is not an integer. 
These fractional slot windings give perfectly balanced 
terminal voltages and usually produce voltage wave 
shapes which are noticeably free from harmonics. 
There are many design and manufacturing advantages 
in the use of these windings since the possible numbers 
of slots for a given machine are not limited to multiples 
of the number of poles. 

The method of determining the possible numbers of 
slots for any combination of poles and phases and of 
distributing the coils so as to obtain balanced voltages, 
has been published‘ previously. For three-phase 


Fic. 5—WINDING CHART FOR MACHINE witH 634 SLOTS 
PER POLE (y-4) 

Chart covers one repeatable group for each phase. It is applicable to 
any machine having the same number of slots per pole and having a number 
of poles which is a mutiple of 4. The beginning of each phase is shown by 
the symbole : 


windings the rule is that the number of slots must con- 
tain the factor 3” +” where r is. the number of times the 
factor 3 appears in the number of poles. The distri- 
bution of coils into pole groups is illustrated by the 
chart in Fig. 5. The procedure to be followed in laying 
out such a chart can be explained more easily by the 
use of an example. 

Let us takea 20-pole, three-phase machine having 135 
slots. The number of slots per phase per pole expressed 
as a fraction is 9/4. Select a scale such that four 
divisions equal a slot pitch. Then nine divisions will 
represent a phase belt and 27 divisions a complete pole 
pitch. Locate the conductors a slot pitch apart on the 
chart, regardless of their relation to the phase belts, 
placing the succeeding poles under the first pole. Con- 
tinue this until it is seen that the positions of the 
conductors along the horizontal scale are the same as 
those at the beginning of the chart. It will be found 
that four pole pitches must be covered before the 
winding begins to repeat. In any winding of this type 
the number of poles passed through before the winding 

4. See ‘“‘Two- and Three-Phase Lap Windings in Unequal 


Groups,” by B. M. Tingley, Electric Review and Western Elec- 
trician, Vol. 66, No. 4. 
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repeats is the same as the denominator of the fraction 
expressing the slots per pole per phase. In the discus- 
sion that follows, y will be used to represent this num- 
ber of poles. 

The winding chart, Fig. 5, now shows the number of 
slots to be used in each phase group under each pole. 
The first pole will have 3 coils in phase A, 2 in phase B 
and 2 in phase C; the second pole will have 2 coils in 
phase A, 3 in phase B and 2 in phase C; and so on. 
Each group of 4 poles will be a repetition of the first 
4 poles. Since there are 20 poles in the machine there 
will be 5 equal groups. These groups may be in series 
or parallel connection. The term “repeatable group” 
is used here to designate the coils of one phase in the 4, 
or in general, y adjacent poles. 

In the determination of the m. m. f. waves as shown 
in Appendix B, the angular position of each coil in a - 
repeatable group with reference to the initial coil must 
be found from the winding chart. In Fig. 5 the 
angular positions of the coils in phase A with respect 
to the first coil are as shown below. All angles are 
multiples of the slot pitch except that the angle r has 
been added to the actual physical position of coils in 
alternate poles to take into account the reversal of the 
direction of current in those coils. Letting S represent 
a slot pitch in angular measure the angles with respect 
to the nth harmonic wavelength are: 


Angles 
Coil No. 1................. 0 
Coil No. 2................. ns 
Coil No. 3... naana 2ns 
Coil No. 4................. Tns+r 
Coil No. Siscs chicd aba bead 8Snstr 
Coil No. 6................. l14ns 
Coil No. 7...............0. 1578 
Coil No. 8................. 2Z2ins+fr 
Coil No. 9................. 22ns+ 97 


These are the angles to be used in adding the m. m. f. 
waves of the individual coils to obtain the quantity M 
used in Appendix B. 

While the determination of the magnitude of any 
harmonic component in the final m. m. f. wave is 
rather tedious, the test for the existence of any harmonic 
is quite simple. It is shown in Appendix B that if 


aan a 
Yy 
P +2 
and if ee aK: (22) 


where K, and K; are integers, including zero, the nth 
harmonic exists. Otherwise, although it is present 
in "the coil m. m. f., it is cancelled when the summation is 
made. 
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Table I shovs the magnitude of the sub-synchronous 
harmonics in the m. m. f. waves of a number of typical 
fractional slot machines. All of these windings fulfill 
the conditions necessary to obtain balanced terminal 
voltages. The value of each harmonic is expressed in 
per cent of the synchronous component. 


TABLE I 


; No. slots per Per cent Per cent 
poles pole per phase harmonics total harmonics 
10 4- 2/5 3.6 3.6; 
10 4- 4/5 5.2 5.2: 
22 1- 7/11 15.9 4.2; 4.4, 7.37 
24 3- 3/8 6.6 3.43 3.26 
26 2-10/13 14.4 2.1; 7.75 2.27 
2.411 
44 2- 1/22 28.8 3.32 4.14 2.68 
5.819 2.0146 9.516 
1.520 
48 2- 1/4 11.0 11.012 
72 1- 3/4 14.3 14.318 


This table shows the value of the sub-synchronous harmonics in per cent 
of the synchronous m. m.f. The subecripte indicate the order of the 
harmonic. All machines listed are three-phase. Harmonics of orders 
higher than that of the synchronous component but not multiples of it 
are not shown, although they may exist and may be, in some cases, as 
important as those that are sub-synchronous. 


EFFECT OF SUB-SYNCHRONOUS HARMONICS ON 
PERFORMANCE 


When the existence of m. m. f. waves of low har- 
monic order has been established, there arises the 
question of their possible effects on performance. The 
equations in Appendix B show that these waves, 
like the usual higher harmonics, have speeds propor- 


tional to =. They set up corresponding flux waves, 
assuming constant permeance of the gap, which induce 
voltages of line frequency in the armature conductors. 
Thus they add to the reactance of the machine. Their 
speed relative to the rotor (of a synchronous machine) 
is such as to develop in the rotor windings voltages of 
frequency f, where 


f. = (=> +1) 


In a machine having a damper winding there will be 
secondary currents of this frequency which will react 
on the stator and reduce the value of the corresponding 
flux wave. The possible sources of loss, then, are 
I?r loss in the damper winding, if the machine has 
one, and iron loss in both the stator and the rotor. 
Losses. Itseems probable that the presence of sub- 
synchronous harmonics in the m. m. f. wave may cause 
appreciable rotor loss, particularly in machines having 
damper windings. It is important to note that the 
frequency of the induced rotor currents, for any sub- 
synchronous harmonic, is between zero and 200 per 
cent of the line frequency, as shown by the expression 


po ai 
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The damper winding lọss of single-phase machines is 
caused by rotor currents of 200 per cent frequency and 
there are plenty of data to show that this loss may be 
an important factor in the efficiency. It is true that 
the magnitude of the 'non-synchronous component of 
m. m. f. in a single-phase machine is equal to the syn- 
chronous component and therefore is greater than in any 


Fic. 6 
A—STAR-CONNECTED WINDING 
B—INTERCONNECTED STAR WINDING 


of the polyphase machines under consideration. 
with a total of, say, 20 per cent harmonic m. m. f., 
which may easily exist, causing rotor currents of various 
frequencies between zero and 200 per cent, it is reason- 
able to believe the losses may be appreciable. It 
is interesting to note in passing that the space har- 
monics of integral slot three-phase windings, those of 
5th, 7th, 11th, 18th, etc., harmonic order compared 
to the synchronous component, cause rotor currents 
of six times normal frequency or multiples thereof and 


LOAD LOSS IN PERCENT OF 
NORMAL FULL LOAD LOSSES 


PAN 
@ a 100 1018016188 
PER CENT ARMATURE CURRENT 


Fic. 7—MacHINE EquipPpepD Wiru Damper WINDING 


Curve A, loss with winding connected to produce sub-synchronous 
harmonics. 
Curve B, loss with normal windings. 


thus operate on relatively high impedance circuits and 
produce negligible loss. 

In order to obtain test data bearing on the question of 
losses, a normal three-phase machine with an integral 
number of slots was reconnected according to the 
diagram in Fig. 6. This type of connection, which 
has had some practical] use, is usually called an inter- 
connected star. It gives a simple means of changing 
a star-connected machine so as to have 86.6 per cent of 
the effective turns. In making this connection, 
however, the armature m. m. f. is unbalanced in such a 
way that sub-synchronous harmonics are set up. 
Table II gives the values of the various components. 
It will be seen that both the fundamental and the 


But 


oa: RE, eA, seg EA, A, Re a, a i es. a re. 
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third harmonic have positive and negative waves. 
These arise because the space positions of the phases are 
no longer symmetrical, whereas the phase groups of 
fractional slot windings are always equally spaced. For 
our purpose, however, it is not necessary that a given 
harmonic have only one direction of travel. 

Curve A in Fig. 7 gives the total load loss® of this 
machine with the interconnected star winding. Curve B 
gives the load loss with the winding arranged in star 
connection but with 120-deg. grouping so as to obtain 
the same synchronous m. m. f. per ampere as with the 
interconnected winding. The 120-deg. grouping gives 
an m.m.f. wave, free from sub-synchronous com- 
ponents, just as in the usual 60-deg. winding. The 


TABLE II 
A No. slots per Per cent Per cent 
Poles pole per phase harmonics total harmonics 
8 4 65.9 7.741 5.6-1 


41.6 +3 11.0-3 


Harmonics present with interconnected star winding. Values are given 
in per cent of the synchronous m. m. f. Positive and negative waves of 
the same harmonic order are present. 


curves give a direct measure of the increased loss due to 
the presence of harmonics of lower order. At rated 
current the load loss increased to 3.6 times its normal 
value. The sum of the four components given in 
Table II is 65.9 per cent which is more than double 
that of any of the machines listed in Table I. It is, of 
course, an exceptionally flagrant case of unbalanced 
m.m.f. but it indicates that machines with lower 
‘values of harmonics may be worthy of study. 

An attempt was made to simulate the conditions 
in the rotor due to these harmonics by applying various 
frequencies to the stator winding, with the normal star 
connection, and with the rotor locked. In this way 
currents of any desired frequency may be set up in the 
rotor bars and the loss in the rotor may be determined. 
It is realized that the distribution of current in the 
rotor is affected by the wavelength of the flux wave 
which induces the current, so that even though the 
frequency is the same, the loss may be slightly different. 
The test results, which were not particularly accurate, 
showed that about 70 per cent of the increased load loss 
could be accounted for as loss in the rotor. 

A similar test was made on another machine giving 
the results shown in Fig. 8. In this case the load 
loss at rated current increased many times due to the 
fact that the normal load loss was almost negligible. 
While this was a much smaller machine than was used 
in the preceding test, the number of poles and number 
of slots were the same and the per cent of harmonic 
m. m; fs. given in Table II holds for this case also. 


5. The load loss is the difference between the measured short- 
circuit loss and the armature 7? R loss. 

6. In an unpublished report written by Mr. M. W. Smith 
during 1921, the existence of high load loss in machines with 
interconnected star windings was noted and was explained by 
means of a graphical plot of the m. m. f. wave. 
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Load loss tests made on machines such as those listed 
in Table I have not given convincing data concerning 
the additional losses due to harmonics in the m. m. f. 
This has been due partly to the fact that most of the 
machines with high percentages of harmonics have 
been in the low speed class where the total load loss is 
small and difficult to measure with accuracy. A com- 
parison of losses of similar machines, one with and 
one without harmonics, is not sufficient since a change 
in number of slots is always involved. With the 
present knowledge of load losses it is usually impossible 
to take into account these changes in magnetic pro- 
portions and thereby segregate particular losses. The 
data given in this paper are offered simply as evidence 
that there is a possibility of additional losses due 
to m.m.f. harmonics when irregular windings are 
used. Further study is needed to determine how 
important these losses are. 

Reactance Voltage. The method of finding the reac- 
tance voltage due to any particular harmonic is shown 
in Appendix B for the case in which there is no opposing 
rotor current. The equations show that the voltages 
due to the various harmonics are not in phase with one 


LOAD LOGS IN PER CENT OF 
NORMAL FULL LOAD LOSS 
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Curve A, loss with winding connected to produce subsynchronous 
harmonics. 
Curve B, loss with normal windings. 


another. The total reactance voltage due to m. m. f. 
harmonics may be found by adding together, in the 
proper phase relation, the various component voltages. 


What may be said of the magnitude of the reactance 
voltage calculated in this manner? At first glance it 
would appear that fairly iarge values are to be expected 
considering the amplitude of the non-synchronous 
flux waves. However, when the actual ‘interlinkages 
are worked out the result is found to be quite low. In 
the machines that have been examined up to the 
present time, all of them salient-pole synchronous 
machines, the total reactance voltage due to m. m. f. 
harmonics has been less than one per cent of ‘rated 
voltage. It appears, therefore, that this part of the 
reactance is of no great importance. The whole 
subject of reactance, particularly that of fractional slot 
machines, is being investigated by other engineers and 
it is possible that, eventually, the factors treated here 
will assume more importance than appears likely at 
present. 
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Vibration. Severe vibration of the stator of a small 
machine having a fractional slot winding was largely 
responsible for the present investigation of m. m. f. 
forms. This particular machine had a fundamental 
wave of about four per cent of the synchronous com- 
ponent. This wave might be replaced by an equiva- 
lent two-pole rotor revolving at 3600 rev. per min. 
(for 60-cycle supply). Thus there were variations in 
magnetic attraction, tending to distort the stator at its 
weakest section, which occurred 120 times a second. 
Measurement by means of a torsiograph showed vibra- 
tions of exactly this frequency. Further tests showed 
that the natural frequency of vibration of the stator 
was almost identical with the forced vibration. A 
minor change in construction was sufficient to remove 
the natural frequency from the danger zone and stop 
the vibration. Such a coincidence of natural and 
forced frequency is probably rare but the experience 
indicates another of the possible effects of lower order 
harmonics. 
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Appendix A 


M. M. F. OF A SINGLE COIL 

Let the coil shown in Fig. 3-be excited with unit 
current. Assume that the air-gap is uniform and that 
the iron is unsaturated. The flux set up by this coil 
must pass across the gap in one direction over the space 
between zero and 8 and return between 8 and 27. 
We can then draw a rectangular wave, representing 
the density, in which the areas under the two half-waves 
are equal. With a uniform gap this curve may be used 
to represent m. m. f. also. Let the total m. m. f. of the 
coil be unity. Then if the positive ordinate of the wave 
is h, the negative ordinate will be (h — 1). The wave 
may be expressed as 


soy =[a] [ea] a) 
a =0 ane 


The value of the sine component of any harmonic of a 
periodic function is known to be 


| 1 2r 
a, = Jf (@) sin (na)da 
or, in this case, 
1 B L 
a, = qf hein (ma) dat > f A-Dsinmada 


(2) 
Integrating, 


1 
a,= 7 (1— cos ng ) | (3) 
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Similarly, the cosine component is found to be 
1. 7 
a, = ae sin n B (4) 


The resultant value of the nth harmonic is 
a, = V a,” + a.” 


or, 
ia = eos ne GAA 
nm Y ` 
Solving, 
0.45 ————— 
t =- yv 1 — cosn g (5) 


The zero point of the resultant wave is displaced from 
the origin by the angle, 


a. 
0, = tan`! 
a, 
Be acta sin n 8 6 
elite = cos n B (6) 
Appendix B 


M. M. F. AND REACTANCE VOLTAGE OF FRACTIONAL- 
SLOT, THREE-PHASE WINDINGS 


Let the coi! shown in Fig. 3 be excited with a current 
equal to v 2 sin wt. The maximum ordinate of the 
mth harmonic wave will be, from Equation (5), 

0.45 V2 


= /1—cosnBsin wt 


At any point in space the ordinate of the wave will be 


0.636 


a y 1 — cos n g sin w tsin n (a — 0a) (7) 


a, = 


since the zero point of the wave is displaced from the 
origin by the angle 6,,. 

For any other coil in the same phase the nth harmonic 
wave is expressed by 


0.636 


„ V1- cosngsin wtsin n(a—6,— $2) (8) 


a, = 


where ¢; is the angle between that coil and the origin. 


To find the combined nth harmonic wave due to 
the entire phase it is necessary to add the single coil 
waves in proper angular relationship. These individual 
coil waves are all equal in magnitude but are spaced in 
irregular fashion. To find the resultant wave it is 
convenient to consider the waves as vectors of equal 
length separated from the zero vector by various angles 
corresponding to the positions of the coils with respect 
to the reference coil. It is necessary to consider only 
the coils in one repeatable group instead of the whole 
phase, as will be shown later. The actual angles must 


| 
| 
| 
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be obtained from the winding chart. These vectors 
are then added and the resultant is determined both in 
magnitude and position. If M is taken as the ratio 
of the length of this resultant vector to the length of a 
single vector and ny is the angle that the resultant 
makes with the zero vector, the equation for the 
m. m. f. of a repeatable group is 


_ 0.636 M 


yl cos nB sin w tsin n(a— 6,— y) (9) 


a, 
The quantities M and n y must be determined in each 
case by performing the vector addition. This is the 
laborious part of working out the m. m. f. wave for 
any particular harmonic. Each phase contains 


a P 
A repeatable groups. The angle between the be- 


2T 
ginnings of these groups is 4 p` If y, which is equal 


to the number of poles per group, is an even number, 
the angle between the nth harmonic waves of adjacent 
y2r 

p` 


groups is also 


However, since y may be odd, the waves of adjacent 
repeatable groups may be reversed due to the fact 
that alternate pole groups are wound in opposite 


directions. This may be taken into account by writing ` 


the angular space between the nth harmonic waves of 
adjacent repeatable groups as 


uzr Ir 
P n 
P 
n + > 
or aa an nth harmonic wavelengths. 
Y 


Since both numerator and denominator of this 
fraction are known to be integers, we may write 


P: 
n+ -z 


P/y 


where K, is any integer and K, is any integer less than 
P/y including zero. 

If K, = 0, the angle between the waves of the 
various repeatable groups is an integral number of 
wavelengths and the waves add arithmetically. If, 


K 
=Ki+ py (10) 


P 
on the other hand, K. is not zero, the a waves are 


Yor 
nP 


spaced by equal multiples of and must add up 
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to zero. 
P 
n+ a 
Thus when Ply is an integer, the resultant 
wave for the whole phase becomes 
0.686 MP ———_ . ; 
ds = ny Nee n B sin wt sin n(a—6,—y) 
(11) 
P 
| Nn+~o 
And, when is not an integer, the nth 


P/y 


harmonic is not present in the m. m. f. wave. 

The next step is to combine the wave set up by the 
first phase with the corresponding waves of the other 
phases. In a fractional-slot, three-phase winding 
the beginning of the second phase is at an angle 


LET from the beginning of the first phase, as can be 
seen from the winding chart. The beginning of phase 
2 is understood to be the point from which the subse- 
quent pole groupings for that phase follow the same 
sequence as in the first phase when starting from the 
original reference coil. 

The time phase of the current in phase 2 may be 


2r 
expressed by ( wt — HET) since, as the winding 
chart shows, there are y pole phase groups between the 
starting points. 

The equation for the nth harmonic wave of phase 2 
is, then, . 


_ 0.636 M P =r ( 2zu ) 
ay y 1 — cosn gsn {| wt— 6 
( 9 TU) 12 
sinn | a— 0- 4- yp (12) 
and similarly, for phase 3, 
0.686 MP — ——— . ATY 
an = py V1 cosnpsin( wt- 6 ) 
( 6 ET.) 13 
sinn | a- ba- y- -zp (13) 


For convenience, let 


0.636 M P 
ny 


y 1 — cosn gB 


and 


D 
ll 


(a — Ôn — Y) 
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Then, substituting C and D in Equations (11), (12) and 
(13) and expanding, 


C 
Gp = —5 [cos (w t — n D) — cos (wt + nD) ] (14) 
C 2 2 
üp: = cr [ cos (w ¢ r -nD +- ) 
( TY D erun) ] 15 
— cos{ wi— 6 +n 3 pP (15) 
C ATY Amyn 
ATY sur) ] 
— cos ( wt- 6 +nD—- 3 p (16) 


The sum of the waves of the three phases will give 
the final resultant wave for the whole armature. 
Adding ay, a,2 and aps, 


C 
a, = -> | cos (wt - n D) 


2 
2TY Eryn) 
+ cos ( wt- 6 -nD +—; p 
ATY izn) ] 
+ cos ( wt 6 -nD + 3 p 
C 
- -> | cos (wt + nD 
2TY 2TYN 
+ cos ( wt- 6 cas 3 pP 


Amy Amyn )] 
+ cos ( wt- G +naD-—; p~ 
It will be observed that if 


Y yn . 


6 oe 


where K, is any integer, including zero, Equation (17) 
becomes 


C 
On =— 9 l3 cos (wt— n D) ] 


C 
- -> [cos (wt + n D) + cos (wt + nD- 3 


+008 ( wt + nD - try ) | (18) 


Since y is always an integer but is never a multiple 
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of 3, the last term equals zero and the expression 
becomes 


8C 
a, = —5 cos (wt— nD) (19) 
Similarly, when 
Y à yn č „` 
~ 6 3P K, 
it follows that 
a, = ~z cos (wt +n D) (20) 


Suppose that neither of the foregoing assumptions 


n 
 , 1% ) is not equal to an 


is true. That is, ( - 6 3 P 


integer. It has been shown that in order for the nth 
harmonic to exist in the m. m. f. wave of a single phase, 


gt ae 
a t equal K 
mus 
That is, 
B K,P P 


Substituting this value of n in the expression 


Y yn 


———$—— 


6 ~ 8P 


K, — 
we obtain 3 4 


K 
when the plus sign is used and Ea 


when the minus sign is used. When these values, 
neither of which is an integer, are substituted in Equa- 
tion (17), both terms become zero. 

The criteria for the existence of the nth harmonie 
in the final wave are, then, 


first, | 
P 
n + “2 
( need must equal K,, (21) 
and second, 
(- 7 + SP ) must equal K,, 
which may be written 
y (P +2n) 
—; p must equal K (22) 


6 P 


where K, and K, are integers, including zero. 


baia ta ppm Tie, ees. eee 
TT —— oy — e ee G ee - O ERES n ee 
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When the negative sign is used, the equation for the 
m. m. f. is 


3C 
a, = -z cos (wt + n D) 


D (20) 
When the positive sign is used, 
3C 
a, = —5 COS (wt— n D) (19) 


Substituting the values of C and D, the equations 
become 


0.95 MP ——— 
a. = ag Vicos n B cos(wt+n a—n 6,—n yY) 
(23) 
and 
0.95 MP ——— 
a, = ay Xos n B cos(w t-n a+n 6,+n y) 
(24) 


These expressions represent waves of constant magni- 
tude which glide around the armature at speeds equal 
to one wavelength per cycle of current. Equation (23) 
is a wave traveling in one direction while (24) is a wave 


i 


If n is made equal to 2?’ 


with opposite rotation. 


y (P + 2n) 


G P becomes an integer (zero 


the expression 
in this case) when the minus sign is used. That is, 
Equation (20) represents the m. m. f. wave. Since a 


P 
value of n equal to z corresponds to the synchronous 


component of the m. m. f., it follows that for those 
cases in which the minus sign is used to satisfy the 
equation 


the wave travels with rotation. When the positive 
sign is used the wave moves opposite to the direction 
of the rotor. 
Reactive Voltages. Let a,’ equal the maximum ordi- 
nate of the nth harmonic m. m. f. wave. Then, 
; 0.95 M P Toa 
a, a ~y 1 — cosngB 
The flux density at any point, assuming a constant 
permeance, 7, is 
Ba =a,’peos[wttna—n6é,—ny] (25) 


for a positively rotating wave. 
The flux enclosed by the reference coil is 
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B 
Pa =A PN fcos|wt+naæa— nh, —n y]daæ (26) 


where N is a constant equal to the surface of the arma- 


ture divided by 2 m. ~ 
Integrating, 
Dn, = = pN [sin (wt + nb— nh, — ny) 
— sin (wt — n On — ny) ) (27) 
The voltage induced in the coil is 
= — 10% = 28 
Ca = — dt ( ) 
Differentiating, 
„pN , 
en, = ae [eos (wi +nB— nh, — ny) 
— cos (wt— nÂ, ,— ny) ] (29) 


which reduces to 


2a PN w. nB 


en = sin = in( E4 w t-n 6,—n y— r) 


n 108 2 
(30) 


The voltage per phase is found by adding vectorially 
the voltages of the individual coils. But the time angle 
between the voltages of any two coils is the same as the 
space angle between their m.m. f. waves. We can make 
use of the previous vector addition, therefore, and write 
the expression for the voltage per phase: 


e, MP 


E, = 
y 


(31) 


which is a voltage wave displaced from the voltage of 
the reference coil by the angle n y. Thus the complete 
expression for the phase voltage is 


2a,/pNwMP . 


n B 
ny 108 sin —>— 


E, = 9 


sin (ZE + wt-n0,-2ny- r) (32) 


Substituting the value of a,’, 


268pNwM?P* . nB 
ee eS SI E 


E, = n? y? 108 2 


. [nB 
sin( 7- + wt- nð —2ny— r) (33) 


It will be convenient, usually, to express the reactance 
voltage in per cent of normal voltage. If a,’ p is ex- 
pressed as a percentage of normal flux-we may write, 
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from Equation (32), the expression forreactance voltage 
due to the nth harmonic as 


(a,’ p) N. M, sin ne 


% En = 
N M, sin 1E 


sin (=F + wti-n0,—2ny— r) 


D (34) 


where N, and M, correspond to the synchronous 
harmonic. . 

Equation (34) gives the reactance voltage per phase 
due to the flux set up by any one harmonic in the arma- 
ture m. m. f. It will be seen that the phase position of 
this voltage varies with the order of the harmonic. 
To find the total reactance voltage due to m. m. f. 
harmonics it is necessary to solve for each component 
voltage and then add all components in proper angular 
relation. 
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= distance along the armature in radian measure 
ordinate of m. m. f. wave 

= maximum ordinate of resultant m. m. f. wave 
= coil throw in radians 

flux density 


0.686 MP ————__—_ 
= aay ~ 1 — cosn g 
= (œ — 6,— y) 
= reactance voltage of single coil 
= reactance voltage of one phase 
= frequency 
= an integer 
= ratio of resultant vector to single vector 
= order of harmonic 
constant depending on machine dimensions 
= permeance 
= number of poles 
= slot pitch in angular measure 
= time in seconds 
=2a7f 
= denominator of fraction equal to slots per pole 
= displacement of wave from the origin 
= angular position of any coil 
= angle between resultant vector and zero vector 
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Discussion 


P. L. Alger: This paper raises questions whose discussion 
might be carried to great lengths, since the ramifications of the 
effects of harmonics on various characteristics of the motor are 
very extensive. I will confine myself, however, to making two 
comments on this paper and then giving a few things from my 
own experience. 

In the first place, Mr. Graham develops a formula for the 
magnitude of any particular harmonic, which contains the 
coefficient 1/1 -cos n B. That, to my mind, is very hard to 
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visualize, and it is much better to replace it by the exactly 


equivalent expression +/2 sin E, When this is done, the 
magnitude of each harmonic is seen to be proportional to the 
pitch factor for that particular harmonic. As the pitch factor 
is a very familiar thing to all designers, this expression tells the 
relative magnitudes of different harmonics almost by inspection. 

In the second place, it appears obvious to me from physical 
considerations that with a perfectly balanced winding, every 
phase being like every other phase, the other phases can only 
introduce purely reactive voltages in the first phase, similar to 
the voltages induced by that phase in itself. That is, if vou have 
a perfectly balanced arrangement, the currents in each phase 
being displaced in time by the same angle as they are in space 
position, there cannot be produced any two harmonic waves of 
the same order but opposite directions of rotation. So the nth 
pulsating harmonic made by phase 1 alone will either be con- 
verted into a revolving field of amplitude 3/2, due to the three 
phases, or else will be cancelled out altogether. For that 
reason, it is clear that Graham’s equations showing a phase 
difference between the various harmonic voltages in a single 
phase must he wrong. There is no phase difference because all 
of them are purely reactive voltages. 


= Once we have admitted the existence of these harmonics and 
shown they are present and undesirable, the really interesting 
thing is how to avoid them. That Mr. Graham did not touch 
upon at all. 

By rearranging the windings in various groupings. a great 
many effects can be produced. There‘are a number of arrange- 
ments possible for any particular winding, all of which give 
balanced phase voltages, but which have different characteristics. 
Systems of distribution can be worked out to give minimum 
vibrat' on, minimum reactance or minimum load losses, or to 
meet other conditions, and some of those other arrangements 
have distribution factors so little different from the one that we 
ordinarily use, that they are more desirable than the ordinary 
arrangement. 

An interesting case illustrating these possibilities is that 
of a 1000-h. p. induction motor, with 14 poles and 4 2,7 slots 
per pole per phase, which I had the opportunity of observing in 
1923. When the motor was tested the first time, it developed a 
very severe load vibration, similar to that Mr. Graham observed 
on his motor. We determined the vibration to be of twice line 
frequency, and due to the 10-pole field produced by the irreg- 
ular winding arrangement. By reconnecting the winding to 
the arrangement giving a minimum 10-pole field, the trouble 
was remedied without any mechanical change. In general, 
unbalanced magnetic pull occurs whenever two fields of nearly 
the same numbers of poles exist together, and so the way to 
avoid vibration is to arrange the winding to minimize that 
particular harmonie whose number of poles is nearest the 
fundamental. 

The study of the best winding arrangement, taking into 
account all the factors, is very fascinating, but it is quite difficult 
to make a complete analysis of the problem. I have been 
working on this matter for some time, and I hope ultimately to 
be able to say for any given number of fractional slots per pole 
per phase what arrangement gives the best combined charac- 
teristics, taking into account noise, fundamental distribution 
factor, reactance and losses. 

C. A. Nickles I agree with Mr. Alger that in a rotor with 
uniform permeance, reactive voltages other than 90 deg. out 
of phase with the currents cannot be obtained. When such 
voltages exist, we must have reluctance torques in the machine, 
we must have consumption of power, and we cannot have 
reluctance torques in a tniform-permeance machine. 

The author has made calculations of the leakage reactance 
introduced by sub-harmonics and he gets a value; of approxi- 
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mately 1 per cent. Of course, if we add reactance voltages 
vectorially, we shall get a much smaller voltage than if we add 
them arithmetically. If all these reactance voltages were 
added in time phase, the total reactance voltage might be 
considerably greater, and I think might be worth investigating. 

W. V. Lyon: Mr. Graham has applied the principles of 
harmonic analysis to an interesting and not uncommon problem, 
the most important aspects of which I believe are the extra 
losses and vibration which may occur when these irregular 
windings are employed. He has clearly shown how the problem 
may be attacked. : 

In the spring of 1926, apparently at about the time when 
Mr. Graham was preparing this paper, I analyzed the same 
problem with a class of graduate engineers at the General 
Electric Works at Lynn. Curiously enough, the illustrative 
problem that we worked through was the same that Mr. Graham 
has chosen, viz., one in which there are 634 slots per pole. Also 
the winding arrangement was the same in both cases. The 
only difference was that ours was a stator having 54 slots and 
wound for 8 poles. We found no particular difficulty in obtaining 
a resultant nth harmonic reduction factor for this winding 
which was a combination of the ordinary pitch and breadth 
factors. We did not, however, determine the criteria for the 
existance of the nth harmonic nor for its direction of rotation. 

One point that Mr. Graham has made is well worth emphasiz- 
ing. When a uniform air-gap is acted upon by a magnetizing 
winding there will in general be produced component sinusoidal 
flux distributions which have two poles, four poles, six poles, 
eight poles, ete. By properly arranging the winding, certain of 
these distributions can be completely or partially eliminated. 
If, for example, a symmetrical three-phase winding having an 
integral number of slots per pole per phase and wound for 4 
poles is used, there will be no components except the 4-polar, 
20-polar, 28-polar, 44-polar, 52-polar, ete. Again in the 20- 
pole winding that Mr. Graham cites there will be 10-polar, 20- 
polar, 30-polar, 40-polar, 50-polar, 70-polar, ete., distributions. 

I should like to add a little to what Mr. Graham has said about 
vibration. If the stator and rotor were perfectly rigid, the 
internal stresses between them due to the magnetic field could 
cause no vibration. Actually, however, both the stator and 
rotor have a certain amount of flexibility and thus these internal 
stresses may produce serious vibration. There are two distinct 
ty pes of internal stress. One is due to the action of a single 
sinusoidal flux distribution and the other is due to the joint of 
two sinusoidal distributions of different wavelengths. If there 
is a single sinusoidal component of flux in the gap, the rotor will 
be acted upon by balanced radial forces which can cause no 
vibration in the rotor if its laminations are rigidly connected to 
the shaft. On the other hand the rotation of the flux distribu- 
tion will produce a harmonic variation in the magnetic force be- 
tween the stator and rotor in any fixed radial direction of such a 

frequency that it will go through one cycle while the magnetic 
field is moving one pole pitch. If the stator frame is flexible in 
a radial direction, this harmonically varying force may set up 
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serious vibration. This is apparently the case that Mr. Graham 
cites. 

The other cause of vibration may, I believe, be equally 
important. If there are in the gap two component distributions 


of different wavelengths the radial forces acting on the rotor 


may be unbalanced. Two polar distributions that differ by a 


single pair of poles will produce this effect. This unbalanced 
force on the rotor may be either constant or variable. If the 
distributions are moving properly with respect to each other 
the unbalanced force acting on the rotor will vary harmonically, 
and serious vibrations may result. 

Quentin Graham: Mr. Alger has suggested the substi- 


tution of v2 sin ae for the expression v1 — cos n 8 which 


I have used. I agree that this change would aid in visualizing 
the magnitude of the harmonics. 

Mr. Alger and Mr. Nickle have both pointed out the error 
contained in the last paragraph of Appendix B and also in the 
body of the paper where it is stated that the reactance voltages 
of the various harmonics are not in phase. I am giving below a 
number of corrections in the mathematics, changing the final 
equation on which this false conclusion was based. I am 
indebted to Mr. Nickle for having pointed out the particular 
points which were in error. The corrections are as follows: 


Equation (6) should read 
sin n B 
6, = — tan 7! ————_. 
roan = 1 —cosnB 
which ean be simplified to 
nB T 
Niema t =n 


Using this value for n 6, Equation (30) may be simplified so 
ESET : mT 
that the quantity in the parenthesis becomes (e: —ny— z) 


The statement following Equation (31) should give the 
displacement angle as — ny instead of ny. . 
With this correction the quantity in the parenthesis in equa- 


tions (32), (33) and (34) will be (s: — z). It is clear then 


that the final paragraph, following Equation (34), is in error 
and that the reactance voltage components of the various 
harmonics must be in phase. 

I have experimented to some extent with the rearrangement 
of windings, as Mr. Alger suggests, for the purpose of reducing 
some particular harmonic. This is usually accomplished at the 
expense of increasing some other harmonic but, as he says, the 
total result may be beneficial. 

Mr. Lyon’s discussion of the vibration problem is very inter- 
esting and his conclusions appear to agree with Mr. Alger’s 
experience. 


Transverse Reaction in Synchronous Machines 
| BY J. F. H. DOUGLAS! 


Associate, A. I. E. E. 


Synopsis—The confusion existing at present in the theory of 
synchronous machines is shown to be due to insufficient experi- 
mental evidence of the behavior of this type of machine under trans- 
verse magnetizing (cross magnetizing) conditions. A method of 
testing which ytelds the needed data is described. The results of 
these tests on a particular machine are given and analyzed. It 
ts proved, for the machine tested, that the effect of transverse reaction 


INTRODUCTION 


HE subject of the performance of synchronous 

machines seems to be of perennial interest. Many 

theories have been proposed with their appropriate 
methods of computation. Nearly every text-book is a 
monument to the confusion of this subject, a confusion 
resulting from an insufficiency of facts. It is interesting 
to note how theory has become more sound as experi- 
mental facts have become more extensive. 

When the open and the short-circuit tests were the 
usual compromise tests, we had the e. m. f. and the 
m. m. f. methods which were based upon them, with 
the Torda-Heyman method as a compromise. When 
the shape of the full-load zero power-factor saturation 
curve became known, the improved Kapp diagram 
and the Potier diagram were developed. A number of 
discrepancies between observed and computed results, 
together with theoretical studies of the variation of 
air-gap permeance, have led to various proposals for 
the perfection of the theory of this machine. In the 
judgement of the writer, the best method derived to 
date is that of Andre Blondel?, and the best exposition 
of this method that of Professor V. Karapetoff*. As 
expounded, it is chiefly a design method. Although it is 
possible to apply it to experimental data, the directions 
are not clear enough to enable it to be easily applied 
for this purpose.. Some recent refinements in this 
method have been made by Karapetoff, and Doherty 
and Nickle’. 

The elimination of guarantees of regulation at other 
than zero power factor, has led to the attitude that 
present methods are good enough for practical purposes. 
There has been a gradually increasing number of facts, 
however, that indicates that further improvements are 
necessary. Hunting frequencies and pull-out torques 
some thirty per cent in excess of predicted values, 
for example, indicate considerable error in customary 
theory. The Blondel theory does give better results 
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can be most accurately estimated by the use of a magnetomotive 


_ force diagram. Experimental constants useful in design are found. 


A theory of the operation of synchronous machines is proposed, 
and a diagram for finding the performance of a synchronous machine 
from experimental tests is given; which, it is hoped, will be more 


accurate than present methods. 
* & + bal * 


in these cases. The phenomena of pull-in torque in mo- 
tors and instability of generators (pole slipping) are 
entirely unpredictable except with some form of two- 
reaction theory such as that proposed by Blondel. 

Experimental data for machines operating under 
demagnetizing conditions are easily obtainable; the 
methods for securing them and the general character 
of the results secured are well known, and a theory 
able to account for the results has been developed which 
is adequate also as a basis of computation. A very 
different situation holds for the effects in a synchronous 
machine under transverse (cross magnetizing) con- 
ditions. Enough facts are available, indeed, to show 
that magnetic conditions are then radically different. 
A plausible theory has been developed which is appli- 
cable to design with some measure of success. How- 
ever, the writer is unaware of any systematic experi- 
mental data which will show what the effect of 
transverse armature reaction in a synchronous machine 
is in reality. 

The conditions for such an experimental study may be 
stated very simply. In the first place, the load placed 
upon the machine should be wholly transverse in effect; 
that is, the armature currents must attain their maxi- 
mum value when opposite a pole center. This con- 
dition must exist in order that the effects observed 
shall be due to one cause only, and not complicated 
by direct magnetization. This carries as a corollary, 
that the experimental method must have a flexible 
power factor control; that is, a quick and accurate 
adjustment of the phase angle of current is needed. 
In the second place, for an experimental study of trans- 
verse reaction, we must be able to measure the terminal 
voltage of the machine not only in magnitude, but in 
phase position with reference to the pole axis. In 
other words, the components of the terminal voltage 
with reference to the pole axis must be known. Lack- 
ing this information, unwarranted assumptions as to the 
phase angle of the reactance drop would have to be 
made. 

AN EXPERIMENTAL METHOD FOR STUDYING TRANS- 
VERSE REACTION 

The basic idea on which the following experimental 
method rests is to measure not the voltages and cur- 
rents of the machine tested but their components with 
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reference to the pole axis—that is, with reference to the 
no-load voltage of the machine. The second important 
idea in these experiments is the use of a wattmeter as a 
device for the measurement of components of voltage 
and of current. 

The machine tested was a 15-kv-a., 6-pole, 60-cycle, 
synchronous machine rated at 190 volts with its two- 
phase connection, one of a set of two machines made 
by the Westinghouse company, for educational insti- 
tutions. A description of the design details of this 
machine is in the A. I. E. E. JOURNAL’. The diagram 
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ut connections used is shown in Fig. 1. Machine A 
was the one tested for its performance, and it was loaded 
as a motor, by the d-c. generator belted to it. The 
Joad on the motor was regulated by the generator 
field rheostat. The d-c. generator returned its surplus 
power to the laboratory d-c. line, so that on occasion 
the set could be run from the d-c. machine as a motor. 
The current for the synchronous motor A was supplied 
from the mains of the Milwaukee Electric Co. with 
60-cycle current. This current was supplied through 
a Scott connection and an induction regulator. 
voltage supplied could be regulated for any value from 
100 to 300 volts. By varying the impressed voltage, 
the motor could be made to take current at any phase 
angle desired. 

The voltage of machine A was measured by watt- 
meter (2) excited with five amperes from machine B. 
Thus the reading of the wattmeter divided by five 
gave the component of voltage in phase with the exci- 
tation. The current in machine A was measured by 
wattmeter (1) excited with 100 volts from machine 
B. Thus the reading of this wattmeter divided by 100 
gave the component of current in phase with the exci- 
tation. Since machine B was loaded on a Cutler- 
Hammer load rheostat, made of Advance wire wound 
on flat spools, it was assumed that the excitation of 
both wattmeters were in the same phase. 

Machine B was connected asa two-phase machine, and 
a double throw switch S2 and a polyphase board P2 


56. A.I. E. E. JOURNAL, May 1925, page 543. 
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were provided. In this way the excitation of the watt- 
meters could be transferred to either phase of machine B. 
The components of current and voltage in machine A 
were measured, therefore, in two perpendicular phase 
positions. The double throw switch S1 and the poly- 
phase board P1 enabled measurements to be taken 
on both phases of machine A. By adjusting the hand- 
wheel of machine B, the axes on which the components 
of current and voltage were read could be brought into 
any position. The hand-wheel: was actually adjusted 
so that these axes were the same as the voltages of 
machine A at no load. Thus the wattmeters gave 
directly the direct and the transverse component of 
both current and voltage supplied to machine A. 

A number of runs was made, each for a definite field 
current in machine A. In all the runs the induction 
regulator was adjusted so that the current supplied 
machine A was wholly transverse in character; that is, 


wattmeter (1) excited with phase (1) of A and phase 


(2) of B or mce versa read zero. In each run the load 
was varied from zero to full load. At each load the 
excitations were checked and all the wattmeter readings 
taken. The range of field currents used was from 
3.25 to 23 amperes, giving saturations of from 100-300 
no-load volts. 

The data for the two phases were averaged to elimi- 
nate small unbalances. The polarities of all the watt- 


"meter combinations were established definitely. The 


data were corrected for systematic error, including J R 
drop. The data were corrected for other constant 
errors such as residual demagnetizing currents. The 
readings of transverse and direct voltage were plotted 
against transverse current and smooth curves drawn, 
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Fig. 2—TRANSVERSE AND DIRECT VOLTAGE WITH TRANSVERSE 
ARMATURE REACTION 


eliminating small observational errors. The data 
are recorded in graphical form in Fig. 2, and 
represent the results after correction for the above 
mentioned errors. The errors were small, and the un- 
corrected data gave approximately the same set of 
curves. 


DISCUSSION OF THE EXPERIMENTAL DATA 


Fig. 2 shows the transverse voltage induced in 
the machine, under various amounts of transverse 
mganetizing current, plotted against the direct voltage 
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induced. Thelines sloping downward and to the right 
are loci for constant values of the transverse current 
(I) of 50, 40, 30, 20 and 10 amperes. The nearly 
vertical lines are for constant field currents. The 
direct voltage is designated by the symbol E,, meaning 
the voltage induced by the net magnetomotive force 
along the polar axis. 

The corresponding loci were calculated from the 
Blondel theory, using the following data. A demag- 
netizing reaction equivalent to 7.0 amperes of field 
current for 40 amperes of demagnetizing armature 
current, an armature reactance of 0.5 ohm, and a slope 
of the saturation curve of 31 volts per ampere of field 
current agree with experimental data in Fig. 5. It 
was assumed that the transverse reaction was 40 per 
cent of the direct, and that the armature reactance was a 
constant. The loci of E, for constant transverse 
magnetizing armature current of 40, 30, 20 and 10 
amperes, were lines parallel to the E,, axis and passing 
through the points A, B, C, and D in Fig. 2. The 
loci of E, for 'constant field current were straight lines 
perpendicular to the axis E,, and passing through the 
points P, Q, R, S, T, U, V, W, and X. Even with 
other assumptions as to the constants, the loci would be 
a system of lines parallel and perpendicular to the axis 
E,. The discrepancy in Fig. 2 between the observed 
and computed loci is disappointing and does not give 


promise of any practical method of predicting the 


effects of transverse reaction from an e. m. f. diagram. 

If we analyze Fig. 2 we see several important 
results. In the first place the transverse voltage for a 
constant field current is proportional to the transverse 
armature current. Their constant ratio may be de- 
noted by the symbol X., and may be appropriately 
called the “transverse synchronous reactance,” since 
it includes the effects of both transverse reactance and 
transverse reaction. 

In the second place, for a constant armature current 
the tranverse voltage Æ, decreases as the saturation 
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increases. The transverse synchronous reactance is 
not a constant for different saturations, therefore, but 
decreases from a value of 3.0 ohms with 3.25 amperes 
of field current to a value of 1.2 ohms with 23 amperes 
of field current. The explanation of this phenomenon 
is simple. The flux set up by transverse reaction is 
chiefly under the pole tips where the tooth and pole tip 
iron is affected by the amount of main flux as to 
saturation. 

In the third place, the direct voltage E, is decreased 
as the amount of transverse current is increased, even 
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though the field current is constant. This points 
definitely to a demagnetizing action of the transverse 
reaction. The voltage E,, therefore, is not a function 
of the field current alone. This is shown clearly at all 
loads and at all field currents, in spite of the fact that 
there was no demagnetizing current present in the 
armature. The explanation of this effect is also simple. 
The cross magnetizing or transverse effect operates 
to strengthen one pole tip of a pole and to weaken the 
other: but, owing to saturation, the weakening effect is 
larger than the strengthening effect. Consequently the 
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total flux per pole is reduced. The decrease in E, 
varies approximately as the square of the current. 

The variation in X,, with the saturation most 
seriously affects predictions as to the internal phase 
angles, but it also affects calculations of needed field 
current. The variation in E, affects regulation and 
field current calculations alone. 

It is a mistake to build up a theory of transverse 
reaction on the basis of an unsaturated magnetic circuit 
for the transverse flux, since such a theory leads to a 
constant value of the transverse synchronous reactance. 
The predicted values of transverse reactance may be 
correct for some one particular voltage, but at other 
voltages the performance will be off. For example, 
in Fig. 2, pull-out torques will be actually larger than 
computed values for voltages in excess of 130 volts. 

The Blondel theory of transverse reaction is in 
reality a reactance method, since the vectors appearing 
in the Blondel diagram are J X drops. Since the reac- 
tances used replace the effects of reaction, the I X 
drops appearing in the diagram are properly termed 
synchronous reactance drops. It is but natural to 
turn to an m. m. f. diagram, to see if it gives superior, 
that is, more constant, results. To convert any point 
such as F in Fig. 2 into a corresponding point G ina 
m. m. f. diagram, we use the construction in Fig. 3 
and the saturation curve in Fig. 5. We take thevoltage 
E’, the resultant of E„ and E,, to the saturation curve 
and read there the corresponding resultant magneto- 
motive force expressed in equivalent field amperes, 
which we denote by J;,. Since the flux inducing E’ 
is set up by the resultant magnetomotive force, we draw 
I, in phase with E’. This magnetomotive force is 
made up of two components. One produced along 
the pole axis by the net action of field and direct reac- 
tion, we denote by I,,, since it is expressed in equivalent 
field amperes. The other component of I;, is the trans- 
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verse m. m. f., which we denote by I;; since it is ex- 
pressed in equivalent field amperes. Each point in 
Fig. 2 was converted by this means into a point in 
the m. m. f. diagram shown in Fig. 4. : 

Fig. 4 consists of a system of approximately 
horizontal lines for constant armature current, inter- 
sected by a system of approximately vertical lines for 
constant field current. We may say, therefore, with 
substantial accuracy, that transverse reaction may be 
represented on a magnetomotive force diagram, by a 
vector proportional to the armature current, indepen- 
dent of the field current, and perpendicular to the arma- 
ture current. Secondary demagnetizing effects do not 
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appear on the m.m.f. diagram to any appreciable 
extent. This diagram proves that we may regard the 
magnetic flux set up in a machine as produced by a 
resulting magnetomotive force acting on a single mag- 
netic circuit of substantially uniform saturation. 
There is no evidence in either Figs. 2 or 3 of any 
transverse flux component directly proportional to 
the armature current and independent of saturation. 
Stated in other words, the transverse leakage reactance 
X, appears to be zero; that is, the leakage reactance 
appears to be less for conductors under the poles than 
for conductors between the poles. If a transverse 
leakage reactance existed, the lines in Fig. 4 would 
all slope upward and to the right. In any machine 
showing such characteristics, the two effects reactance 
and reaction could be separated, by trial. 


Fig. 5 shows the saturation curves of the machine 
tested. From it the constants previously used were 
obtained. We define the experimental coefficients of 
armature reaction as the ratios of equivalent magneto- 
motive force expressed in field amperes to armature 
current. The direct coefficient C4 = 0.175, the trans- 
verse C, = 0.09, for average conditions in the machines 
tested. It is worthy of note that the transverse coeffi- 
cient is approximately one-half the direct coefficient. 
In solving for the performance of asynchronous machine, 
for which only the data like that in Fig. 5 were 
available, the writer would be inclined to use a value of 
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X; = 0 and a value of C, = (C4/2). However, it is 
not permissible to generalize too much from the date 
on one machine. 

Taking the dimensions of the machine and the 
winding data given by Mr. Quentin Graham‘, the writer 
has checked the various constants found. The resis- 
tance when increased by the A. I. E. E. allowance agrees 
with the measured value 0.25 ohm per phase. The 
armature reactance at zero power factor, of 0.5 ohm, 
checks 25 per cent higher than that computed using 
Hobart’s values of slot and end-connection permeance 
(10 perms per in. and 2 perms per in.) and somewhat 
higher than the value computed from data on page 230 
of the “Magnetic Circuit.”” In the equations for direct 
and transverse reaction given in Karapetoff’s “Magnetic 
Circuit,” Art. 49 and 50, we shall for the present take 
Maas N; I,a and M,as N; Ij, since the constants there 
derived are for equivalent field ampere-turns. Thus 
N; Isa = KıK, Komna N; Ij: = K,K,K,m ni, 

(1) 
We will take N; = 185 turns per pole, I,a = 7.0 from 
Fig. 5, A, = 0.907 for two phases and six slots per 
pole per phase, K, = 0.925 for 75 per cent winding 
pitch, m = 2 phases, n = 22 equivalent turns per pole 
per phase for winding undivided in group, Ia = 40. 
The equivalent transverse magnetomotive force corre- 
sponding to J, = 40 was taken as 3.6 amperes of field 
current. Using the above data, the constants are 
Ka = 0.875; K, = 0.451 (2) 
The writer made a careful estimate of the wave of- 
air-gap permeance, the waves of direct, transverse 
and field flux, analyzing them for their sine wave com- 
ponents, and arrived theoretically at the values - 


It is plain, therefore, that the design constants need 
experimental correction. 


A THEORY OF SYNCHRONOUS MACHINES 


It may be presumptuous from the test of one machine 
to announce a theory of the synchronous machine and 
give yet another diagram for its performance. How- 
ever, the results of our tests point very definitely ‘to 
such a theory and such a diagram, and they are offered 
for experimental confirmation or rejection. The writer 
does not have ready access to recent literature, and 
therefore does not know whether the theory proposed is 
new or not. 


In Fig. 6 the magnetic effect of armature currents 
in position A is entirely different from that produced 
by currents in position B. With reference to the pole, 
the first is transverse; the second is direct. From con- 
siderations of symmetry, the armature currents should 
be resolved into components in these two positions. 
The magnetic effect of the transverse current in posi- 


6. Loe. Cit. 


7. Doherty and Nickle’s work accounts for some of the dis- 
crepancy observed. See paper cited. | 
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tion A is obviously much smaller than that of an equal 
current acting in position B because it acts on a 
magnetic path of much higher reluctance. 

The magnetic effect of the two components of the 
armature current may be considered as two-fold; 
namely, that effect produced individually by each, 
—that ts, as if theother magnetomotive forces were not 
there,—and that effect produced jointly through the 
cooperation of the field,— the direct and the transverse 
currents. Each of the components of armature 
current may be considered as producing a component 
of flux, mainly local in character, proportional to the 
current and independent of saturation, which we may 
call armature leakage fluxes. They cause a drop in 
voltage which we may cal! the leakage reactance 
drops, each leading its component of current 90 electri- 
cal degrees. The direct reactance drop caused by the 
direct component of current in position B is appreciable, 
because this drop is due to flux set up in the interpolar 
regions where there is little interference with the main 
flux. The transverse reactance drop is small and may 
be sometimes neglected for the reason that this flux 


——___» 


Rotation 


Fic. 6—THEORY OF ARMATURE REACTION 


is set up when the conductors are under the poles 
and therefore is merged with the main flux’. 

The effect of transverse reaction may also be stated as 
a distortion of flux. Thus, in Fig. 6 the flux is crowded 
from the center toward the left-hand pole tips. Al- 
though thus displaced in the teeth, air-gap, and pole 
shoe, the path of the main flux is generally the same 
under load as under no-load. It is the resultant flux 
o’, for example, in Fig. 6, which induces the voltage 
at the terminals plus the J R and the two J X drops. 
It is the resultant m. m. f. of the machine which pro- 
duces this resultant flux, and consequently the no-load 
saturation curve should serve to correlate the induced 
voltage and the resultant magnetomotive force. 

The resultant magnetomotive force may be taken as 
the vector sum of the three component magnetomotive 
forces, namely the field, the direct and the transverse 
magnetomotive forces. Since only sine waves combine 
to give a sine wave and only sine waves can be repre- 
sented by vectors, it is obvious that the actual m. m. fs. 
must be reduced to equivalent sine waves acting upon a 
uniform active layer. The maximum value of the 

8. Apparently al] the fluxes except that due to (Xia) are 


affected by saturation. This appears to be in contradiction to 
the assumptions of Doherty and Nickle, in Fig. 27 of paper cited. 


field, the direct and the transverse magnetomotive 
forces must therefore each be multiplied by some 
coefficient to reduce it to the equivalent sine wave 
m.m.f. applied to a uniform active layer. For the 
present it is sufficient to notice that the coefficient 
for the transversely reacting armature current is about 
one-half of that for the directly reacting armature 
current. Thus the armature reaction is not 90 degrees 
from the edge of the coil carrying maximum current, 
but each component of current must be computed sep- 
arately. The direct reaction (I,a = CzIz) can be 
combined algebraically with the field current J;, to 
get the net m. m. f. along the polar axis J,, in equiva- 
lent field amperes; the transverse reaction (IL, = C, I 
must be combined with J,, at right angles to give the 
magnetomotive force I». 

Let the maximum values of the actual waves of field, 
direct and transverse reaction magnetomotive force be 
M,',M.’and M,’. Let the maximum values of the 
equivalent sinusoidal m. m. fs. as applied to an active 
layer of uniform reluctance be M;, Ma, and M.. Then 
we may define three coefficients J;, Ja, and J, by the 
equations 

M; =J,;M,'; Ma = JaMa'; Mi = JiM (4) 
The wave of magnetomotive force of the field is a flat 
topped wave of maximum value of M;' = N,I,. The 
maximum values of the waves of armature reaction are’ 

Ma: =09K,KumnIag; M! =09K,K,mnT, 

(5) 

In Fig. 6, curve 1 is the rectangular wave of field 
magnetomotive force. Curve 2 is the wave of air-gap 
permeance for direct flux denoted by Pa (X). Curve 
2 is also the wave of equivalent field m. m. f. applied 
toa uniform active layer. Curve 3 is the fundamental 
sine wave of curve 2, and is the equivalent sinusoidal 
wave of field m. m. f. as applied to a uniform gap. 
It is higher than curve 2 because of a prominent 
fifth harmonic. The constant J, is the ratio of the 
maximum value of curve 3 to that of curve 2 and 
is 1.13 for the machine tested. 

If we assume the sine wave curve 8 to be the wave 
of direct m. m. f. M;' applied to the machine with curve 
2 of direct permeance, the equivalent wave of m. m. f. 
as applied to a uniform active layer will be curve 4 
obtained as a product of curves 2 and 3. If curve 
4 be analyzed for its fundamental sine wave, that would 
be the equivalent sine wave of direct reaction m. m. f. as 
applied to a uniform gap. This wave is not shown but 
is some 5 per cent lower than curve 3; that is, 
Ja = 0.95. 

Let curve 5 be the wave of actual transverse 
m. m. f., and curve 6 be the wave of transverse per- 
meance P, (X). The product of curves 5 and 6 
will yield curve 7, the wave of equivalent m. m. f. 
applied to a uniform active layer. Curve 8 is the 
equivalent sine wave for curve 7 and is much lower 


9. See Karapetoff’s ‘Magnetic Circuit” Arts. 
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than curve 5 because of a large third harmonic. 
The ratio of curve 8 to curve 5 is the coefficient 
J, = 0.51. 

The coefficients Js, Ja, and Jare defined by the 
equations for a Fourier analysis, namely 


J; = (2/7) S Pa (x) sin (x)dz (6) 


Ja = (2/m) f Pa(a)sin® (x) dz (7) 


(8) 


P, (x) is a trifle higher than Pa (x) in the interpolar 
regions. 

The design coefficients used by Professor Karapetoff 
are defined in terms of the coefficients above as 


J, = (2/7) S P, (x) cos? (x) dx 


Ka = 0.9 Ja/J; Theory Experiment!” 

= 0.9 X 0.95/1.13 = 0.755 0.875 (9) 
K, = 0.9 Ji/Jy | 

= 0.9 Xx 0.51/1.13 = 0.405 0.46 (10) 


Fia. 7—Proposep Vector DIAGRAM OF A SYNCHRONOUS 
MACHINE 


A better correspondence could be obtained with ex- 
periment if an empirical coefficient were substituted for 
the rational coefficient 0.9. For our test the value of 
the coefficient is indicated as approximately unity. 

The experimental constants C4 and C, are most useful 
even in design calculations; the formulas for these 
coefficients are 


Ci= KJ.K,Kymn/J; Ns; 
C,=KJ.K,K,mn/J,N; (11) 


Here K is an empirical factor approximately unity, 
K, and K,, are the breadth and winding pitch factors 
of the winding, m is the number of phases, n is the 
number of turns per pole per phase, N; is the number of 
field turns per pole, and J;, Ja and J, are defined by the 
equations above. If it is not practical to estimate the 
waves of air-gap permeance ina particular case the values 
of the J coefficients found here might be used. 


PERFORMANCE DIAGRAM 


The problem of finding the performance of a syn- 
chronous machine may be formulated thus: Given the 
10. The theoretical coefficient may have to be modified in 


wiew of Doherty and Nickle’s paper. Priority must be accorded 
t hem for certain features of our Fig. 7. 
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terminal voltage, output (input) current and power 
factor, the no-load saturation curve of the machine, 
and the constants of the machine, namely R, Xa, Xa Ca 
and C; it is required to predict the location of the pole 
axis and find the needed excitation. For definiteness let 
us find the performance of the machine tested as a 
generator with normal voltage, normal current, and 
86.6 per cent lagging power factor. Let us assume the 
constants R = 0.25, X. = 0.50, X. = 0, Ca = 0.175, 
Ci = 0.090. 


In Fig. 7 we draw the terminal voltage E from the 


‘origin O to the point A, and the current J = 40 from O 


to P lagging E by 30 deg. We draw A B equal to the 
I R drop of 10 volts parallel to I. We assume the polar 
axis O X and project P on O X giving the direct re- 
acting current PQ of 28 amperes. We draw BC, 
the direct I X drop of 28 x 0.5 = 14 volts parallel to 
O X. If there were a transverse I X drop we would 
draw it perpendicular to the pole axis arriving at 
point D. In this case D and C are one point. The 
line O D is the induced voltage E’ scaling as 212 
volts. We take E’ to the saturation curve obtaining 
the resultant magnetomotive force I, = 10.5 equiva- 
lent field amperes, which we lay off along E’ from the 
origin to point F. 

We draw FG perpendicular to J and equal to 
C,I = 0.09 X 49 = 3.6 equivalent field amperes, and 
F H in the same direction equal to Ca J = 0.175 x 40 
= 7.0 equivalent field amperes. We draw the line 
O G, which is the pole axis. If serious error was made 
in assuming O X, we repeat the work to this point. We 
project the point H on OG giving the point L. The 
line O L is the field current J; = 14.2 amperes. The 
angle between pole center and the voltage is 14 deg. 
and the pole center and current is 44 deg. 


If we want the regulation we find from I, that 
E, = 245 volts and the regulation is 29 per cent. If 
we want the direct, transverse and net magnetomotive 
forces, we project F on the pole axis giving point M. 
The transverse reaction is F M, the direct reaction is 
M L, and the net magnetomotive force is MO. The 
formal proof of the above construction is implied in the _ 
theory given above; we need only note the following 
relations: . 


F M = F Gcos y = C, I cos y = G L, s 
M L = F Hsin y = CaIsin y = Cala = La 


(12) 
(13) 


CONCLUSIONS 


In addition to the conclusions enumerated above, it 
is hoped that it is now clear that the way is open for 
a systematic experimental study of the constants 
of synchronous machines. Studies are needed to 
determine: 


1. Whether the performance of a synchronous 


machine can be predicted with a saturation curve and 
the five constants R, X4,X,, Ca, and C.a. 
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2. Whether there is any definite ratio between 
X, and X., and if there is any definite ratio between 
C: and Ca. 

3. What the correlation is between the coefficients 
Cand Cand the design constants. 

4. What values of slot and end connection per- 
meance will best check the values of X,and X.. 

5. What improvements can be made in the ex- 
perimental method here proposed. 

Thanks are due the following Marquette engineering 
students for assistance in carrying out the tests, making 


valuable suggestions as to procedure, and pointing out. 


some of the conclusions: Messrs. R. M. Smith, C. Mc- 
Clurg, L. V. Sparks, M. Kempf, F. Stodola. 


Discussion 


H. V. Putman: I have been intensely interested in Professor 
Douglas's paper because in my own work I use Blondel’s two- 
reaction theory exclusively for calculating the performance of 
salient-pole machines. 

His method of measuring the phase angles between the terminal 
voltage, current and the pole axis by the use of two wattmeters 
is extremely interesting, but I do not see clearly how this same 
method could be applied to 3-phase machines (the machines he 
used were 2-phase machines), because in the 3-phase machine 
there would be no way to check the current by getting the zero 
reading on the wattmeter, to get it in phase with the pole axis. 
Maybe there is some way, and I should like to ask Professor 
Douglas if he has some similar way worked out for the 3-phase 
machine. 

Professor Douglas! has called attention to the fact that the 
transverse synchronous reactance decreases with increasing 
saturation. He also states that it is a mistake to build a two- 
reaction theory on the basis of an unsaturated magnetic circuit. 
We must not forget in this connection that not only the trans- 
verse synchronous reactance but also the direct synchronous 
reactance decreases with the saturation. Actually, I believe the 
direct synchronous reactance decreases more rapidly with in- 
creased saturation than does the transverse. Dr.. Berg defines 
the direct synchronous reactance as the sum of the real armature 
reactance plus the reactance equivalent of the armature reaction, 
and he expresses it in this form: 


m ? à 
where X is the reactance, m is the coefficient of 


X + 


armature reaction and c is the factor that depends on the 
saturation. i 

If one expresses m in percentage based on the no-load ex- 
citation of the machine, as is usually done, then c is unity fora 
condition of saturation that corresponds to no-load excitation. 
Under short circuit, where there is no saturation in the machine, 
cis less than unity, and at higher saturations it is much greater 
than unity, so that the synchronous reactance for high satura- 
tion is considerably less than one would measure from the short- 
circuit test. One should certainly not use the same value of 
synchronous reactance measured at full load under a condition of 
normal saturation. Nor would one use the same value for a 
condition of load at a leading power factor where there is a high 
degree of saturation present. Consequently, Professor Douglas 
should not calculate orthogonal lines for those shown in his Fig. 2. 

It is always necessary to determine first, the point on the 
saturation curve corresponding to the condition under investiga- 
tion. cis then known and consequently one can calculate the 
correct values of synchronous reactance to be used in Blondel’s 
theory. l 

It is all right to have a theoretical structure based on the 


assumption of no saturation, provided it can be made to give the 
right answer, and I think this is true of Blondel'’s theory. It 
may not give the pull-out torque absolutely correct, but I feel 
sure that it will give it closer than 30 per cent when handled 
correctly. In his discussion he referred to the work of Mr. 
Doherty and now I wonder if he meant the sudden pull-out, which 
of course would be higher than calculated for the steady-state 
condition. 

Professor Douglas says that in order to make an experimental 
study of the transverse reaction it is necessary that the load 
be placed so that the effect shall be wholly transverse; that is, 
the armature currents shall attain their maximum values when 
opposite a pole axis. I think this is at least interesting, but 
Blondel pointed out that this is not necessary. In his book on 
“Synchronous Motors and Converters” he gives the equation for 
the angular displacement of a synchronous motor as follows: 


I Xs’ — Esin 6 


Tand — 
oe E,cos@—ZIr 


6 is the angle between the current and the pole axis. The 
angle of displacement is this same angle plus the power-factor 
angle of the machine. Z is the current and 9 is the power-factor 
angle of the machine between the terminal voltage and the eur- 
rent. Xs’ is the transverse synchronous reactance. 

Notice that nowhere in this equation is the direct synchronous 
reactance involved at all, and Blondel called particular attention 
to this point: The angular displacement of a machine, under 
any condition of load and power factor, depends not at all on the 
direct synchronous reactance but only on the transverse syn- 
chronous reactance, so that it is only necessary to measure the 
angular displacement at anv load and power factor whatever, 
and then substitute in this formula and calculate backwards 
to get the transverse synchronous reactance. Of course, this 
does not assume the validity of the general theory that Blondel 
bases his diagram on and that superposition is possible. If, 
however, one denies the validity of the Blondel diagram, he 
would say that this is also invalid. 

However, the common use of Blondel’s theory is in the eal- 
culation of characteristics which depend on the displacement. 
If, by intelligent comparison of calculations with test results, 
it is possible to determine the constants in such manner that they 
give the correct displacement characteristics, the theory fulfills 
its purpose. 

There is one point in connection with Professor Douglas’s 
experimental set-up which is not clear to me. I understood 
from his description that the terminal voltage of machine B is 
supposed to correspond in phase position to the pole axis of 
machine A. This would be true if the rotors and stators of the 
two machines were lined up; that is, if the rotors were in line on 
the shaft, and the stators were in line on the floor, and if there 
were no load on machine B. But machine B was loaded with 
5 amperes. If B is also rated 15 kv-a. (which, incidentally, he 
did not state), this 5 amperes would produce a displacement of 
three or four electrical degrees. Was this corrected for by ad- 
justing the hand-wheel, and if so, how could it be done without 
an oscillograph to show when the terminal voltage of machine B, 
when loaded on the rheostat, was in line with the no-load voltage 
of machine A? 


Professor Douglas refers to the great confusion of statements 
on the subject of transverse reaction. 

In 1918 we were discussing the subject of armature reactance 
and reaction at zero power factor. The problem then was simply 
to divide the reactance flux from the armature reaction flux. 
The total flux or interlinkages were known directly from the 
short-circuit test. i 

Now we are discussing the armature reactance and reaction 
at unity power factor referred to the pole axis. The problem 
is twofold. It is first necessary to find out the total interlinkages 
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corresponding to the transverse synchronous reactance and then 
to divide this total into reactance and armature reaction. The 


first part of the problem can be handled experimentally by © 


measuring the angular displacement. As I pointed out, that 
will give the value of the transverse synchronous reactance. It 
will give the total flux in the transverse field. So the accuracy 
with which the transverse synchronous reactance can be known 
will depend on how accurately the angular displacement canbe 
measured. The second part of the problem, that is, the division 
of this flux, I think is not of great importance. It is usually only 
necessary to know the total transverse reaction for most prob- 
lems, not the component parts of it. It will, however, be desir- 
able to make the separation in order to understand more clearly 
the nature of the tranverse synchronous reactance and also to 
settle the question about the magnitude of the transverse re- 
actance. This question is perhaps the one on which there is more 
difference of opinion than on any other relating to Blondel’s theory. 

Blondel himself considered the transverse reactance equal to 
the direct reactance. At least, he used only a single value of 
reactance in his diagram. 

Dr. Steinmetz and Dr. Berg both used a transverse reactance 
much larger than the direct reactance. Dr. Berg states definitely 
in his “First Course in Electrical Engineering” that the direct 
reactanceis only about 60 percent of the transverse. That means 
that if an ordinary synchronous machine had 30 per cent reac- 
tance, for instance, the transverse reactance would be in the 
neighborhood of 50 per cent—not reaction but reactance. 

Professor Karapetoff is also of the same opinion, if one may 
judge from his paper on ‘Variable Leakage Reactance.’’ While 
he does not state definitely how much larger the transverse 
reactance is than the direct reactance, if one may scale his 
diagrams, he would agree substantially with Dr. Berg. 

Professor Arnold, on the other hand, holds that the trans- 
verse reactance is considerably smaller than the direct. He 
says that when a phase helt is above a pole face, onlv that flux 
which links the phase belt without entering the pole iron is 
reactance flux. This means that there is practically no tooth- 
tip leakage in this position. 

Personally, I never could see why, because a line of flux in 
trying to get around a phase belt found it convenient to enter a 
friendly pole face for a part of its journey, it had to have its 
name changed from “reactance” to “reaction.” So I agree 
with Dr. Berg and not with Professor Arnold. 

Messrs. Doherty and Nickle, after a thorough and elaborate 
investigation, conclude that the transverse and direct reactances 
are practically equal, differing by not more than 1 or 2 per cent. 

And now Professor Douglas concludes that the transverse 
reactance is zero, or at least negligible. 


C. A. Nickles I am inclined to agree with Mr. Putman that 
the effect of saturation upon quadrature reactance is not quite 
as great as concluded in this paper. 


I think that one question might be raised. The author 
points out that “the voltage En,” that is, the voltage in the 
direct axis. ‘is not a function of the field current alone.” This 
is true. This merely means that due to pole-tip saturation, 
instead of the quadrature and direct axes being in their geo- 
metric position, they have been slightly shifted, so that the 
quadrature current now has a mutual component with the 
field winding and reduces the flux in that circle. I think on that 
basis that it 1s reasonable to say that the curve in the main field 
winding, under these conditions, will have a mutual effect on 
the quadrature axis. If the quadrature axis has a mutual effect 
on the direct, it should work the other way. If such is the case, 
we would expect the values as measured to be much lower than 
the true values. If the transverse-current magnetomotive 
force produces a certain transverse flux and in addition to that 
flux we have another component which is 180 deg. out of phase, 
this flux being actually produced by the main field winding, the 
total flux that we measure in the quadrature axis is not the flux 
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produced by the quadrature curve but is a composite flux. 
I think that quadrature reactance should at least be defined by 
the flux produced by the quadrature curve. Before we can say 
what transverse reactance is, we must separate the two com- 
ponents of flux so as to get that component of flux which is 
due to the main field winding. 

It is found when the pole-tip saturates, we have the effect 
of having removed a small amount of iron from the tip of this 
pole. The two direct axes are no longer the geometric direct 
axes but have been shifted slightly to the left. Therefore, 
since the fluxes in the main field winding, especially at the 
right-hand end of this curve, are very high compared to the 
fluxes in the quadrature axis, it requires but a l- or 2-deg. shift 
of the two axes so that the main field winding will give a compo- 
nent of flux in the quadrature path which is probably 50 percent. 
as large as the flux that exists there due to the current alone. 
I think when this is taken into account, we shall find that 
quadrature reactance is not affected so vitally by saturation as 
we would he led to believe from these tests. Large numbers of 
tests have been made in the past and the angles, pull-out torques, 
and so forth have checked very well. 

R. E. Doherty: Prof. Douglas has offered something for us 
to think about though there are some things in the paper that are 
not altegether clear and the results are not what most of us who 
study these matters might have anticipated. 

I would hke to mention one point which Prof. Douglas has 
made, namely, the necessity of distinguishing between a rational 
method of analysis and one which is largely empirical. The 
theory of superposition applies only when no saturation is 
present. If saturation is present, it may be negligible to such an 
extent that one may apply a theory based on no saturation and 
get approximate results, or he may, as Mr. Putman has men- 
tioned, shade the constants to take care of it and assume that it 
ean be used; and then interpret the results accordingly. 

So this is the point: If those pictures of saturation curves 
and methods referred to by Professor Douglas are intended to 
represent a philosophy underlying a method of making such 
calculations, it must be considered as a relic of the past, because 
I am pretty sure that nowadays not very many informed en- 
gineers so regard them. However, very many calculations on 
important machines are made according to a theory which, 
strictly, does not apply—let us say Potier’s diagram applied to 
salient-pole synchronous machines. Why? Because it gives 
results that are as close, practically, as you can test them. It 
gives practically correct results in magnitudes of excitation, 
but not in phase angle. But it is an engineer's privilege to use 
such tools as he sees fit. so long as he gets results that he ean 
depend upon. Thus, if you can compute the magnitude of 
excitation under load on a salient-pole machine, when some 
saturation exists, by using Potier’s diagram, that is a perfectly 
justifiable procedure so long as you recognize its limitations and 
understand why it gives practically the same magnitude as 
Blondel’s method, which of course is theoretically more sound. 


I might say that the reasons why Potier’s diagram will give 
practically the same magnitude of excitation as Blondel’s 
treatment are explained fully in the literature.” 


Mr. Putman mentioned the different opinions regarding re- 
actance. It is not a question of difference of opinion regarding 
reactance, but difference of definition; that is. Dr. Berg and Dr. 
Steinmetz are right; and Blondel is right. Also Doherty and 
Nickle, Professor Karapetoff and Professor Douglas may be 
right. The only person who is wrong is one who, not clearly 
understanding the definition and physical significance of some 
particular value of reactance, uses it where itis not applicable. 
In the ease of a synchronous motor. for instanee, there is a 
number of different reactances which must be known separately 
in order to caleulate the various operating characteristics. It 
is therefore meaningless merely to refer to the “reactance” of 
a synchronous machine. 


Going a step further, there may be a legitimate difference in 
view regarding the segregation of armature leakage reactance 
into its components. According to the usual view, armature 
leakage reactance comprises three components: (a) slot reactance, 


about which there is little or no question; (b) end-winding re- . 


actance, that is, the reactance due to leakage flux around the ends 
of the coils, about the nature of which there is very little question; 
and (ce) zigzag or tooth-tip reactance, about which there has been 
considerable question and discussion. Now if one can build up 
a consistent theory, using only (a) and (b) as comprising armature 
reactance, it would be a logical thing to do, provided everybody 
who used the theory understood that. On the other hand, since 
it is more in keeping with the established view of things to 
include all three of these terms in armature reactance, and include 
the remainder reactance effeets of the armature current as the 
effective reactance of armature reaction, this point of view was 
taken in our paper on Syncironous Maclines—IJ.' And 
we believe it is a comprehensive and logical treatment of the 
problem. It is a question of definition, as I stated at the outset, 
and if we wish to discuss the particular term which Professor 
Karapetoff treated, then let us discuss it as such, and not be 
confused by comparing its value with the whole, of which it is 
only a part. ' 


Vladimir Karapetoff: To me, the principal value of Profes- 
sor Douglas’s paper liesin a novel experimental method which per- 
mits theobtainn entscf partial data in addition to the usual load 
data. Itseems to me that further progress should lie not in juggling 
any more with vector diagrams and introducing more factors, 
but primarily in devising new experimental ways whereby we 
could get not only “bulk data,” that is, the terminal voltage, 
current and power factor, but partial data as well. A synchro- 
nous machine is a comparatively complex aggregate of physical 
phenomena and if one provides a sufficient number of arbitrary 
factors, one can usually duplicate the performance of the machine 
with a sufficient degree of accuracy. However, the progress of 
the art requires eheeking those individual factors and not the 
final performance alone. 

I judge from Professor Douglas’s paper that he 1s familiar 
only with Blondel’s early work. Since 1918 Blondel has done a 
considerable amount of work on synehronous machines. I refer 
in particular to the investigation, of which the purpose was 
checking the individual fluxes and voltage drops in the machine, 
rather than the final performance. Special, rather complicated 
experimental means were devised for that purpose.’ Besides, 
Blondel presented several papers before the French Academy of 
Sciences, discussing several advanced phases of the theory of 
synchronous machines. In the third edition of Vol. IT of my 
Experimental Electrical) Engineering (1927) there is a fairly 
complete bibliography on the subject, and I hope that Prof. 
Douglas's paper will create a new stimulus for attacking the 
problem with modern experimental means and coordinating the 
results with a more rational theory. 

J. F. H. Douglas: Mr. Putman mentioned the test of the 
3-phase machine. We did not make such a test although we saw 
some simple modifieations by which it could be done. We sub- 
mit that the line voltage, perpendicular to the Y voltage, would 
give us the two reference axes necessary. For convenience, we 
chose the 2-phase connection which was available on the machine. 

Mr. Putman mentioned that the direct synchronous reactance 
was also a variable. With this we agree. For this reason I 
advocated following Prof. Karapetoff’s idea in this respect, 
treating it in a magnetomotive force diagram, where it will be a 
constant. My paper has no reference to sudden pull-out or 
suddenly applied torques. When I alluded to Mr. Doherty's 
paper, it was to a formula included which applied to steady- 
state conditions. This formula has a term which includes 
sin 2 6 and consequently makes use of a transverse coefficient 
different from the direct coefficient. 
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With reference to the formula advocated by Prof. Blondel 
quoted by Mr. Putman, I did not mean to imply that the trans- 
verse coefficient could not be computed unless the action were 
wholly transverse, but rather that under those conditions, 
having one system of causation present, the effeet would be less 
subject to constant or systematic error. As a matter of fact, 
Mr. Nickle called our attention particularly to the fact that 
direct demagnetizing current might have an effect on transverse 
conditions. We foresaw that possibility and for that reason 
the tests were made as nearly as possible with the eurrent fully 
transverse in its action. 

And again, if we refer to Fig. 2 in the paper, we were looking 
for a demagnetizing effect of transverse reaction, and conse- 
quently if we had a large demagnetizing current present, we 
would not have been able to separate it with accuracy from that 
produced by the cross-magnetizing current. 

With reference to the question raised as to how we lined up the 
two machines without knowledge of how the coupling between 
them was adjusted, I would say that, when we said that we 
brought the two machines so that the pole axes were in the same 
line, it was simply a short way of saving that we lined up the 
reference voltage with the no-load voltage of the machine tested. 
The machine Z was loaded to the 5-ampere load, whieh was 
used, before the hand-wheel was turned, and so it was the ter- 
minal voltage under load that was adjusted to the same phase 
as the no-load voltage of machine A. 

I will not respond further to Mr. Putman’'s and Mr. Doherty’s 
remarks on reactance than to say that my attitude is entirely 
empirical. It is a question of how you define reactance. If you 
define reactance as including non-synehronous revolving fluxes, 
then undoubtedly the reactance will be larger under transverse 
than under demagnetizing condition. I think that for the 
purposes of calculation, the most useful division of the effect 
between the e. m. f. and the m. m. f. diagrams is that one giving 
factors which remain fairly constant. If we define reactance as 
dre to those flux components unaffected by saturation, and if 
all fluxcomponents are affe:-ted by saturation ina given condition, 
as we found in theease of transverse reactance condition, we can 
say that the transverse reactance is zero. This same attitude is 
taken when we use the zero per cent power-factur characteristie 
to find the direet reactance and reaction components, although 
it is well known that the reactance thus determined is consider- 
ably larger than what can be computed with rational formulas. 

Mr. Nickle’s remarks deserve a better discussion than I ean 
give. Pole-tip saturation should be important. JI am not at all 
sure that his analysis is not correct. The ease seems to me to be 
an exact analog of the corresponding ease in d-e. machines. The 
treatment givenin Prof. Karapetoff’s “Magnetic Circuit” for d-e. 
machines could be applied almost bodily to the svnehronous 
machines. In this theory there is a demagnetizing effect 
produced by transverse reaction but no cross-magnetizing effect 
produced by demagnetizing reaction. The loci of our e. m. f. 
vectors were parabolas proving the existance of a demagnetizing 
component of eross-reaction. However, on the m. m. f. diagram 
the loci were approximately straight lines. In other machines 
this result may not prove to be true. Since writing the paper, 
the writer and his students have used three other different 
methods, and have tested one other machine, the results being 
the same; the transverse effect is a constant only when placed 
wholly in the m. m. f. diagram. The question whether the 
transverse reactance is unaffected by saturation or whether it is 

constant in the m. m. f. diagram should be easily verified, sinee 
at, say, 50 per cent overvoltage the pull-out torques predicted 
by the two theories are quite different. 


Iam heartily in accord with what Prof. Karapetoff has said, and 
it means that there is still a lot of work to be done on the subject. 

In particular the writer has assumed a reasonable active laver 
characteristic for the machine tested, and has by ecaleulation 
been able to check the curves shown quite closely. 


Starting Performance of Synchronous Motors 
BY H. V. PUTMAN: 


Associate, A. I. E. E. 


Synopsis.— This paper deals with the theory underlying the 
starting performance of the salient-pole synchronous motor equipped 
with damper windings. The theory, while involving some approzi- 
mations, is accurate enough for practical engineering calculations. 
Formulas are developed for the starting torque, pull-in torque and 
inrush. A method is also given for calculating the speed torque 
curve from standstill to synchronous speed. 

Due to the fact that the damper winding ts not continuous around 
the periphery and due to the presence of the single-phase field winding, 
the rotor circuit is not a perfect polyphase secondary but is 
unbalanced to some extent. In order to take care of this 
unbalance, it is necessary, in addition to the usual system of 
positively rotating vectors, to employ a second system of negatively 


INTRODUCTION 


ROBABLY the earliest published work on the 
starting performance of synchronous motors 
was done by Carl J. Fechheimer in 1912?. This 

was a paper of great merit and a valuable contri- 
bution to the art. Not only did it give much valuable 
experimental data concerning the synchronous motor 
but it added much to our knowledge of the calculation 
of reactance. The discussion which followed the pres- 
entation of this paper showed clearly that the syn- 
chronous motor was well understood experimentally in 
1912. Engineers knew what the motor would do under 
various conditions but the “why” was often in doubt. 
The theory developed in the present paper explains 
some of the “whys.” Mr. Fechheimer limited his 
theoretical work to the conditions at standstill. In 
this paper the starting conditions are examined not 
only at standstill but through the whole staring period 
up to the pull-in point. 
NOTATION 


The following notation will be used throughout the 
paper. The subscript p used with a vector quantity 
denotes that the vector belongs to the positive system 
of vectors, while the subscript n denotes that the vector 
belongs to the negative system. For instance: 

Eip = Induced voltage, positively rotating, 
Ein = Induced voltage, negatively rotating. 

In a similar manner the subscripts pand n may appear 

with any of the vectors. 


Eo = Impressed voltage, 

I, = Stator current, 

Ioo = Magnetizing current, 

I = Rotor current, 

I, = Rotor bar current, 

I, = Rotor current in the field winding, 

Lenn = Negatively rotating rotor current due to E;n. 


1. Westinghouse Electric & Mfg. Co., East Pittsburgh, Pa. 

2, Trans. A. I.E. E., 1912, Vol. 31, Part I, p. 529. 

Presented at the Winter Convention of the A. J. E. E., 
York, N. Y., February 7-11, 1927. 


New 


rotating vectors as is done in unbalanced three-phase problems. 

The stator resistance has been disregarded in working out the 
general case of the unbalanced or partial polyphase secondary tn 
order to obtain a torque formula which will be simple and at the same 
time accurate enough for practical calculations. Mr. Q. Graham 
is working on this problem and expects to present in an Institule 
paper, in the near future, the general solution including the stator 
resistance. 

The use of the double squirrel-cage type of damper winding in 
salient-pole machines has been examined both theoretically and 
experimentally. Other methods of obtaining unusual starting 
performance are suggested and the results of some actual calculations 
presented. 


(The subscript 2 indicates rotor current. The 
first subscript indicates that the vector is a 
negatively rotating vector. The last subscript 
n indicates that the current is produced by the 
negatively rotating induced voltage En.) 
Similarly, 
Ionp = Negatively rotating rotor current due to Eip, 
Ipp = Positively rotating rotor current due to E ip, 


Izp» = Positively rotating rotor current due to E in, 
V =a2+jrey 
V = VANKA 
a = Half the depth of double squirrel-cage damper 
bar (App. IT), 
b = Width of double squirrel-cage damper bar 
(App. IT), 
B =1/2,; + boo, 
boo = Magnetizing admittance, 
f = Frequency in cycles per second, 
j =v- l, indicates the imaginary term in vector 
expressions, 
N. R. V. sin 6 
= Kao. =. PRV ` 9 (see Equation (14)), 
K. = Yajue of K corrected for effect of closed field 
circuit, 
Amp 
K: = —— (App. II) 
o 
d 
p = Operator ae and denotes differentiation with 
respect to time (App. II), 
rı = Stator resistance, 
ra = Rotor resistance, 
ry, = Rotor bar resistance, 
To. = ro/S, 
r, = Field circuit resistance, 
Thre = T,/S; 
To =T1 +12, 
S = Slip, 
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1 = Time in seconds, 

= Motor torque due to positively rotating flux 
and positively rotating rotor current, 

v = Ratio Zs./Zye; 


xı = Stator reactance, 

za = Rotor reactance, 

x, = Rotor bar reactance, 

x, = Field winding reactance, 


to =i +T, 
V1+2B8B24+ BZ: 


Z = 
Z = Rotor impedance = V r + S? x? 
Loe = V Ta + 22? 
Loe = V Tos? + Ly? 
Lys =: V Tje + T? 
Zo = Vrè + Lo’, 
Z, = Stator impedance = vy r + z, 
6 = Bar span in electrical radians (Part I), 
x 

06 = tan” = + &œ = phase angle of rotor circuit 

with field closed (Part IV), 

z v COS Q 
S ea a ne 
= tan-! se tan- Ths 

E z Tas n Ly ? 
$ = M.m.f. (Part I), 
$ = Self-inductive flux (App. II), 
w = Angular velocity in radians per sec., 
o = Specific resistance of material used in double 

squirrel-cage damper bar (Abohms percu.cm.). 

Part I. Theory of the Partial Polyphase 


Rotor Circuit 
The expression, 
coswtt+7sinwt (1) 
represents a vector of unit length rotating forward in 
the positive direction with angular velocity w and start- 


Fig. 1—M. M. F. PRODUCED By A SINGLE CoIL, PULSATING 1N 


TIME, UNDIRECTIONAL IN SPACE 


ing at the zero position at the instant of counting time. 
Similarly, 
cos wt—jsnwt (2) 
represents a vector rotating backwards or in the nega- 
tive direction with angular velocity w. 


The sum of these two rotating vectors is 
2 cos wt (3) 
which is simply a pulsating quantity in one direction 
in space. 

If, now, Equation (3) represents the m. m.f. due toa 
single-phase winding, it follows from the above that this 
m. m. f., which is unidirectional in space and pulsating 
in time, can be represented by, or split up into, two 
vectors constant in time but rotating in space, one 


¢ 
j (cos wt-j unwt). P RV. 
f {cos wt-) sin wt) +N RV. 


Fie. 2—M. M. F. Propwucen By A SINGLE Colin, RESOLVED INTO 


Two ROTATING VECTORS 


rotating in the positive direction and the other in the 
negative direction. 

As an example of the above, let the field produced by 
a coil a — a, Fig. 1, be @ cos w t. 

In Fig. 2 the equivalent rotating vectors are shown. 


p Sa i 
—— [cos wt + j sin w t] = positively rotating vector. 


2 


$ ; . l 
——— [cos wt— j sin w t] = negatively rotating vector. 


2 
It should be noted that the length of each rotating 


Fie. 3—M.M.F. Propucep By Two ColLs SEPARATED BY 


ANGLE 8, RESOLVED [Nro Two ROTATING VECTORS 


vector is only half the maximum value of the stationary 
vector. In Fig. 1, when t = 0, cos wt is maximum 
and the current in the coil is, therefore, a maximum. 
In Fig. 2, then, time is counted from the instant the 
current in the coil is maximum, and at this instant it 
should be particularly noted that the positively rotating 
vector and negatively rotating vector are together in 
space. 
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THE PARTIAL POLYPHASE SECONDARY PRODUCED BY 
DAMPER BARS IN THE POLE FACE 


Consider now the m. m. f. produced by two coils or 
pairs of bars shown in Fig. 3, as No. 1 and No. 2. Let 
time be counted from the instant the current in coil 
No. 1 isa maximum. Let the current in coil No. 2 lag 
behind that of No. 1 by an angle 8 equal to the space 
angle between the coils, as this would be the case with 
damper bars. | 

The m. m. f. due to coil No. 1 is 


1 l 
P [cos wt + j sin w tj = positively rotating vector 


7? [cos wt— j sin w tj = negatively rotating vector 


(4) 

To find the m. m. f. due to No. 2 coil, proceed as 

follows: Assume temporarily that the current in No. 2 

is in time phase with that in No.1. On this assumption 
the rotating vectors would be 


1 8 
z ® icos (wt + 8) +jsin (wt + 8) } 


= positively rotating vector 


i (5) 
9? {cos (wt— 8) — j sin (wt— B) } 


= negatively rotating vector 


But the current in No. 2lags behind that in No. 1 by an 
angle 8. Hence it is necessary to substitute (w t — £) 
for wtin (5). This gives for the rotating vectors for 
coil No. 2 under the conditions specified above: 


1 PET 
z? {cos wt +jsin wt} 
= positively rotating vector 


1 (6) 
2? {cos (wt— 28) —jsin(wt— 28)} 


= negatively rotating vector. 


It should be noted that the positively rotating vectors 
for both coils No. 1 and No. 2 are in phase with each 
other. The negatively rotating vectors are, however, 
out of phase by an angle 2 £. 


To get the combined m. m. f. due to both coils No. 1 
and No. 2 it is only necessary to add Equations (4) and 
(6) together. 

This gives: 

Positively rotating vector = # (cos wt + j sin w t) 
Negatively rotating vector = © cos 8 {cos (w t — B) | 
— j sin (wt— B) } 

(7) 

It is seen that the negatively rotating vector has been 
shortened by cos 8 factor. This is due to the fact that 
the two coils constitute a partial or imperfect polyphase 
field. For a perfect polyphase field the negatively 
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rotating vector would disappear entirely. The posi- 
tively rotating vector and negatively rotating vector 
are not together in space when t = 0. This is because 
time was counted from the instant the current in coil 
No. 1 was maximum. If, now, time had been counted 
from the instant the current in coil No. 2 was maximum, 
the rotating vectors would have been: 
Positively rotating vector = & (cos wt + j sin w t) 
Negatively rotating vector = cos $ {cos (wt + 8) 
—jsin (wt + 8)} 
(8) 

The phase angle of the negatively rotating vector 
thus depends upon the instant from which time is 
counted. 

Consider, now, the m. m. f. produced by a number 
of coils uniformly distributed over an arc or angle 90, 
Fig.4. Thus: 

— Let 

AB = angle between coils 

¢ =m.m.f. per radian periphery. The m. m.f. 
of each coil is then @ A 8 and there are 


AaB = n coils. 


Count time from the instant the current in coil No. 1 


re 
\ 
oe cul 
4 
SAY 
N 
N 
ISSR 
EEA A 
Toas: 
b b 


4—M. M. F. Propucep BY A NuMBER OF ColLs Dis- 
TRIBUTED OVER ANGLE 0 TO THE LEFT OF ColL No. 1 


Fia. 


is maximum. Since the positively rotating vectors 


$ AB 
2 


? 


are all in phase and each has a magnitude of, 
dicea coils th 
an ere are AB coils, the 


ae l $ 6 _ 
positively rotating vector = >? (cos wt + j sin w t) 


(9) 
The negatively rotating vectors are all out of phase 
and the sum of them is: 
Negatively rotating vector 


( n terms 


PAB Vv 
= 9 a coswt+cos(wt— 2A8) 
n terms 
+cos(wt-4A8)+...—-—jsinwt l 


+ sin (wt— 2 A8) + sin (wt— 448) +... Í (10) 
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9 | ‘Seo we 20-0 48 
yal 


-j Fin lut-2¢0- Dan) | (11) 
y =! 

Now let A8>0 and n> œ 

The &’s then become integrals as follows: 
Negatively rotating vector 


$ z =» x =ô i l 

nET (Feos (uza)dz-j fän wr-2n de 
xm x =@Q 

(12) 


$ 
= —9_ sin [cos (wt— 0) — j sin (wt— 0)] (13) 
which is the negatively rotating field. 
The ratio of the magnitude of the negative field to 
that of the positive field is from (9) and (13), 
Negatively rotating vector 


Ratio Positively rotating vector _ BE 


sin 6 


(14) 


K is really a measure of the single-phase action in 
the rotor. It shows how nearly the rotor circuit 


ee 


| aa 
O- Bar Spa nin i> 
Elvtrica Radia ans 


Fic. 5—CuRVE SHOWING VALUES OF K aS FUNCTION OF THE 
DamMPeER Bar Span. K 18 A MEASURE OF THE SINGLE-PHASE 
ACTION PRODUCED BY THE DAMPER WINDING 


approaches the perfect polyphase condition. If, in 
Equation (14), 0 is put equal to zero for the case of the 


Lim sin 0 
0>0 90 


that the negatively rotating field is equal to the posi- 
tively rotating field which is correct for the single- 
phase rotor. But if in (14) 0 is made equal to r 
corresponding to a damper winding which is continuous 
around the periphery as in a squirrel-cage induction 
motor, then K = 0, and there is no negatively rotating 
field. Fig. 5 shows a curve which gives values of K 
corresponding to different values of the bar span @. 

It should be noted that the magnitude of the positive 
field is always equal to one-half the m. m. f. in the 
whole winding, assuming all currents in phase. 

It can be shown in a similar manner that for a group 


single-phase rotor, K = 1, since = 1, so 


of coils as shown in Fig. 6 covering an angle to the right 
of coil No. 1 (instead of to the left as in the previous 
case) that the vectors are: 


Positively rotating vector 
$ 0 = 
= Tg [cos wi + j sin w t) (15) 
— rotating vector 
sin 
= A 0) — j sin (wt + 0)] (16) 


Here again time was counted from the instant the 
current in coil No. 1, Fig. 6, was maximum. 


Fic. 6—M. M. F. Propucep BY a NuMBER or Corts Dis- 


TRIBUTED OVER ANGLE 0 TO THE RiGuat oF Coit No. 1 


Combining the results of Figs. 4 and 6 gives the 
m. m. f. for the arrangement of coils shown in Fig. 7, 
time being counted from the instant the currentffis 
maximum in coil No. 1, which is the middle coil of the 
group. 

The angle or arc covered by the winding is in this 


O | O 
Co 40° 


Fie. 7—M.M. F. or a SYMMETRICAL ARRANGEMENT OF COILs 


case y = 20. To get the positively rotating vector it 

is only necessary to add (9) and (15). 

Positively rotating vector = ® 0 [cos wt + j sin w t] 
(17) 

To get the negatively rotating vector add Equations 

(13) and (16) which gives: 

Negatively rotating vector 


$ 
=- sin 6 {cos (w t — 0) + cos (wt + 0) 
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—jlsin(wt— 6) + sin (wt + 0))} 


= sin 0 cos 0 [cos wt—j sin w t] (18) 
Substituting 2 0 = y in (17) and (18) gives 
Positively rotating vector 
$y ae 
=- [cos wt + j sìn w t] 
Negatively rotating vector (19) 


Go 
=—9 Sin ¥ [cos w t— j sin w t] 


Hence it is seen that if time is counted from the 
instant that the current is maximum in the middle of the 
belt of conductors, the positively rotating vector and 
negatively rotating vector are in phase with each other; 
that is, they are together in space. Or, more generally, 
it may be stated that regardless of the instant from 
which time is counted, the positively rotating vector 
and negatively rotating vector are together in space at 
the instant the current is maximum in the middle bar 
in the pole face. 


Part II. Construction of the Vector 
Diagram of a Synchronous Motor With 
Partial Polyphase Rotor Circuit 


It is well known, of course, that the ordinary vector 
diagram of a polyphase induction motor represents not 
only the time relation of the various quantities but the 
actual space relation in the machine as well. The same 
will be true of the vector diagram of a motor with a 
partial polyphase rotor circuit. It will be found con- 
venient to represent by the vector for the rotor bar 
current the current in the bar in the middle of the pole. 


Fie. 8&—D1aGRAM SHOWING SIMPLE POSITIVE AND NEGATIVE 


ROTATING SYSTEMS 


RELATION BETWEEN NEGATIVELY ROTATING SYSTEM 
AND POSITIVELY ROTATING SYSTEM 


It has been shown above that if, due to a positively 
rotating sine wave of flux in the gap, there is induced a 
voltage in each of the rotor bars which causes a sine 
wave of current to flow in each of the bars, the resultant 
m. m. f. may be represented by two rotating vectors, 
one rotating positively and the other negatively. In 
Fig. 8, let e; be the voltage induced in each of the bars. 

Two current vectors are produced, the positively 
rotating vector which is J;, and lags behind the induced 
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voltage by angle 0, the phase angle of the damper bar 
circuit, and the negatively rotating vector which is Ian 
and which lies along the reflection of I., about the y 
axis. Now, how does one know for sure the position 
of Ian? It has been shown very clearly that J;, must 
be so located that I:n and J:, will come together in 
space at the instant the current in the middle bar of 
the pole is maximum. Since the projection of any of 
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Fia. 9—D1aGRAM ILLUSTRATING THE PRINCIPLE OF 


REFLECTION 


the vectors on the y axis as they rotate gives their 
instantaneous values in time, this will occur when I2, 
comes in line with the y axis. Since J;, is rotating 
negatively, it will come in line with the y axis at the 
same time as does I2». Hence, it is seen that by making 
I: lie along the reflection of J:, about the y axis, the 
condition that the positively rotating vector and 
negatively rotating vector shall be together in space 
at the instant the current is maximum, is fulfilled. 


PRINCIPLE OF REFLECTION OF THE NEGATIVE SYSTEM 


It is evident that the conventional system of vector 
notation cannot be applied directly to the condition 
existing in Fig. 8. In fact, it cannot be applied to a 
vector diagram in which there are vectors rotating in 
opposite directions, so that, for the purpose of mathe- 
matical analysis it is necessary to construct the dia- 
gram in such a manner that the actual vectors in the 
diagram rotate in the positive direction. Such a dia- 
gram is shown in Fig. 9. 


This diagram is obtained from that in Fig. 8, by 
applying the principle of reflection which may be 
stated as follows: If the negative system of vectors 
(in this case only the single vector I:n, Fig. 8) be 
reflected about the y axis and made to rotate positively, 
the instantaneous values of the quantities represented 
by the vectors of the negative system remain unchanged. 
In other words, if in Fig. 9 Is, rotates positively, it 
produces the same projections on the y axis (which 
projections are the instantaneous values) as does Io, 
in Fig. 8 when rotating negatively. Now, the diagram 
in Fig. 9 has the advantage that it lends itself to 
analysis by regular vector equations. It has the 
disadvantage that it is a time diagram only and does 
not represent the space relations in the machine as 
does the diagram in_-Fig. 8. Either diagram can, of 
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course, be obtained from the other by simply reflecting 
the negative system. 


VECTOR DIAGRAM OF SYNCHRONOUS MOTOR WITH 
PARTIAL POLYPHASE ROTOR CIRCUIT IN FIG. 10 


Fig. 10 gives the complete vector diagram of a motor. 
It is of the same type as Fig. 8, giving space as well as 
time relations. It is similar to the ordinary diagram of 
an induction motor except more complicated because 
of the negative system. All dotted vectors are actually 
rotating negatively in this diagram. 

In the machine there are two fluxes in the gap, one 
rotating positively, the other negatively. The positive 
flux generates a positive induced voltage E;, in the 
damper bars. This, as has been described, produces 
two current vectors: I2,,4 which is the positively 
rotating vector and Izn which is the negatively rotating 
vector and which lies along the reflection of J2,, about 
the y axis. 


In a similar manner the negatively rotating flux 


Po 


Fic. 10-—Motror Vecror DIAGRAM AT STANDSTILL WITH 


PARTIAL POLYPHASE RoToR CIRCUIT 


Dotted lines represent negatively rotating vectors. 


generates a negative induced voltage E,» in the damper 
bars which again sets up two current vectors. The 
larger of these in this case is the negatively rotating 
vector which is I2,, and lags behind E, by the phase 
angle of the damper bars. The other is Isp» which is 
the positively rotating vector and lies along the reflec- 
tion of J.,, about the y axis. 


The total positive m. m. f. in the rotor is represented 
by I., and is the sum of I2,,and Ipan. Similarly, the 
total negative m. m. f. in the rotor is 72, and is the sum 
Of Tenn and Len. 

The positive m.m.f. in the stator is the sum of 


3. It is easier, in describing the diagram, to forget about the 
field winding. Its effect is discussed later. The diagram is 
perfectly general, applying to any machine with a partial 
poly phase rotor of any type. 

4. Jopp is read as follows: Secondary current positively 
rotating produced by the positively rotating induced voltage. 
The 2 means secondary. The first p means positively rotating 
and the last p means due to the positive induced voltage. 


— I,, and the magnetizing current Io0,,5 which produces 
the positive flux in the gap. Similarly, the negative 
m. m. f. in the stator is the sum of — J2, and the nega- 
tive magnetizing current Joo, which produces the 
negative flux in the gap. 

The impressed voltage on the motor is the sum of 
— E,,and the Iı, Zı drop. Since there is no negatively 
rotating impressed voltage (if the phases are balanced 
as assumed) the negative induced voltage E;n is equal 
to the J,, Z, drop, as shown in the diagram. 


Part III. Vector Equations—Derivation of 
the Torque Formula 


In writing these equations the stator resistance will 
be disregarded. This leads to many simplifications 
which are impossible if it is included. 

The positive secondary current is 


Top = Topp F Iapn (20) 
or 
Ey K Ein | 
aaa Se, oo 


negatively rotating vector 


where K is the ratio of the positively rotating vector 


given by Equation (14). 


Magnitude of I+». Magnitude of Jon, 


Actually A = Magnitude of Tan ~ Magnitude of Ias 
or 
E; + K E in b l 
I = ny an (T2 — J X2) (22) 
T2 
where ro, = —g and Zo = t 4+ 72,7 


The positive magnetizing current is 


J E ip 
I oop =J boo “g 


The S enters in the denominator because E ;p was taken 
as the voltage induced in the rotor bars, not in the 
stator. 

Iip T Io, + Loop 
or 


S E.» P boo Zo,2 K En . 
I= Za. [Tos — J (£2 + boo Z2) ]— SZ: (Ton — J Xa) 


(23) 


5. It is, of course, not entirely correct to represent the 
magnetizing current by a simple vector on account of the non- 
uniformity of the air-gap in a synchronous motor. To take care 
of this correctly would probably involve the introduction of 
harmonics of higher order than fundamental. The error is 
prohably not large, although it is a fact that the magnetizing 
admittance in a synchronous machine is large, the exciting 
current usually being greater than the normal full load current 
of the machine. Possibly this point is worthy of further study 
and investigation. 


= a ———— F 
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—E;,% i 
IZ: = j Tip zt, = SZ, — [£2 + boo Z2 +3 Tos] 
K E in Tı s 
— 82.2 (to +.) Toe) (24) 
but 
ee E ip 
Eo = g F Iip Zı 
or 
— Eix K Eint 
Ey= ee [re+B Z2? +j TeJ— S Zo a (LetJ Tae) 
(25) 
where 
B= (— b ) 
= $; + boo 
Similarly for the negative current, 
Ein a5 K E ip : 
ln = "67,2 (Tzs — J £2) (26) 
The negative magnetizing current is 
2S—1 1 
Toon = J boo (=) Ein e511) = j boo a (27) 


To understand this equation clearly it must be 


11—Moror Vecror DiaaRaM AT STANDSTILL, ALL 


Vectors ROTATING POSITIVELY IN THE DIAGRAM 


Fic. 


Vector equations are based on this diagram. 


remembered that this magnetizing current is assumedyto 
flow in the stator; that the magnetizing admittance is 


6. This assumption is not necessa-y. The point of view 
could be taken that the negative magnetizing current flows in 
the rotor and precisely the same result reached. Actually, the 
negative magnetizing current does flow in the rotor bars as can 
be seen from either diagram, Fig. 10 or Fig. 11. It will be noted 
that l:n» is larger than J;,, which simply means that since the 
negative m. m. f. in the rotor is greater than that in the stator, 
it must supply the magnetization. Of course, just the opposite 
is true of the positive m. m. fs. Tıp is always greater than / zp so 
that the positive magnetizing current is carried in the stator. 
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inversely proportional to the frequency; and that bos 
is given per unit volt in the stator while E,, is the 
voltage generated in the rotor bars. Since the negative 
flux actually moves backward on the rotor at a speed S, 
while the rotor moves forward at a speed (1 -— 5S), 
the negative flux really cuts the stator at a frequency of 
(2 S — 1), while it cuts the rotor bars at a frequency Š. 
The exciting admittance in the stator for this negative 


flux is then 
w(i) 
°\ 28-1 
since it is inversely proportional to the frequency and 
À i _f 28-1 
the voltage induced in the stator 1s cen ) E ine 


The stator negative current is 
Iin = = Ton + Toon 


or 
= Ein : KE; . 
In = S Za, [ros — J (£2 + boo Z23°)] — S Z, (Tos — J £2) 
(28) 
Iin Zi =J Imt (2S — 1) 
— E;,2, (2S — 1) : 
= ~ SZo2 (£: + boo Z2 + J Tas) 
K Ep x, (28S — 1) 
— Pte tite) (29) 
But 
(2S — 1) 
| Tin Zi =. Bin S (30) 


Equating (29) and (30), reducing and solving for E.. 
gives: 


—~KE 


oV 4 BZA (31) 


where 
V = zi +jTůa 


Substituting (31) in (25) and putting £: + J ra = V 
gives: 
= E ip Tı 
S Zr 


(V T B VAT g : 


K: V2 
V + B22, | 


Ey = (32) 


In Appendix I, it is shown that the numerical value 
of the bracket is: 


— K} — (2K Bra) (33) 
where 

= J/1 -- 2B 2x + BZ,’ 
Substituting (33) for the bracket in (32) and making 
E;, zero vector, (32) may be solved for the positive 
induced voltage. 
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Eip = E Z2,2 
S av (2@— K2)?— (2K Bry,)? 


The positive torque which is due tothe positive flux in 
the yapreacting on the positive current in therotor barsis 


(34) 


Esp 
T, = g X real part of Ia (35) 


From (31) 


ew 


Per PV BZ 


(36) 


Substituting (36) in (22) gives: 


I 


Eip V (1 an K?) F B Z} 
“tp = zl 


VBZ, | uit) 37) 


Now, the rationalizing factor in the denominator is 
to + B Z2? — j T2., so that the problem of finding the 
real part of J2, resolves itself into that of finding the 
real part of 


(te + B Za? — J 124) [£2 + B Za +572 
— K? (£: + J T24) | (Ta. — J x2) (38) 


Multiplying this out and reducing the real part is 
found to be 


Zoe T2 [2 — K? (1 +2Brzr:)] (39) 
The real part of I+, is, therefore, 
Poata ie eee 
!,, (real part only) = TAF [z2 — (1 + £2)] 
Substituting in (35) gives the positive torque, 
E; : To, 
1, = (=) A a l2- K (1 +2Bz:)] (41) 
Substituting (34) in (41) and reducing gives, 
E? 2 — K3) - 2 K: B 
A [ (z ) Ta] (42) 


ne ™* [e K)? + 2BK ra)t] 


In this formula, 

Z2=1+2B24+B8B°2.2 

and 1 f 

B = —— + boo 
Tı 


This is the torque of the motor produced by the 
positively rotating flux in the gap and by the positive 
current in the rotor bars. On the assumption of no 
stator resistance this is the total motor torque, since if 
there is no stator resistance there is no component of 
I,, in phase with E;n (See vector diagram Fig. 10). 
In other words, there is no current in time phase with 
the negatively rotating flux in the gap, so there can be 
no torque due to this flux. 

If in (42) K is put equal to 1 for the case ofa single- 
phase rotor circuit, the torque is 


Teo 
= £: { B? Toe" + (2 + B x)? } 


By differentiating this expression with respect to 
slip, it is easily seen that maximum torque occurs at 


Br, 


S = O24 Br, (44) 


T (43) 


and the maximum torque is 


p 


0 
B xz? (2 + B £2) 


Formulas (44) and (45) are useful in studying the con- 
ditions at pull-in as will be seen later. 

By substituting the numerical values of the several 
constants of the machine in Equation (42) for different 
values of slip, a speed torque curve could be made for 
the case of open field circuit. This is of little practical 
value as machines are almost never started with the 
field open and even if they are started with the field 
open, it is usually closed before the motor reaches the 
pull-in point. This is necessary because a motor has 
very little pull-in torque with open field. Hence, it is 
necessary, before one can make a speed torque curve 
with closed field circuit, to study the effect of closing the 
field circuit on the other constants of the machine. 


Part IV. Effect of Field Winding on the 
Characteristics of the Rotor Circuit 


T maz, = (45) 


jE, 


\ 


12—Time DraGraM OF Rotor BAR AND FIELD CIRCUITS 


Let: 
= reactance of the rotor bars, 
Tą = resistance of the rotor bars, 
xz; = reactance of the field circuit, 
ry = resistance of the field circuit including any external 
resistance in series with it, 
! rotor bar current, 
I, = field current. 
All constants are, of course, referred to the stator. 
Let E, be the voltage induced in the rotor bars by a 
sine wave of flux. Then 
Ei; E,'S 


hS atisma O Zp OTI 


Fia. 


8 
o 
| 


ba 
o 
Il 


(46) 


With the direction of flux rotation assumed in Fig. 13, 
the induced voltage in the field is 90 deg. ahead of that 
in the bars, so that 


jE; . 
eT (tp +J Tj) 


E;/S 
rr tg S xy Zj. 


I; = (47) 
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The time relations expressed in Equations (46) and (47) 
are clearly shown in Fig. 12. In other words, the cur- 
rent in the field circuit in time, is ahead of the current 
in the bar circuit by an angle 


Lo Tja 
tan-! 


yg = tan" 
' be 

or (48) 
Le Ly F Toe TFe 


yg = tan`! 
Toe Xe — Los, 


It will now be convenient to draw a space diagram, 
Fig. 14, representing the combined reaction of both the 


-0 
-o ~ 


+ 
O Reaction of 
Barsin Space 


Reaction of 


joyce 


Fig. 13—Space DIAGRAM OF Roror Bar AND FIELD CIRCUITS 


bars and the field on the stator. Both positively and 
negatively rotating fields will be required. It will also 
be convenient to draw this diagram as it would appear 
at the instant in time when the positively rotating 
vector and negatively rotating vector, due to the bar 
current, are in line, which, it will be remembered, occurs 
at the instant the current in the middle bar is maximum. 


Referring to Fig. 14, if the current in the field circuit 
had been in time phase with the bar current, its two 
vectors I,» and I;„ would have been in line with the y 
axis pointing downward. (See Fig. 13.) They have, 
however, moved in their respective directions through 
an angle o, since the field current is yg degrees ahead in 
time of the bar current. This 1s shown in Fig. 14. 
The total positively rotating m. m. f. in the rotor is 
represented by Iz, and is the vector sum of I., and Ipp. 
Similarly, the total negatively rotating m.m.f. is 
represented by J., and is the vector sum of I;„ and Ian. 
Expressed mathematically, the first relation is 


Top = Iep + Is, (Sin g — J cos o) (49) 
or numerically 
(50) 


Iz = V Isp + I,,? + 2 Isp Lip sin (72) 
Now let : 
Zas = Vz + r22 = impedance of the rotor circuit- 
bars and field combined 
and 


Zoe = VZ + fa = impedance of the bar circuit alone. 
Then obviously 
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Zas = Isp 
Loe E Ia 
or 
I 
Zoas = Los A (51) 
; 2p 
But from (50) 
I 2p I 4 I 
= + (+2) +2 (=) si 52 
i. J + (42) + G sin y (52) 
Now let 
Ip VAY 
a a 53 
ae (53) 
where 


Zr = VIP + T 

Substituting (53) in (52) and then (52) in (51) gives 
Los 

~ V1 +V2+2Vsing 


which is the impedance of the rotor circuit with the 
field closed. o 

It can be seen from Fig. 14 that the phase angle of 
the rotor circuit has been increased by angle a, where 


Zas (54) 


V cos o 


a = tan TV sinp 


(55) 


so that, if 0 is the phase angle of the rotor circuit with 
field closed, 


0 PE ta —l Le ta =l _ Veosg — . 56 
T m T j 1+Vsing (56) 
and hence 
T2 = Los cos 6 
Lo = Los sin @ (57) 


Equation (57) gives the values of the rotor resistance 


14—SpaceE DiaGram SHow1inG ContTINcteD REACTION 
OF FIELD AND Four CIRCUITS ON THE STATOR 


F ia. 


and reactance with the field circuit closed. It can be 
seen from (54) that there is in general a decrease in the 
impedance of the rotor circuit when the field is closed. 
It is usually found that at starting, the rotor resistance 
is considerably decreased and the rotor reactance 
slightly increased. In some cases however, where the 
rotor bar impedance is very high—approaching that 
of the field—there is a very considerable increase in 
the reactance of the rotor circuit. 
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There is another effect of closing the field which is 
apparent from a study of Fig. 14. The value of K, 
which is a measure of the single-phase action in the 
rotor, is changed. Let the new value of K be K.. It 
will be remembered that for the damper bars alone K is 
determined by the bar span and is equal to the ratio of 


bn Ian 


. Similarly, K. is equal to the ratio of 
Isp Ia 


14. 
From the geometrical relations in Fig. 14 it is easily 


determined that 
K. = J K? + Vi—- 2k Vsing 
1+V2?+2Vsing 


Now, the effect of closing the field circuit has been 
determined both upon the rotorresistance and reactance, 
and upon the single-phase action of the rotor. But 
it should be noted particularly that all of these equations 
contain the slip S, so that the effect of the field is differ- 
ent at every different value of slip. With the field 
open and only the damper bar circuit under considera- 
tion, it is possible to say the rotor resistance is this and 
the rotor reactance is that, but not so with the field 
closed. It is necessary to calculate the rotor resistance 
and reactance for every assigned value of slip from the 
combined effect of field circuit and bar circuit. 


in Fig. 


(58) 


Part V. The Speed-Torque Curve—Pull-in 
Torque and In-rush. 


The actual work involved in calculating a speed- 


torque curve is not so complicated or so great as might | 


be assumed from the more or less elaborate theoretical 
investigation in the foregoing paragraphs. Especially 
is this true if the work is arranged in orderly fashion in 
a blank made for the purpose. 


It is necessary to know all the constants of the 


machine, except the stator resistance which has been 
neglected. These are xı, boo, Zes To Xj, rs! They are, 
of course, to be given in percentage and referred to the 
stator. Then by assigning certain values of slip, for 
which it is desired to calculate the torque, and substi- 
tuting in Equations (53) to (58), the rotor constants 
£», 2, and K can be obtained. These values can then 
be substituted in Equation (42) and the torque obtained 


for each value of the slip. 
The details of these calculations are made clear in 


7. Itis not within the scope of this paper to present methods 
of calculating the several constants of the machine. The 
writer has found from experience that methods which give 
excellent results for one type of construction ave not at all 
satisfactory for the other types. So much depends on the type 
of damper winding construction used, the method of making and 
connecting the damper end rings, and the type of damper slot, 
that no methods could be presented which would be universally 
applicable. These features vary so widely with the different 
manufacturers that it was thought better to present only the 
general theory and leave the calculation of the constants to the 
individual reader. 


Table I, where an actual example is worked out com- 
plete. The motor was rated 220h.p., unity power 
factor, 2200 volts, three-phase, 60-cycles, 277 rev. per 
min. It had 1 ''/,3 slots per pole per phase in the 
stator and five 14- by 14-in. brass damper bars per pole 


i ee 
70 = ~ 
ee a 
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15—COMPARISON OF TEST AND CALCULATED RESULTS ON 
220-H. P., 277-REv. PER MIN., SYNCHRONOUS MOTOR 


Fia. 


in the rotor. It was designed with a short-circuit ratio 
of 1.00. 

The actual values of the constants calculated for 
this machine were as follows: 
xı = 0.153, r, = 0.384, r; = 0.0097 (not including 
any exte:nal resistance), 
bo = 1.23, za = 0.184, z; = 0.675. 
Fig. 15 shows the speed torque curve calculated in 
Table I. The test values are also indicated in Fig.15 
by crosses. Both test and calculation were made with 
a starting resistance in the field circuit equal to twice 


30 40 50 60 70 80 %0 100 

PER CENT SPEED 
16-—SpreEep ToRQUE Curves ON 220-H. P., 277-REV. PER 
Min. Motor 


Showing effect of different values of starting resistances in the fleld 
circuit, on the pull-in torque. 


Fia. 


that of the field resistance. The agreement between 
test and calculated values is unusually good, although 
the usual discrepancy does not exceed about 10 per cent. 


THE PULL-IN TORQUE 
In Fig. 16 are shown several speed torques for the 
above motor calculated with different values of resis- 
tance in the field circuit. The one with two times the 
resistance of the field is the same as the curve in Fig. 
15. It will be noted that all of the curves with values 
of starting resistance from 0 to 2 times show a distinct. 
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TABLE I 
EXAMPLE CALCULATION OF SPEED-TORQUE CURVE 
The last term in the denominator in equation (47) has been omitted in this calculation. 


Slip = S..........6. 0.06 0.08 0.10 0.12 O. 
Phe ™Pb/S......005. 6.40 4.80 3.84 3.20 2. 
Zoe = Vrba? + xp?...| 6.40 4.80 3.84 3.20 2. 
Ifa = Tf/S. cc ccc eens 0.485 0.364 0.291 0.242 0. 
Zfa = Nif? +x?....| 0.832 | 0.766 | 0.735 | 0.718 | O. 
V = Zbs/Žfe......... 7.70 6.27 5.23 4.46 3. 
(1) UGA hee ae ie es 0.029 | 0.038 | 0.048 | 0.057 | O. 
(2): | Welt peck suas tee vas 0.719 | 0.540 | 0.431 | 0.359 | 0. 
(3) | tan! (1)............ 1.60 2.10 2.80 3.30 4. 
tan (2) kexueaanes 35.7 28.4 23.3 19.8 16. 
Om E E ES 37.3 30.5 26.1 23.1 20. 
(4) | COB Y...... cee ee eee 0.795 | 0.861 | 0.898 | 0.920, O. 
(5) | sin Q... annene 0.606 | 0.507 | 0.440 | 0.392 | 0. 
(6) |2Vsing............ 9.33 6.35 4.60 3.50 2. 
Dt WF ae cat pred oss 60.0 40.2 28.4 21.0 14. 
CA E E tes a ata 69.3 46.5 33.0 24.5 16. 
E r TEE 8.33 6.82 5.75 4.95 4. 
Zon m Zhg/(8). 11-205: 0.770 | 0.704! 0.667 | 0.646 | O. 
(9) | 1/V +4 0B) ever cc eeu. 0.736! 0.666 | 0.631 | 0.616 | 0. 
(4) / 9). aaan 1.08 1.29 | 1.42 1.49 1. 
(10) | tan`! (4)/(9)......... 47.2 52.2 | 54.9 56.1 56. 
0 = (3) + (10)....... 48.8 54.3 | 57.7 59.4 60. 
COB E eee eee 0.658 | 0.583 | 0.534 | 0.509, O. 
sin... 0.752 | 0.812; 0.845! 0.860 | 0. 
Tag = Z2— COS9....... 0.507 0.410 0.356 0.329 0. 
z2 = Zo, Sing........ 0.578 | 0.571 | 0.564! 0.556 | 0. 
V2 + Ko... 59.3 39.5 27.7 20.3 13. 
Ko XG) ch vasnnk eins 5.32 3.62 2.62 2.00 1. 
(11) WD ios erg eased 54.0 35.9 25.1 18.3 12. 
Kè = ((1)/(7)....... 0.78 0.77 0.76 0.75 O. 
B? X Zu... 35.7 30.0 26.9 25.1 23. 
(1S) V2 Bi eatarra 9.00 8.90 8.76 8.65 8. 
E een eee 0.22 0.23 0.24 0.25 0. 
(13) | 2:(3 terms above)...| 44.9 39.1 35.9 34.0 32. 
(12). XK nek cas 7.02 6.85 6.66 6.50 6. 
(14) | Diff...............0.. 37.9 33.3 28.2 27.5 26 
(15) | z1? X 13)... 47.2 35.8 30.0 27.0 24. 
Tor. = ro, (14)/(15)..| 40.7% | 37.0% | 33.57 | 33.5 | 32 


This term will be found to be negligible. 
Constants— 


15 0.20 0.25 0.60 1.00* xp = 0.184 | ry = 0.384 
56 1.92 1.54 0.64 0.384 rf X3 = 0.02913 

56 1.92 1.54 0.69 0.425 xf =0.675| 2 = 0.153 
194 0.145 0.116 0.048 0.0097 Ko @ 0.57 B =7.77 

701 0.690 0.685 0.675 0.675 Machine 

65 2.78 2.25 0.965 1.63 S. O. No. 013 E 47 

072 0.096 0.119 0.288 0.480 H. P. 22 : 

287 0.215 0.172 0.072 0.014 Amps. 48.3 

10 5.50 6.80 16.1 25.6 Volts 2200 

1 12.2 9.90 4.10 0.80 Phase 3 

2 17.7 16.7 20.2 26.4 Cycles 60 

938 0.952 0.958 0 .938 0.895 R. P. M. 277 

345 0.304 0.287 0.345 | 0.444 | *Calculated with field dead 
52 1.69 1.29 0.688 | 0.56 short-circuited Test which was 
3 8.72 6.06 1.93 1.39 used in finding startink torque 
8 10.4 7.34 2.62 1.95 was with field dead short-cir- 
10 3.23 2.71 1.62 1.40 cuired. 

625 0.594 0.569 0.425 0.303 

619 0.664 0.732 1.38 2.03 

52 1.43 1.31 0.672 | 0.441 

7 55.0 52.7 34.2 23.8 

8 60.5 59.5 50.3 49.4 

488 0.492 0.507 0.639 | 0.651 

873 0.870 0.861 0.769 0.759 

305 0.292 0.288 0.271 | 0.198 

545 0.516 0.490 0.326 0.230 

6 8.04 5.38 1.25 0.72 

44 0.96 0.73 0.39 6.39 

2 7.08 4.65 0.86 0.40 

72 0.68 0.63 0.33 0.205 

6 21.3 19.5 10.9 5.55 

47 8.03 7.61 5.06 3.57 

28 0.32 0.37 0.67 0.80 

3 29.6 27.5 16.6 9.92 

13 5.45 4.80 1.67 0.73 

.2 `| 24.2 22.7 14.9 9.19 

4 20.6 17.7 6.50 2.30 

Te 34.3% 37 07 62.0% | 79.6% 


cusp in the curve. But by increasing the starting 
resistance up to seven times the cusp disappears entirely 
and the speed torque curve assumes quite a different 
character. So it is possible to distinguish at least two 
distinct types of speed torque curves, those with a 
cusp and those without a cusp, and this presents a real 
difficulty in attempting to define the pull-in torque. 


In the case of a curve with a cusp it is quite obvious 
that if the motor has sufficient torque to accelerate 
the load up through the low point of the cusp, it will 
pull into step because beyond the cusp the motor torque 
increases rapidly to a point very close to synchronism, 
usually within 2 or 3 per cent. Hence, the motor 
torque at the low point of the cusp becomes the pull-in 
torque of the motor, and there is no difficulty in defining 
pull-in torque for this type of curve. However, if 
there is no cusp, as in the case of the curve with six 
times field resistance, the problem becomes one of 
determining at what slip the motor will pull in; knowing 
the slip, the torque is given by the speed-toraue curve. 
But to calculate the slip at which it will pull in is a 
difficult problem and one which has been the subject 
of much theoretical investigation and _ discussion’. 
Experience shows, however, that an ordinary machine 
may be expected to pull in at a slip of 6 or 7 per cent, 


8. See references listed under item 6, in Bibliography. 


while there are rare cases on record where it has been 
necessary to bring the machine up to within 3 per cent 
before it would pull in. In such cases, however, there 
has usually been a large flywheel on the driven machine 
which cannot properly be considered as part of the 
motor, and it has been this flywheel which has been 
responsible for the low value of slip required for pull-in. 
So far as the definition of pull-in torque is concerned, 
the best one can do is to give the motor torque at some 
slip, say from 5 to 7 per cent, and state the slip at which 
it is given. 
FORMULA FOR PULL-IN TORQUE 


It is evident from what has been said that it is not 
possible to give an exact formula for the pull-in torque 
of a motor and the only correct way to obtain it is to 
calculate the speed torque curve. It is possible, how- 
ever, to derive an approximate formula which will be 
found convenient for the designer. That portion of 
the speed torque in the neighborhood of synchronous 
speed may be considered as made up of two parts more 
or less independent, one due to the damper bars and 
one to the field winding. These two parts are shown 
in Fig. 17, part a due to the field winding and part b 
due to the damper bars. The dotted curve shows 
the combined effect of both. 

Now the curve a in the neighborhood-of synchronous 
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speed is given approximately by formula (43), if t: = z; 
and r: = r; The maximum point P can, therefore, 
be obtained from Equation (45) as follows: 


0.5 


Bre2+Bua) (59) 


Tmas. at point P = 
and from this formula one is able to estimate the pull-in 
torque from the proportion of the various constants 
and a knowledge of the starting resistance to be used 
in the field circuit. The approximate formula for pull- 
in torque may be written 


0.4 to 0.8 


(60) 
Experience shows that if the rotor bar resistance is 
about equal to the total reactance (rotor and stator) 
of the machine and a starting resistance equal to twice 
the field resistance is used a value as low as 0.4 may be 
expected in the numerator, while, if the rotor bar 
resistance is equal to about half the total reactance of 
the machine and a starting resistance equal to 4 or 5 
times the resistance of the field (which will usually 
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Fic. 17—Curves SHOWING HOW THE TORQUE OF THE BARS 
AND THE TORQUE OF THE FIELD COMBINE TO GIVE THE PULL-IN 
TORQUE 


eliminate the cusp in the torque curve completely) 
is used, then a value of 0.8 can often be obtained. 


THE IN-RUSH CURRENT 


It is comparatively easy to derive from Equations (20) 
to (34) a formula for the in-rush—in fact, two formulas, 
one for the positive current J,, and one for the negative 
current Iı. From these two values the unbalanced 
three-phase currents in each of the three lines can be 
determined. This unbalance is usually small and both 
the formulas for J,, and J,, are rather involved and 
cumbersome. No attempt is made to guarantee any- 
thing but an average value of the in-rush in each of the 
three lines. The writer has found that this average 
in-rush can be calculated with sufficient accuracy from 
the induction motor formula, 


V1 + 2 boo Le 


VT + Xo? 


Lz (61) 
where 

To= Tri +r 

rı = stator resistance 


Ta = rotor resistance (combined effect of bars and 
field winding) 

TM =%+ 22 

x, = stator reactance 

z = rotor reactance (combined effect of bars field 
winding). 

If the machine is started with the field open one 

should use r, the resistance of the bars in place of r,, 

and x, the bar reactance in place of 2». 

When the calculation is made with field closed, formula 

(61) usually gives values slightly higher than test so that 

they are conservative, while if the field is open it is apt 

to give values too low. 

For the 220-h. p. motor calculated above, the in- 
rush obtained from formula (61) is 


v 1.579 


= ESS = 2.8 = 120.5 amperes 
V 0.228? + 0.388? 


Test = 118 amperes 
With field open 
eee 2.07 = 89.2 
= dC CB. = 4 amperes 
V0.422? + 0.337 ee 


Test 


Part VI. Characteristics of Double Squirrel- 
Cage Windings in Salient-Pole Synchonous 
Motors 


Any definite pole synchronous machine contains the 
necessary elements of the double squirrel-cage winding. 
The ordinary damper bars form a rotor circuit of high 
resistance and low reactance, while the field winding 
forms a circuit of low resistance and high reactance. 
At starting, the high damper bar circuit provides high 
starting torque and low in-rush because the resistance 
of the damper bars enters potentially into the impedance 
which limits the in-rush. This results in a high power 
factor at starting and consequently high torque for the 
kv-a. required. As the machine approaches full 
speed the field winding comes into play, and maintains 
a comparatively high value of torque up to within a 
few per cent of synchronism. 

A machine designed with a low reactance, high 
resistance damper winding and provided with a large 
enough starting resistance in series with the field wind- 
ing to remove the cusp from the speed torque curve, 
may be said to possess a double squirrel-cage rotor of a 
most effective type. It gives the usual double squirrel- 
cage characteristics as they are known in induction 
motor practise; low in-rush, high starting torque and 
comparatively high torque at low values of slip. These 
characteristics are well illustrated in Fig. 16 by the speed 
torque curve for the case of seven times resistance in 
the field circuit. 

But when an actual double squirrel-cage winding is 


= 96 amperes 


9. This valueisgivenin percentage based on the output current 
which is 43.1 amperes. The in-rush in amperes is 2.8 X 43.1 
= 120.5 amperes. 
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put in the pole faces it is rather difficult to produce 
characteristics of this type. One difficulty the designer 
encounters is the limited depth of slot he may use in the 
head of a synchronous motor pole. The depth of the 
pole head cannot be increased appreciably without an 
excessive increase in the field leakage, and it is well 
known that in order to obtain any appreciable double 
squirrel-cage effect, that is, any appreciable change in 
the bar resistance with the frequency, a reasonable 
amount of slot depth is absolutely essential. 

It is also well known that the double squirrel-cage 
effect obtained depends on the resistance of the material 


60 
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Fic. 18—Test ResuLTS on 225-H. P., 257-Rev. PER MIN. 
SYNCHRONOUS Moror EQUIPPED WITH DOUBLE SQUIRREL-CAGE 
DAMPER WINDING, SHOWING TYPICAL DOUBLE SQUIRREL-CAGE 
CHARACTERISTICS. 


used in the bar, the lower the resistance the greater 
being the effect. In other words, in order to obtain 
any appreciable decrease in the resistance of the bar as 
the frequency decreases (this is the object of the double 
squirrel-cage construction) it is necessary to employ a 
material with as low a specific resistance as possible, 
and hence copper. Especially is this true if the depth 
of the slot is limited. These facts are illustrated very 
clearly in Equation (34) of Appendix II, where a simple 
method is worked out for the calculation of the inverted 
T- or L-shaped bar. Equation (34) shows that the 
modulus of the vector upon which the double squirrel- 
cage effect or skin effect depends, involves the factor 


lati 
ay — 
where a is the depth of the’ bar, (actually half of the 
depth). 


f is the frequency 
and 


g is the specific resistance of the material of the bar. 
Thus, it is seen that if the depth of the bar could be 
doubled the same skin effect would be obtained as with 
the original bar at four times the frequency. This 
shows clearly the handicap of limited depth. Also, it 
is evident that increasing the bar resistance has exactly 
the same effect as decreasing the frequency so that if 
the material of the bar were changed from copper to 
brass the same skin effect would be obtained as with the 


60 
copper bar at a frequency of => = 18.2 cycles. This 


3.3 
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simply means that with the limited depth available in 
the head of a synchronous motor pole a brass winding 
gives practically no skin effect. 

There is also another point to be borne in mind. Any 
double squirrel-cage winding, because of the depth of 
the slot is bound to have a considerably higher reactance 
than a single cage winding of the same resistance. 

The conclusion, therefore, which has been reached 
without making any figures at all, is that a synchronous 
motor equipped with a double squirrel-cage damper 
winding will inherently have a rotor bar circuit of low 
resistance and high reactance and hence poor power 
factor. The power factor will be further decreased by 
closing the field circuit. The in-rush will be limited 
almost entirely by the reactance of the machine, and 
may be expected to be low due to the excessive bar 
reactance. The starting torque will be comparatively 
low due to the low damper bar resistance and the poor 
power factor. The pull-in torque will be compara- 
tively high and there will probably be very little cusp 
in the speed-torque curve even with a low value of 
starting resistance in the field circuit. It would be 
difficult, perhaps impossible, to design a double squirrel- 
cage winding in a synchronous motor so that the start- 
ing torque was equal to, or at least appreciably greater 
than, the pull-in torque. 

Of course, there are some special applications such as 
pumps and fans, where low starting torques and high 
pull-in torques are desirable and for these the double 
squirrel-cage synchronous motor is especially suited. 
For most applications, however, it is better to have a 
motor with higher starting torque than pull-in torque 


PER CENT TORGE 
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Fig. 19—CaLcuLaTED ReEsvutts or 220-H. P., 277-REV. PER 
Min. SYNCHRONOus Motor EQUIPPED WITH DOUBLE SQUIRREL- 
CAGE COPPER DAMPER BAR OF THE INVERTED T TYPE 


and this, as has been pointed out, is a condition which 
would be very difficult to obtain with a double squirrel- 
cage winding. 

Experimental confirmation of these conclusions is 
presented in Fig. 18 which gives a speed torque curve 
plotted from test results on a commercial synchronous 
motor equipped with a double squirrel-cage damper 
winding. This machine was rated 225 h. p., 257 rev. 
per min., 2200 volts, three-phase, 60 cycles, unity 
power factor. The characteristics of low in-rush, low 


10. Brass has a resistance of approximately 3.3 times that of 
copper at 100 deg. cent. 
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starting torque and high pull-in torque are clearly 
shown. 

Theoretical confirmation of these conclusions is 
found in Appendix II where the resistance and reactance 
of a double squirrel-cage bar are calculated. This bar 
is so designed that it could be used in the 220-h. p., 
277-rev. per min. motor calculated in Table I. The 
bar is °:. in. deep overall, '’;. in. wide at the top, 
and 3/,, in. wide at the bottom. It is made narrow 
in order to keep the resistance as high as possible and 
still use copper. Likewise, the bar extends clear to 
the top of the pole face to keep the reactance low. Both 
of these features combine to make the power factor of 
the bar as high as possible and yet it is only 0.46 as 
compared with 0.84, the power factor of the plain square 
brass bar. These values are shown in Table III, 
Appendix II. 

A complete calculation of the performance of the 
above synchronous motor (220 h. p., 227 rev. per min.) 
when equipped with this double squirrel-cage bar has 
been made. Thespeed-torque curve and other data are 
given in Fig. 19. It will be noted that the performance 


field of application of the synchronous motor could be 
greatly extended, and it is probably this feeling which 
continues to revive interest in this problem. 

Perhaps this same feeling has been responsible for 
the development and use of the synchronous induction 
motor in Europe. The high cost, low efficiency, and 
low pull-out torque of this type of machine has been 
largely responsible for its very meagre use in this coun- 
try. Still the problem of obtaining the excellent start- 
ing performance of the slip ring motor and maintaining 
the excellent running performance of the salient-pole 
synchronous motor has remained unsolved. 

Comparatively recently, the synchronous motor has 
found some new applications in steel mill service for 
driving certain types of rolling mills. For some of these 
applications the starting duty is severe and manufac- 
turers have attempted to improve the sturdiness of the 
damper windings supplied in their motors with a view 
to meeting these severe starting conditions and extend- 
ing the field of application of the synchronous motor 
in steel mill service. One feature which is limiting the 
application of these motors in steel mills is the low 


TABLE II 
TABLE SHOWING COMPARATIVE PERFORMANCE OF SINGLE SQUIRREL-CAGE AND DOUBLE SQUIRREL-CAGE MOTORS 
Starting Pull-in Starting Pull-in 
torque torque In-rush torque torque!! Avg. torque 
Motor per cent per cent per cent per kv-a. per kv-a.. per kv-a. 
225 h. p., 257 rev. per min., with double squirrel-cage—test results 28 52 236 0.118 0.220 0.169 
220 h. p., 277 rev. per min., with plain brass dampers—test results 75 5012 246 0.304 0.203 0.253 
220 h. p., 277 rev. per min., with double squirrel-cage T-shaped 
copper bars—calculated results 50 63 303 0.164 0.208 0.186 


11. It is unusual to state the pull-in torque per in-rush kv-a. but it is convenient todo so in comparing the merits of damper windings, in different 


machines having different values of stator reactance. 
This accounts for its lower values of torque and in-rush in percentage. 


The 225-h. p. motor had considerably higher stator reactance than did the 220-h. p. machine. 


12. Calculated value with starting resistance equal to seven times the field resistance. 


is excellent, but the general characteristics of the double 
squirrel-cage motor, as discussed, are apparent. 

Table II shows a comparison of the performance of 
the 220-h. p., 277-rev. per min. motor equipped with 
both the brass damper winding and with the double 
squirrel cage, and also the 225-h. p., 257-rev. per min. 
motor tested with the double squirrel-cage winding. 


Part VII. Possibilities of External Damper 
Bar Circuit. 


To obtain synchronous motor starting performance 
nearly equivalent to slip ring induction motor character- 
istics has probably been a secret ambition cherished in 
the heart of every engineer who has wrestled with the 
starting problem in salient-pole motors in the last two 
decades. The fact that this problem has not been 
solved in a commercial way may indicate either one of 
two things; either the problem is extremely difficult, or 
else there has not, up to the present time, been a suffi- 
cient market for motors of such excellent starting 
characteristics. However, it has been felt that if a 
motor with these characteristics could be developed, the 


torque per kv-a. obtained in ordinary low speed syn- 
chronous motors, and consequently the high in-rush 
required. Another difficult feature is the absolute 
reliability required. In some cases manufacturers have 
been asked to guarantee continued operation on the 
damper winding for an indefinite period, in case of d-e. 
failure. This is a difficult requirement because the 
rolling peaks are usually much higher than the rating 
of the motor and this means that the machine must 
have a pull-out torque as an induction motor practically 
equal to its pull-out torque under synchronous opera- 
tion. In other cases, it has been necessary to guarantee 
several starts in succession and the problem of absorbing 
the heat generated in the damper winding has become 
difficult. Perhaps here in this new application of 
synchronous motors an opportunity will be afforded for 
some entirely new developments in the starting arrange- 
ments of synchronous motors. 

In this connection an investigation was made to 
determine the possibilities of an external damper bar 
circuit used in conjunction with a very high starting 
resistance in the field circuit—a. resistance equal to or 
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greater than the reactance of the field winding at full 
slip. Mr. Fechheimer"™ pointed out in 1912 the in- 
creased starting torque and the improved power factor 
at starting which results from the use of a high resis- 
tance of this type in the field circuit. These advantages 
would obviously be augmented by making the damper 
bar circuit with as high a power factor as possible also, 
that is, with high resistance and low reactance. The 
low reactance is also necessary for high pull-out torque 
as an induction motor, but the high resistance must be 
arranged external to the damper bar circuit so that it 
can be short-circuited for running as an induction 
motor. This is necessary because a very low value of 
damper bar resistance is necessary to maintain a low 
value of slip at full load and to prevent the machine 
from slowing down too much on the peak loads. 


The simplest type of circuit which would provide an 
external resistance in series with the damper winding 
(this is probably a very old idea) is shown in Fig. 20. 

An analysis of the possibilities of this circuit showed, 
as was expected, that the power factor of the damper 
winding could be increased by increasing the external 


resistance up to a certain point, but beyond that point — 


the power factor began to decrease again. This was to 
be expected because in the limiting case of an infinite 
resistance it is evident that the power factor of the 
damper winding would be very poor with very low 
resistance bars. This simply means that the amount of 
power which. could be drawn out of the rotor circuit 
into the external resistor is limited. 

The analysis also showed that if the external circuit 
were split up into two or more circuits, as shown in 
Fig. 21, it would be possible to insert enough resis- 
tance to obtain a very good power factor in the damper 
winding before the limiting resistance is reached. 


The mechanical construction of the end ring connec- 


Damper Bars 


NN 
External Resistance 


Fic. 2O—SINGLE EXTERNAL DAMPER Bar CIRCUIT 


tions did not seem to present any serious difficulties. 
In attempting to apply this scheme to an actual design 
of a 2500-h. p., 6214-rev. per. min., 25-cycle synchronous 
motor it was found that heavy brass slip rings and 
metallic brushes, such as are used on rotary converters, 
were required. A difficulty was also encountered in 
connection with the resistor for the field circuit. It 


13. See Bibliography, 2. 
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was found that a very high voltage would be developed 
across the resistor and consequently across the slip rings 
at start. This was sufficiently reduced by designing 
the field for 50-volt excitation instead of’: 125. The 
calculated performance of the machine showed that it 
would carry full load continuously as an induction 
motor with a power factor of approximately 50 per cent. 
Its pull-out torque was approximately 225 per cent as an 
induction motor and 250 per cent as a synchronous 
motor. The starting torque depended upon the exter- 
nal resistances used, but it was found possible to obtain 


Damper Rars 


R. A 
External Resistance ~ 


Fic. 21—DovusLte EXTERNAL DAMPER Bar CIRCUIT 


150 per cent starting torque with an in-rush of 300 
per cent. The pull-in torque at five per cent slip was 
175 per cent. 

These figures seem to indicate great possibilities in 
the improvement of the starting performance of syn- 
chronous motors. No doubt developments to this end 
will take place rapidly if there becomes sufficient de- 
mand to warrant them. 
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Appendix I 


To show that the numerical value of the vector 
expression 


V BZ- KV? 
V a B Zo," 


(1) 
iS 


Zo fea ee 
a VZ a (ZB ry, (2) 
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let 
Loe = modulus of V 
M = modulus of V + BZ,, 
i 2 T2, 
6, = 2 tan” = tan"! T? = 
9 Lo” — 1, 
(3) 
E To. 
0. = 2 tan`! , + BZ? 
: 2 Tos (£2 + B Z8) 
Tan e PB Za — tae 
The numerator of (1) may be written 
M? ‘0: — K? Z,2/61 (4) 
But 
M? = Za Z (5) 
where 


2=(14+2Br, + BZ?) 
Substituting (5) in (4) gives for the numerator 
Lo, [22/0 — K2/ 61) (6) 
The magnitude of this is from the cosine law 
Zo? Vz! + Ki — 22 K (cos 6, cos 0, + sin 6; sin 62) 
(7) 
But 


cos 6, cos 62 + sin 6, sin 0: 
a ean ca A ln Cae 


Lor z? 
(8) 
which reduces to 
1+2B B? (£2 — To," 
+ Yo + : (£e Toa) (9) 
z 
Substituting (9) in (7) gives: 
Za? V (2 — K2)?— (2K B ra)? (10) 


as the numerical value of the numerator. 

The numerical value of the denominator of (1) is 
Z.z so that the numerical value of the whole vector 
expression (1) is 


Lu goaa 
E -yv (2 — K? — (2K Brz,)? (11) 


Q. E. D. 
Appendix I[': 


RESISTANCE AND REACTANCE OF AN INVERTED T- OR L- 
SHAPED DAMPER BAR 


Consider a slot which is narrow at the top and wide 
at the bottom, shaped either like an inverted T or an L 


(Fig. 22). 
Let 
o = specific resistance of the bar, 
f(x) = distribution of current in bottom part, x 


being measured from the bottom of the slot, 
F (x) = distribution of current in top part, x being 
measured from the division line 0 — 0. 


The distribution of current in the wide part of the bar 


will be calculated first. Consider the flux through an 
element d x due tothe m. m. f. in an element d u. This 
m. m. f. is: 

bı f (u)du (1) 
Therefore 
aage = iaaa (2) 


b,/dz 


Now, the total flux through the element d zx is due to all 
such elements as d u from the bottom of the slot up to 
the element d x. Thus: 


Prey ae ae ree (3) 
0 


which is the total flux passing through any element 
d x at distance zx from the bottom of the slot. 

The flux which produces the e. m. f. of self-induction 
at any point x in the conductor is all the flux which 
threads through the conductor from the top of the 
conductor down to the point x, plus the flux in the wedge 
and air-gap. Let ẹ be the self-inductive flux in the 


wedge, air-gap and that which threads through the nar- 
row part of the bar down to the division line 0 — 0. 
Then the self-inductive flux at point z is 


Seka ffi wdedee s 
x O 


and thee. m. f. of self-induction is 
p e = Arps Sfujdudz+t p" (4) 


14. Anyone interested in the calculation of double squirrel 
cages for synchronous motors will find App. I of especial interest. 
This problem can be handled by differential equations but the 
method of integral equations here presented will be found 
simpler and more straightforward and gives direetly both the 
resistance and reactance of the bar. The problem of ‘setting 
up” the integral equation is much easier than the corresponding 
problem of “setting up” the differential equation. Especially is 
this true for those of us who have been taught the fundamentals 
of inductance from the point of view of interlinkages. The same 
integral equation can be applied to the ealeulation of a bar 
comprised of two different materials either T-shaped or of 
uniform width. 

15. All this work is dope in absolute electromagnetie units 
for simplicity. 


16. p=theoperator and denotes differentiation witb 


respect to time. 


Feb. 1927 


Since the induced voltage is the same at all points in 
the cross-section of the bar, and is equal to the e. m. f. 
consumed by resistance and self-induction, it follows 
that the sum of the e. m. fs. consumed by resistance 
and self-induction is the same in all parts of the bar. 
Hence, 


of (2) +4rpSf SS(ududz+pe 


= af (0) tarp S Sf(udu dx+p® (5) 
p & cancels out and the equation becomes 


( ax 
o f (x) So Oster) A A iaa 
- f frm auaz! 
or t 


AT 


sæ =f SSfwdu 


This is a simple integral equation and can be solved by 
the method of continued substitution. Substituting 
the right hand member of Equation (7) under the inte- 
4 
gral sign and putting K? = E Equation (7) be- 
comes 
f (x) = f (0) +K S SUO) PRS Sf (u) d u’) du’ 
(8) 
x? xX x x z 
S HKS SS Sf di 
|2 0 00 0 
(9) 
Substituting again the right hand member of (7) under 
the integral sign in (9) and continuing the integration 


and repeating the process gives at once the infinite 
series: 


= f (0) + K? f (0) 


FM =fO+KSO y KSO a + (10) 


or 

f (x) = f (0) cosh z K (11) 
This is the current density in the wide portion of the 
bar, as function of the distance from the bottom of the 
bar. 
Let 

ı = current in the wide portion of the bar. 

Then 


a bf 

= bi Sf (æ) de = sinh a, K (12) 
0 

Now the flux which passes through an element dx 


in the top of the slot is due to the total current in the 
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lower part J,, and also to the m. m. f. in the top part 
from the division line 0 — 0 up to the element d x. 
This m. m. f. is 


b S F (u)du (13) 
0 
The flux through d z is, therefore: 
Am {I +b: fF (ujdujdz 
dg = l (14) 


bz 


The self-inductive flux at the point z is 


+ [rod | dx (15) 
0 


=4 I, 
yg = T b» 


and the e. m. f. of self-induction is 


a2 Z 


po=arp | | F+ Foant az (16) 


0 


Since the induced voltage is the same in all parts of 


the bar, it follows that 
+ fr (u) du | dz 
0 


I, | 
| dy frowa) dx 
O 


| r 
inari] | he 


a2 


= oF 0) +4x7| 


° 
0 


(17) 
or 
I, 
oF (xr) = oF (0) tarp | {t+ f raau|ae 
0 0 | 
(18) 
Therefore, 


K?I,2z 
F (x) = F (0) + Ele pf rwan (19) 
0o O0 


Using the same method of solution for this equation 
as was used for Equation (17), it easily reduces to 


I 
F (x) = F (0) cosh z K + —- K sinh z K 


b: (49) 
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But l | 

F (0) = f (a1) = f (0) cosh a, K 
Substituting (21) and (12) in Equation (20) 


F (x) = f (0) [ cosh a, K cosh x K 


b 
A oe sinh a, K sinh x K] (22) 
2 


This is the distribution of the current in the top of the 
slot as function of the distance x from the division line 
0— 0. The total current flowing in the top is: 


I=b f F(@)dz 
0 


FO) , I, az 
= bl sinh z K + >. cosh x K] 


(0) 


F (0)b 
= ~g sinh a. K + I, cosha,. K — I, 


Substituting for F (2 from (21) and for J, from (12) 
gives 


f (0) 


(23) 


I, = = {b cosh a, K sinh a, K 
+ b: sinh a, K cosh a. K} — I, (24) 
The total current J, = J, + J. is, therefore, — 
o = Lo {b, cosh a, K sinha, K 
+ b, sinh ai K cosh d» k} (25) 
The voltage which produces this current is 
47m p Io 
E = — > + o F (a) (26) 


where p is the reluctance of the leakage path above the 
conductor. 


The effective impedance of the bar is, therefore, 


"4 + oF (a:)] (27) 


Z = 


dD 


apene a, K cosh a, K+W sinh a, K sinh a, =] 
cosh a; K sinh a, K+W sinh a, K cosh a; K 


(28) 


+ 


where 
by 
b: 


This vector expression is the impedance of a T-shaped 
bar per unit length. The real part is the resistance, the 


W = 


(21) J part, the reactance. 
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T P 


4 
Obviously the first term 


is a pure reactance term and is the reactance of the bar 
due to the leakage flux in the slot above the bar and 
in the air-gap. 

As a special case, let a, = az which means that the 
narrow portion and wide portion are of the same depth. 
Neglect the first term. Then 


z o K [ cosh? a K + W sinh? a K ] zð 
T b (1 + W) sinha K cosh a K (29) 
which reduces easily to 
caK Q teomtas] 
= abs [ sinh 2a K 129) 
where 
LW b, — b; ši 
WS ey = be 6, ey 
But’ 
wen 78 1? f 
a a \ e a \ E 
-2ra L+) (32) 
Or 
aK=A+jA (33) 
where 
A= 2ra- (34) 
Substituting (33) in (30) gives 
o (A +jA) [ Q + cosh 2 (A +7 A) ] ae 
aT "sinh 2(A +7 A) 29) 
This can be expanded to 
7 TIA FIAD 
a bo 
p A a) 
-sinh 2A cos2A +jcosh2A sin2A 28) 


This expression is simple enough to use for practical 
calculations. 

As an example consider the calculation of the resis- 
tance and reactance of the copper bar shown in Fig. 23 
which is about as large as one could use in a small size 
synchronous motor pole. The width of the bar has 
been made as small as is mechanically desirable, in 
order to keep the resistance a high as possible. The 
over-all depth of the bar is 9% in., width at top 1, 
in., at bottom 3¢ in. The ‘dimensions on Fig. 23 
are given in cms. as the calculation must be made in 
absolute units. 

o for cu. at 100 deg. cent. 
at 60 cycles. 


= 2240 abohms per cu. cm. 
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A =2r X 0.715 60 + 2240 = 0.736, 2 A = 1.472 


0.159 — 0.477 


Q = 0.159 + 0477 7T 050 


(A +j A) 2240 (0.736 + 7 0.736 
cA a AO O E E LO ey ee 


a bs 0.715 x 0.159 
cosh 1.472 = 2.294 
sinh 1.472 = 2.064 
cos 1.472 = 0.0986 
sin 1.472 = 0.995 
Q + cosh 2A cos 2 A = — 0.2735 
j sinh 2 A sin 2 A = j 2.055 
Numerator = 2.065/97.6 deg. 
sinh 2 Á cos 2 A = 0.204 


j cosh 2 A sin 2 A = j 2.284 


Denominator = 2.29 /84.5 deg. 
Therefore, 
Z = ae /45 deg. + 97.6 deg. — 84.5 deg. 
or 
Z = 18,500 /58.1 deg. 
and hence 
.. reff. = 18,500 cos 58.1 deg. = 9750 abohms/cm. 
length 
x eff. = 18,500 sin 58.1 deg. = 15,700 abohms/cm. 
length 


On the basis of uniform current distribution the 
“nominal” reactance is 


X = 17,750 abohms per cm. 
r eff. 


and the d-c. resistance is 4920. The ratio of s 

d-c. 
= 1.98 so that the T-shaped copper bar is an effective 
double squirrel-cage bar, even with a depth of only 
2 In. 


It is interesting to compare these values of resistance 


and reactance with those of the 4-in. square brass 
damper bar used in the 220-h. p., 277-rev. per min. syn- 
chronous motor calculated in Table I in the body of 
the paper, and to see what the characteristics of this 
mmotor would be if it were equipped with this double 
squirrel-cage damper bar. 


Fig. 25 shows the dimensions of the 14-in. by 14-in. 
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square slot actually used in the motor. Dimensions 
are given in inches. D-c. resistance at 100 deg. cent. 
= 18,400 abohms per cm. length. 


Reactance = 8900 abohms per cm. length. 


In addition to the slot reactance there is a tooth tip 
leakage reactance which in this case amounts to 3000 
abohms per cm. This reactance corresponds to the 


.097 
4: 
0.25 
d 
Lo.25- 
Fig. 25 


first term in Equation (28). It must be added to the 
reactance of both types of bar. Table III gives a 
comparison of the resistance and reactance of the two 
bars at 60 cycles, taking the tooth tip leakage into 
account. | 


TABLE III 
TABLE SHOWING RESISTANCE. REACTANOCE, AND POWER 
FACTOR OF PLAIN BAR AND DOUBLE SQUIRREL-CAGE BAR 


60-Cycle 60-Cycle 
Type of bar | resistance reactance P. F 
Plain square brass bar....... : 18,400 11,900 0.84 
Double cage copper bar....... 9,750 18,700 0.46 
All values given in abohms per cm. 
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Discussion 

R. H. Park: In the treatment of a complex problem such as 
the starting performance of a synchronous motor, it is necessary 
to employ simplifying assumptions to facilitate the calculation. 
At the same time, it is desirable to keep in mind just what 
assumptions have been employed. 

On studying Mr. Putman’s paper, I listed the assumptions 
that I found in it as follows: First, that the machine has a uni- 
form air-gap. Second, that rotor bar reactance and resistance 
is equal for all rotor bars. Third. that only space fundamental 
of air-gap flux is considered. Actually, the rotor currents will 
produce a considerable amount of flux that is not space funda- 
mental. This flux will be leakage reactance flux and will have 
a good deal to do in the determination of the distribution of rotor- 
bar currents. Fourth, the numerical value of all rotor-bar 
currents is assumed equal. even with the field closed. Fifth, 
the electrical phase angle in time of the rotcr bar currents is 
assumed equal to their electrical space separation. This would 
be true in an induction motor, but actually, on account of the 
non-space fundamental air-gap flux, that is, leakage reactance 
flux, the phase angles will be different. Sixth, the effect of 
armature resistance is neglected. The effeet of armature re- 
sistance will be important in determining the torque at half 
“speed. In view of ‘the approximations involved in these 
assumptions, it is, I think, particularly interesting that Mr. 
Putman is able to secure results which check tests. 

P. L. Alger: + Mr. Putman’s ways of taking into account the 
width of pole are of the machine, and the single-phase reaction 
of the field winding, are very interesting. And the close checks 
he gets with test results indicate that his method is at least 
approximatcly correct. 


However, I feel that some of the bold approximations he has . 


made seriously limit the generality of his con‘lusions. For 
example, he assumes the stator resistanee to be zero, and thus 
entirely neglects the dip in torque at half-speed which occurs with 
any unbalanced rotor. Also, he asumes the current in every 
squirrel-eage bar to be the same, whereas, as a matter of fact, 
we know that the outside bars of a squirrel cage always carry 
more current during the starting period than the middle bars. 
Finally, he has combined the effects of the field and the squirrel 
cage by entirely neglecting the action of the squirrel eage in the 
field axis. That is, he has assumed the field winding to have such 
low impedance in the direet axis that the squirrel-eage current 
in this axis is negligible. These approximations are in addition 
to those he has mentioned in the paper. 

Mr. Putman coneludes from his study of double squirrel-eage 
synehronous motors that they are of no practieal importance. 
While there is a measure of truth in this conclusion, there is 
much to be said on the opposite side of the argument. The 
difficulty of getting enough space in the pole tip to insert a 
satisfactory type of double squirrel-cage is the most fundamental 
part of the problem. The L-bar type of squirrel-cage Mr. 
Putman employed is not the best for this purpose, since the im- 
pedance cannot be made high enough to reduce appreciably the 
starting current with the field closed. By usingan open-circuited, 
or idle, steel bar above the squirrel cage proper, a higherimpedance 
ean be obtained in the same space, and thus a material reduction 
of starting current ean be secured. However, the reduction 
possible ts not great enough to warrant the extended use of this 
construction. 

The primary object of a double squirrel-cage is to reduce the 
starting current on full voltage sufficiently to avoid the use 
of a starting compensator. Therefore, all those machines whose 
starting currents are only about 20 per cent higher than permissi- 
ble for full-voltage starting can be brought within the per- 
missible class, and so ean be made considerably cheaper by the 
use of the special construction. When the torques are compared 
on the basis of the same starting current, the two types then 
give comparable results. 


Transactions A. I. E. E. 


Quentin Graham: I made an experimental investigation 
several years ago which showed a number of interesting facts 
concerning synchronous-motor starting performance. Chief 
among these was the enormous effect of the field winding on the 
speed — torque curve, a fact which is clearly shown in Mr. Putman’s 
paper, and which, I believe, has not been appreciated fully by 
designing engineers. A typical set of curves illustrating this 
point is shown in Fig. 1 herewith. Curve A is the speed — torque 
characteristic of the motor with its field winding open-circuited 
so that the squirrel-eage winding furnishes all the torque. If 
the field winding is closed on itself the torque characteristics are 
as shown by Curve B. It will he seen that the torque at low 
speed is about the same but that. it increases greatly for low values 
of slip. Curve C shows that with resistanee in the field circuit 
the cusp is almost entirely removed although the torque is 
changed very little at the extremities of the curve. By making 
use of these characteristics, determined first experimentally, we 
have been able to use relatively high-resistance cage windings 
with consequent high starting torque and low starting current. 
The field winding takes care of the torque at low values of slip and 
the judicious selection of a field starting resistor prevents a 
dip in the curve at intermediate speeds. While these character- 
istics have been known and have been explainable in a general 
way by induction motor theory, Mr. Putman has published 
the first adequate mathematical treatment of the problem. 
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Another result of our experimental work was that we obtained 
an entirely new conception of the pull-in problem. A number of 
investigators, both in this country and in Europe, have attacked 
this problem but in nearly every ease they have been concerned 
with the oscillation which takes place when the field current is 
apphed. They have attempted to find the maximum slip at 
which the motor could operate and still pull into step during the 
surge that takes place when the field is excited. The solution 
of this problem requires a knowledge of the inertia of the rotor 
and its connected load and ‘depends also upon the point on the 
slip evele at which exeitation is apphed. Our investigations, 
however, showed that we need not conecrn ourselves with this 
aspect of the pull-in problem except in rare eases. We found 
that if the motor could be brought to the upper branch of the 
speed—torque curve, that Is, to a speed above the pull-out or 
unstable point on the curve, the application of excitation would 
always bring the rotor into synchronism. The problem thus 
became one of finding the induction motor characteristics rather 
than one dealing with the purely pull-in phenomenon. 

Mr. Alger, in his discussion, has called attention to Mr. Put- 
man’s omission of the stator resistance and has pointed out that 
this may give an error in the torque at half-speed. I have de- 
veloped the equation for torque ineluding the stator resistanee 
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and have substituted values for a few cases. While there is a 
slight dip in the curve at half-speed, I have concluded that it is of 
negligible importance. 

H. V. Putman: Before this theoretical investigation was 
started at all, the company with which I am associated (tnanks to 
the painstaking efforts of Mr. Quentin Graham) has, fora number 
of vears, accumulated a vast amount of experimental data on 
the starting performance of synchronous motors. These data 
were of great assistance in building a theoretical structure on 
which to base calculations of starting performance. 

Both Mr. Alger and Mr. Park mentioned the fact that I 
neglected the stator resistance and Mr. Alger says that I did this 
without saying anything about it in the paper. I stated very 
clearly that this assumption was being made in order to simplify 
the theory. We were well aware of the effect of the stator 
resistance at half-speed and I stated that Mr. Graham had 
worked out the theory taking the stator resistance into account. 
He has calculated curves on this basis which show the dip at 
half-speed. However, a review of a great many speed-torque 
eurves which we have made, disclosed the fact that none of them 
shows a distinct dip or cusp at half-speed. At half-speed there 
are usually a few test points which appear erratic. Sometimes 
there is a point above the curve, sometimes one below, but we 
have never been able to obtain a test curve which showed dis- 
tinctly a dip at half-speed. The dip does exist, but the fact that 
it can’t be obtained experimentally shows that it is so small as 
to be negligible. This is also borne out by the fact that since 
we have been building real damper windings, we have never 
had a case of trouble where a motor stuck at half-speed and 
refused to come up to full-speed. If there were any appreciable 
dip in the torque at half speed, it seems likely that, with the 
increased severity of svynchronous-motor applications and hence 
more severe starting duty, we would have had some cases of 
sticking at half-speed. l 

Both Mr. Alger and Mr. Park say I assume the same current 
in each bar and Mr. Alger says that I neglect the effect of the 
squirrel-cage in the axis of the field winding. This shows that 
both Mr. Alger and Mr. Park do not clearly understand the 
theory of the symmetrical-coordinate method and they have not 
read my paper carefully. 
Blondel’s two-reaction theory. One speaks of the direct and 
transverse axes in the two-reaction theory, but not when dealing 
with the svymmetrical-coordinate method. 


What I did assume, was this: There are two fluxes rotating 
in the gap, one in the positive direction and one in the negative. 
Both eut the damper bars. Due to the positive flux, there are 
damper-bar currents set up which are all equal, provided the 
damper bars all have the same resistance and reactance, and 
are apart in time phase by the space angle between the bars. 
These produce a positively rotating m. m. f. which I represent 
by /I2,p and a negatively rotating m. m. f. represented by [enp. 
Similarly, the negative flux in the gap produces additional 
damper-bar currents all of which are equal and which in turn 
produce two more m. m. fs., a negative m. m. f. represented by 
Inn and a positive m. m. f. represented by Jepn. Since Japp 
and /:,, rotate in the same direction, they combine to make 
the resultant J2, which is the positively rotating rotor m. m f. 
Similarly, Zenp and J2,, combine to form the negatively rotating 
rotor m. m.f. From this point on I deal only with m. m. fs. 
But if one combines the bar currents due to the positive flux, 
with those due to the negative flux, the combined currents which 
result are not equal in each bar; neither are they apart in time 
by the space angle of the bars. 


Mr. Alger’s statement that I neglect the effect of the damper 
bars in the axis of the field winding, amounts to the same thing 
as saving that in an induction-motor diagram, if one represents 
the rotor-bar current by a single vector Jb, he is neglecting the 
effect of the bars which constitute a phase at right angles to J». 
But we all know that a polyphase m. m. f. or current can be 


They have this theory mixed up with 


PUTMAN: STARTING PERFORMANCE OF SYNCHRONOUS MOTORS 59 


represented by a single vector and the problem handled as 
though it were a single-phase, but because we handle it as single- 
phase it doesn’t mean that we neglect the phase at right angles to 
it. If Mr. Alger will read my paper carefully he will see that 
I have made no such approximation. 

Mr. Park says that my theory assumes that all bars have the 
same resistance and reactance. This is not necessarily true. 
My theory begins on the basis of a rotor having a definite rotor 
resistance, rotor reactance and single-phase action factor, K. 
It is true that it may be a little more difficult to get the rotor-bar 
resistance, reactance, and K, if the bars are all different, than it is 
when they are all alike. I showed in my paper how the value 
of K is obtained when they are all alike to give a general idea of 
the problem; however, I did not include in my paper any explana- 
tion of the calculation of the several motor constants as ex- 
plained in one of the foot-notes in my paper. The handling of 
cases where damper bars of different resistances and reactances 
are used in the same field pole, is simply a problem in calculating 
the values of rotor resistance, rotor reactance and K. We often 
build machines with bars of at least two different materials and 
usually the bars at the tip of the pole are nearer the surface and 
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Fig. 2—SYMMETRICAL GRoUP OF DAMPER Bars 


have less reactance than those in the middle. In all such cases, 
it is only necessary to calculate an equivalent bar and then 
proceed as if all bars were like the equivalent bar. 

An example calculation of this kind, is as follows: In the 
accompanying Fig. 2, let Zı equal the impedance of bars No. 1 
and No. 5. Let Bı equal phase angle of bars No. 1 and No. 5, 


X EE E ee 
that is, 8; = tan-! < where Zi = Vre +r Similarly, 


Ti 
let Z: equal the impedance of bars No. 2 and No. 4 and let ĝ: 
be the corresponding phase angle. Let Z; be the impedance of 
the middle bar and §; its phase angle. 


Calculate Yi = Bs = By 
Q: = B: — Bs 
Z Z 
Then calculate X = (2 7 sin Yi + 2 7. sin p) 
: 1 2 : 


; Z Z 
Y = (4 +2 cos p. + 25% cos gs ) 


Then caleulate B = y X? + Y* and ĝ! = tan~! y 


- 


*) 


The equivalent bar has an impedance of Z; and a phase 
angle of B; — B. 

Small differences in the impedances of the several bars make 
only a very slight change in K. When it is thought necessary to 
calculate a new K, we have a fairly elaborate formula involving 
the several bar impedances, phase angles, and the space angle 
between the bars. Usually, this is not necessary. 

I did not mean to say that the double-squirrel-cage synchronous 
motor has no practical value. What I did say, is that it is more 
desirable to limit the inrush by the use of a high-resistance 
damper rather than by the use of high reactance because this 
method gives a higher average torque per kv-a. In higher- 
speed motors where there is a greater depth of pole head, the 
double squirrel cage can be used to greater advantage and, 
as Mr. Alger says, is of use in bringing many ratings within the 
full-voltage starting class. 


The Synchronous Converter 
Theory and Calculations 


BY T. T. HAMBLETON: 


Associate, A. I. E. E. 


Synopsis.— The first part of this paper is devoted to the purpose 
of presenting a clear conception of the internal voltages, currents, 
heating, and armature reactions as related to the physical structure 
of the simple converter and as related to the passage of time. These 
may be styled “space” and ‘‘time” relations. ‘‘Space’’ relations 
are indicated by means of diagrams representing as nearly as 
possible the physical structure of the converter. ‘‘Time’’ relations 
are shown by conventional curves and vectors. . 


HE general theory of the synchronous converter 
has been given less attention in the technical press 
than has that of the more widely used purely 

alternating current machines. Moreover, the syn- 
chronous converter has been treated in less detail in 
our technical colleges and engineering schools. It 
seems, therefore, that the engineering fraternity in 
general may not have as clear a conception of phe- 
nomena taking place in the converter as in the other 
types of electrical machines. | 

It is the purpose of this paper, first, to present a clear 
and simple explanation of the internal actions and 
reactions of the synchronous converter without resort- 
ing to laborious mathematics; and second, to set forth 
for those who will be interested the complete mathe- 
matical treatment by harmonic analysis. 

The subject divides naturally into three parts: 

Voltage Relations, 

Heating Effect of Current, 

Magnetomotive Force Relations. 


VOLTAGE RELATIONS 


The ratio of effective a-c. voltage for any number of 
phases may be determined by representing the voltage 
of each armature coil vectorially as in Fig. 1 where the 
voltage of the complete armature is, represented by a 
regular polygon of vectors which is so related to the 
two field poles that the magnitude of the voltage of any 
coil or any phase is measured by the projection of the 
vector or vectors upon the axis (y — y) which lies at 
right angles to the axis of the poles. This axis is usually 
called the ‘‘quadrature axis.” 


This combination vector diagram and pole drawing 
is in accord with the physical facts, in that maximum 
instantaneous voltage is indicated for a given vector 
(such as c) when it is directly under the center of a pole. 
Likewise the maximum voltage is generated in a coil 
when its sides are passing under the center of a pole. 

It is evident that the maximum instantaneous voltage 


across any diameter (A B) occurs when that diameter 
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The accepted mathematical expressions for voltage ratios, heating 
effect of currents, and armature reaction imply that certain facts 
be disregarded. This is done in order to simplify their derelopment. 

The mathematical treatment developed in the appendixes to this 
paper includes most of these disregarded factors and makes it 
possible to evaluate them. 

This treatment is based on the method of “harmonic analysis” 
by which any regularly repeating function may be represented, 


coincides with the ‘quadrature axis” which is also the 
brush or neutral axis. Hence the d-c. voltage at the 
commutator is numerically equal to the maximum 
instantaneous voltage of an a-c. diameter, and the ratio 
of effective a-c. diametral voltage to direct current is the 
ratio of the effective value to the maximum value of the 


1 
a-c. wave. This ratio is —= or 0.707 for the ideal con- 


V2 


dition of 100 per cent efficiency and a pure fundamental — 
sinusoidal a-c. voltage. 
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If the converter has p phases per pair of poles, then 
each phase covers an angle @ = 2 m/p, and the cord 
ab subtended by this angle is a measure, under ideal 
conditions, of the maximum a-c. voltage induced in 
the phase. It is easily seen from the geometry of Fig. 1 


that the ratio of the d-c. voltage A B to the maximum 
a-c. phase voltage a b is 


AB 1 
2 (A B,2) sin o 2 


gin wp 


or in terms of the effective value of the a-c. voltage it is 
/2/sin (m'p); so that the normal voltage ratio of a 
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synchronous converter is primarily fixed by the num- 
ber of phases p. It is well to point out, however, that 
this result has been arrived at by assuming a sinu- 
soidally distributed field flux passing through zero at 
infinitely thin brushes; an infinitely distributed ring 
or full pitch drum winding; zero armature reaction; 
zero armature impedance; and a magnetic circuit of 
constant reluctance for all positions of the armature. 

These ideal conditions are almost never realized in 
commercial machines because of practical limitations, 
some of which will be discussed. 

The necessity of providing a neutral zone for com- 
mutation and the space requirements of the field coils 
both demand a shorter pole are than corresponds 
to a sinusoidal distribution of the flux. The result isa 
slightly flattened a-c. voltage wave which has a higher 
ratio of effective to maximum; the latter always being 
equal to the d-c. voltage. It will be found that the 
majority of commutating pole converters have a no- 
load diametral ratio of approximately 0.725 and, due 


principally to resistance losses, a full load ratio of 0.74 
to 0.75. 

The effect upon wave shape of varying the pole face 
arc can be made plain by considering two extreme cases 
shown in Fig. 2. 

‘Here is represented poles having an arc of 180 deg. 
and others, a very short arc. It is assumed that the 
flux density is constant across each pole face and of 
such value that the same effective a-c. voltage is 
generated across a diameter of the armature winding. 

It is evident that the diametral phase of winding 
dia in position A under the long arc poles has equal 
and opposite voltages generated in the two halves di 
and ża so that the total voltage is zero. 


of conductors under each pole varies directly with time 
and position of the phase in space and therefore the 
total voltage of the phase d ¿a will be a straight line 
function of time and space position as shown. The 
maximum e. m. f., h, is generated when the phase is 
central with the pole S, position B. The effective a-c. 


Now equal 
voltages are generated in all conductors and the number 
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value of this voltage is e and the maximum or d-¢. is k 
which appears continuously between two fixed points 
between the pole tips where brushes may bear on a 
commutator connected to the winding. 

Now similarly under the short arc poles equal and 
opposite voltages are generated in d 1, and îi: a in posi- 
tion A and the resultant voltage is zero. When the 
phase has moved the distance d ï, coils in it will be 
under the influence only of pole S and the total voltage 
between d, a will be constant until the tap d reaches 
the pole S. The net voltage of this diametral phase 
will be trapezoidal, as shown, with a maximum value 
h’ and the same effective value e as in the previous case. 

Thus the effect of increasing the pole arc, keeping 
the same effective value of a-c. voltage, is greatly to 
increase the d-c. voltage; and vice versa. 

The regulating pole converter uses this principle 
for varying the d-c. voltage with constant effective 
a-c. voltage impressed. A variation of the net pole arc 
is secured by constructing each pole and pole face in two 
adjacent parts, one larger “main pole” and one smaller 
“split” or “regulating” pole. The exciting field of the 
latter may be varied, or even reversed, which results ina 
net effect equivalent to varying the total pole arc. 

There is a number of factors which affect voltage 
ratio as shown in detail in the appendix. These are: 

Number of phases, 

Flux distribution or “field form,” 

Flux shift relative to brush position, 

Flux pulsation caused by armature reaction pulsating 
m. m. f., 

Flux pulsation caused by variation in reluctance due 
to position of slots, 

Brush shift relative to field flux position, 

Brush width determining the number of coils short- 
circujted, 

Brush contact resistance, 

Armature coil winding pitch, 

Armature coil distribution, 

Armature impedance. 


HEATING EFFECT OF ARMATURE CURRENT 


Before considering the explanation of armature 
heating, it is advisable to mention the fundamental 
definition of ‘“motor” and “generator” action. 

Generator action in any dynamo-electric machine 
is the act of current flowing through it in the same 
direction as, and by means of, the internal ‘‘induced”’ 
e.m. f. 

Motor action in any dynamo-electric machine is the 
act of current flowing through it in the opposite direc- 
tion to the internal “induced,” and by means of an 
external impressed e. m. f. 


In the converter it is convenient to regard the direct 
current as due to generator action, and the alternating 
current as due to motor action. The actual current in 
any conductor results from superposition of these two. 

A bipolar converter, having for convenience a 
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Gramme ring armature winding, is represented in Fig. 3. 
The mechanical rotation of the armature is clockwise. 


Now the a-c. motor, or input current, must flow from 
a to 6 in opposition to this induced voltage. At the 


Zero time is selected as the instant when the center of same time the d-c. generator current is flowing from a 


the phase ab coincides with the center line of the 
brush. | 
The voltage generated under each pole in the con- 


ductors passing under it is directed from the negative 
brush toward the positive brush through both of the 
armature circuits. 

The specific case of a six-phase converter is assumed, 
where the phase a b occupies 60 electrical degrees. 
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With the phase in the position of zero voltage, corre- 
sponding to zero time in Fig. 4, there is no alternating 
current at unity power factor. But when the phase 
moves toward the pole S the voltage will be induced in 
the direction from the tap b toward a. 


to the positive brush in the same direction as that in 
which the alternating current is just starting to flow 
and the two currents are added. This condition holds 
true in any part of the trailing half of the phase which 
has not yet passed under the brush. 

The magnitudes and relations of these currents in 
time are shown in Fig. 4. The direct current, taken 
as unity, is represented by the line 1, 6, 8, 13 for the 
tap coil a which is commutated at point 6 after the 30 
deg. of time required for a to rotate to the brush. 

The alternating current (dotted curve), since it flows 
in the same direction, adds to the direct current in co‘ls 


L 


ag 


FHH 


not yet commutated; hence the current curve of the 
tap coil a is 1, 3, 5 (commutates), 6, 7, 9, 10, 11, 13. 

The heating effect of this current is proportional to 
its square as shown in the corresponding Fig. 5 by the 
similarly numbered curve 1, 3, 5, 6, 7, 9, 10, 11, 13. 
The total or integrated heating is represented by the 
area under this curve. 

In like manner the current in coil c half way between 
a and the phase center may be traced. This coil will 
commutate after 15 deg. of time. The current is 1, 3 
(commutates), 4, 7, 10, 11, 18, Fig. 4, and the heating 
similarly numbered in Fig. 5. 

The current and heating of the center coil which 
commutates at zero time is similarly 1, 2, 4, 7, 9, 10, 
11, 13. 

The current and heating of tap coil b may be traced 
through in the same manner. The direct current which 
has already been commutated flows in the opposite 
direction to the alternating current for 150 deg. of time 
required for the tap to rotate to the negative brush 
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The total current follows 2, 4, 7, 9, 10, 11, commutates, 
and follows 12, 14. One-half cycle or 180 deg. of time 
then finds tap b at b’, Fig. 3. It is evident that this 
current cycle is the exact equivalent of that shown for 
tap coil a; similarly, it is evident that any two coils 
equidistant from the center of the phase are subject 
to the same heating at unity power factor. 

The effect of power factor upon the heat losses is 
more important in the converter than it is in any 
machine that carries alternating current alone. 

Fig. 4 shows a certain amount of leading reactive 
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Space Angle of Armature Phase 
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current which, combined with the same energy current 
as before, produces the total alternating current shown. 
It .is evident that this leading current has its highest 
values when the phase a b is in the position of zero time, 
and that this current adds to the direct and alternating 
energy currents in that part of the phase ketween the 
tap aand the d-c. brush. 

The current in any coil throughout 180 deg. of time 
or rotation may te determined as before. 

For instance, take the tap coil a. The current is 
represented by 15, 17, 19 (commutates), 20, 21, 23, 25. 
The heat loss at any instant of time is represented 
similarly in Fig. 5. 

The current and heating of any coil between tap a 
and the center of the phase may be traced through the 
same curves except that commutation will take place 
sooner at a point between 15 and 19 determined by the 
distance of the coil from the brush. 

The center coil of the phase which is commutated 
aat zero time will carry current and heating indicated 
by curves 16, 18, 20, 21, 23, 25, Figs. 4 and 5. 

The current and heating relations in the other, or 
leading half of the phase (center to tap b), follow a 
different course when the power factor is not unity. 
‘The tap coil b, for example, has already been commu- 
tated, so that the current starts at 16 and for 150 deg. 
of time follows the same curves 16, 18, 20, 21 (commu- 
tates) and then follows 22, 24, 26, Fig. 4. 

The heating similarly follows 16, 18, 20, 21, 22, 24, 26 
and the total heat is proportional to the area under it. 

In like manner any other coil located between tap 
& and the center of the phase will carry current following 
tthe same variation except that it will be commutated 
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later than the tap coil b. This is represented for one 
such coil by 16, 18, 20, 21, 23 (commutates), 24, 26 in 
both Figs. 4 and 5. 

The averaged total heating in any coil in a phase, 
expressed as per cent of the loss with direct current 
alone in the armature, ıs shown in Fig. 6, for power 
factor = 1.0, 0.95 leading, and 0.95 lagging. It will 
be noted that the heat losses at unity power factor are 
symmetrically distributed while at any power factor 
other than unity the distribution is not symmetrical. 
Leading current causes the coils just “ahead” of the tap 
to overheat while lagging current reverses all these 
relations and overheats the coils just “behind” the tap. 
This fact furnishes a means of determining whether a 
converter armature winding has been damaged by 
leading or lagging power factor current. 

Another important fact shown by these curves is 
that the heating of the coils near the tap is increased 
much more rapidly by low power factor than in any 
other type machine. In this instance of 0.95 power 
factor the tap heating increases from 0.43 to 0.80 or 
85 per cent, whereas in any other device carrying alter- 
nating current alone, the increase is only 11 per cent. 
It may be stated in a general way that the tap coil 


=- heating of the converter is increased several times as 


fast by a change of power factor as in pure a-c. 
apparatus. 


ARMATURE REACTION 


Several of the best known textbooks treating of the 
armature reaction in the synchronous converter 
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erroneously apply a “distribution factor” to the d-c. 
armature reaction, and neglect the factor 4 m which is 
the ratio of the sinusoidal component of a square wave 
to the amplitude of the wave itself. These errors lead 
to the false conclusion that the a-c. and d-c. armature 
reactions completely cancel each other in line with the 
interpoles. 

As a matter of fact the armature reaction of a con- 
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verter consists of a steady component and a series of 
even M (p) time harmonics. Their effect on commu- 
tation and flux distortion requires that they be given 
due consideration in design. 

A conception of the physical relations and magnitude 
of armature reaction in the converter may be formed by 
referring to Fig. 7. The direct and alternating currents 
and their m. m. fs. are considered separately, and then 
superimposed to form a resultant. A six-phase con- 
verter has been chosen, with full pitch, infinitely dis- 
tributed windings. Thus each phase belt covers 60 
electrical degrees and differs by the same amount in 
time phase from the adjacent belt. 

In part I the direct currents are represented as 
flowing into the plane of the paper under pole N and 
out of this plane under pole S. According to the 
usual convention these currents are assumed to be 
paired so as to constitute turns about the neutral or 
quadrature axis. The m. m. f. of these direct currents 
is thus a triangular wave. 

In a similar way the m.m.f. distribution due to 
the alternating current can be obtained, as shown in 
parts II and III, for two different positions of the 
armature. 


Assuming for convenience unity power factor, and - 


choosing c as reference phase, the currents may be 
represented as 
1, = I sin (wt — 120 deg.), te = I sin (w t) 
1, = I sin (wt— 60 deg.), ia = I sin (w t + 60 deg.) 
where w ?¢ is the displacement of the midpoint of c 
from the quadrature axis. Thus for wt = 0 phase belt 
c is in the position of zero voltage and current, that is, 
centered on the neutral axis. The other two currents 
are 

1, = I sin (0 — 60 deg.) = — 0.866 I 

ta = I sin (0 + 60 deg.) = + 0.866 I 

Thus the currents 2, and 7, at this particular instant 
are equivalent to magnetizing turns around the neutral 
axis, and give rise to trapezoidal distribution of m. m. f. 

When the common tap of b and ¢ is on the neutral 
axis 30 deg. later (w t = 30 deg.) the currents are 
ta = I sin (30 deg. — 120 deg.) = — I, 

a, = I sin (80 deg. — 60 deg.) = — I/2 
ta = I sin (80 deg. + 60 deg.) = + J, 
Tte = I sin (80 deg.) = + J/2 

At this instant 2, pairs with ta, and 2, pairs with t 
to form two bands of magnetizing turns about the 
neutral axis, and give rise to the polygon distribution 
of m. m. f. shown in part III. 

These two m.m.fs., corresponding to different 
positions of the armature, may be superimposed on the 
d-c. diagram in part I and combined with it to produce 
the corded triple space harmonic of resultant reaction, 
which oscillates between these two extremes for every 
30-deg. rotation of the armature, giving a 6th time 
harmonic, 


These 6th harmonics of m. m. f. are responsible for 
the appearance of the “tap frequency pulsation” in the 


‘ external circuit of the converter when the machine is 


loaded. They also increase the core loss and losses 
in the amortisseur winding. 

There ıs a steady term of armature reaction under 
the interpole represented by the average of the two 
extremes shown in part I, Fig. 7. This must be 
compensated by extra turns on the interpole. Its 
small value compared to the d-e. reaction is the reason 
why interpoles were not adopted for converters until 
after their application to straight d-c. machines. 

Note the presence of the cross magnetizing m. m. f. 
under the main poles. This demands an increased 
excitation with load, (due to saturation), which must 
be supplied either by increased field excitation, or by 
reactive alternating current and a change of power 
factor. 

It is shown in Appendix III that the resultant reac- 
tion under the main poles varies as tan 6, where cos @ is 
the power factor. It is zero at unity power factor but 
has a definite value at any other power factor; being 
opposed to the field flux when due to leading power 


factor and vice versa when due to lagging power factor. 
The mathematical treatment of armature reaction 
by the method of harmonic analysis is given in Appendix 
ITI. ' 
Appendix I 
VOLTAGE AND CURRENT RATIOS 
The A-c. Voltage. In Fig. 8 consider the armature 
coil of pitch pand n turns, which at any time t is located 
an angle 6’ from the quadrature axis. Let the flux 
density through which this coil is moving at syn- 
chronous speed w t be specified by the Fourier series. 


B= a Bx sin x (B + yx) (1) 
The flux included by the coil is 
Qrl F3” 
$= -p J B.dg (2) 


r = alr-gap radius 

l = effective length of armature stacking 
P = number of poles 

This flux induces in the coil the voltage 
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_ on dọ _ —4rin k >. KPT 
e= For dr = Po yt Psin 
1 
COS K (e (3) 
But if (8,) is the position of the coil at (t = o), then 
since it is moving at synchronous speed 
= 8, + wtsothat ÊL = w = 2af (4) 


Substituting (4) in (3) 


_ -Alfrn ~ KPT 
e = TO Ns Be sin 5 
1 
cosu ( wt +B + y+ ps) (5) 
where 


T =271/P = pole pitch 


The total voltage of a phase belt of c such coils uni- — 


formly,distributed around the armature by an angle o 
between adjacent coils - is 


e, = — ztn > > Bx sin 


bakana (6) 


where £. is the position of the first coil of the phase 


belt at't'`= 0, and r refers to the rth coil after the first 
so that 
b- =Bo+ro í (7) 
By the geometric method of Appendix IV the r 
summation may be evaluated, yielding 


; CKO 
—4lfrne KPT me 
en = Ig Dt Basin g e. sin “2 
1 ° 2 
cos x | wt + Bet yeto- +e-)-7] (8) 


If time is counted from the instant that the phase is 
centrally located with respect to the pole, then it is 
seen from Fig. 9 that 


Be = (1— p) -5 -  - 1) = (9) 


It is customary to write 
Cox = sin ~ > = pitch coefficient of the «th 
harmonic (10) 
. CKO 
sin ry 7 
Cy = ——— = ———? = distribution coeffi- 
KO ke KOT 
c.sin go © SD Uy 
cient of the «th harmonic (11) 


where p is the number of phases per pair of poles. If 
o+>o the distribution is said to be “infinite” and the 
coefficient Cas approaches its limiting value 


. KT 
sin p 
(Car) p0 = aT al (12) 


p 


For lower values of k, Equations (11) and (12) are 
practically identical, so that in subsequent expressions, 
where the higher harmonics may be neglected, Equation 
(12) will be used, since it facilitates the calculations. 

By (9), (10), and (11), Equation (8) may be written 


oA SS, Be Cox Cag cos k (wt+ Yet > ) 
(13) 


and the feuded component of e, is 


4lfrne 
108 


As a matter of convenience in the argument of this 
discussion let us introduce the notation 
M (p) = multiple of p (15) 
‘It is of special importance to notice that the 
x = M (p) harmonics do not contribute to the termi- 
nal voltage of the phase, since by (11) the coefficient 
Ca ìs zero for these harmonics. 

If the fundamental is the only component present in 
the a-c. voltage applied at the slip rings, then such 
harmonic currents will flow as will consume by their 
impedance drops and their armature reaction, those 
harmonic generated voltages which are not wiped out 
by the winding coefficients Cz, and Cx. If resistance 
be neglected and if the flux contributed by the armature 
reactance and reaction be considered as part of the 


resultant field form, then we may say that 
The resultant field form can contain only those har- 


monics for which 
(a) Cok = 0or 


(b) Ca, = 0 (includes all the M (p) harmonics) | 
and this statement holds, within its limitations, for a 
machine loaded or unloaded. 

In commercial machines the pitch p is near unity, so 
that the even harmonics are wiped out thereby, and the 
neutralizing currents are therefore composed only. of odd 


€; = B, Ci Ci sin (wt + Yı) (14) 


(16) 
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time harmonics, even though the field form contains 
very large even space harmonics. 

In practise, the a-c. line voltage is nearly a pure 
sinusoid, but almost without exception there is a trans- 
former bank between the line and the converter. The 
transformer may usually be considered as short-cir- 
cuited at its primary terminals to all harmonics, since 
the impedance of the connected system is very low. 
The harmonic currents are then limited by the com- 
bined impedance of the transformer and converter, 
and the voltage drops in the transformer due thereto 
appear as a harmonic voltage across the slip rings. 
Thus due to the presence of the transformer the resul- 
tant field form may contain other harmonics than those 
allowed by (16), but they are of no great importance. 
They affect both the a-c. and d-c. voltages. 

The D-c. Voltage. Fig. 10 shows the brush b shifted 
an angle y from the quadrature axis. Since the coils 


have a pitch p the mean position of the belt of con- 
ductors connecting adjacent brushes extends from 


x) 
(17) 


The belt contains 7/0 conductors. Itsinstantaneous 
position will vary periodically by half the angle ø 
between coil sides either side of the mean position 
specified above. This variation, which is partly re- 
sponsible for the “tooth ripple” observed in the voltage 
wave, will be neglected in this discussion. 

Equation (8) gives the voltage induced in a belt of 
c conductors at any instant t. By substituting 
0 


T/O 


37 
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(18) 
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we obtain the equation for the d-c. voltage. 


; KT 
_ +4lfrn = TA De 
Enc = tor N p Be Con oO 
1 sin DE 


cos k (Y + Yx) (19) 


Here the M (p) harmonics are not wiped out by distri- 
bution, but contribute to the d-c. voltage. But the 
even harmonics are completely wiped out by the 


distribution factor sin Ss ; 


The Voltage Ratio. The ratio of the direct current to 
the effective value of the fundamental of the a-c. 
voltage, as obtained from Equations (14) and (19), is 


E»c _ /2 cos (y+ Y) 
E, E š T 
sin —— 
p 


. KT . Oo 
o œ Bx Cox sin -z sin -5 
+ V2 Serm 0s « (¥ + ¥«) 
2 B, Co, sin p .sin 9 


ond 


= /2A/sin (T;/p) | (20) 


Equation (20) is more specifically written, according 
to (16), by substituting m for «x and dropping the 
limits of summation, where m is any harmonic for which 
x = M (p). 

An inspection of this equation shows that the voltage 
ratio of a synchronous converter is fixed by the follow- 
ing conditions: 

a. The number of phases pin the ratio v2; sin (t; p), 
called the normal ratio of the synchronous converter. 

b. The brush shift y, limited because of sparking 
for shifts large enough to affect the ratio more than a 
few per cent. 

c. The flux shifts y, and y,, have the same effect, 
theoretically, as the brush shift y, but are more feasible 
practically since the brush may be left in the artificial 
neutral zone of the commutating poles, and sparking 
thereby avoided. 


d. Superposition of those flux harmonics of odd 
order which are multiples of the number of phases per 
pair of poles. The voltages due thereto are cancelled 
out in the phase by the distribution of the winding, but 
appear in the d-c. voltage and thus change the ratio. 
Other harmonics in the flux may be used to change the 
ratio, but not so effectively, since they change both the 
a-c. and d-c. induced voltages, and consequently, they 
cause harmonic currents to flow which tend to neutralize 
the flux harmonics by armature reaction and reactance 
and increase the transformer heating, but may or may 
not increase the converter heating. 


Note that the even multiples of p harmonics are 


| 
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ineffective since they are cancelled out entirely in the 
d-c. voltage by the factor sin m 7/2. For this reason 
it is impossible to vary the voltage of a two-phase, 
four-phase, or two n-phase machine by superposition of 
multiple of p harmonics. However the voltage of a 
six-phase machine may be varied by superimposing the 
odd multiple of (8) harmonics, provided that the 
transformer connections are open-circuited to the flow 
of the third harmonic current and its multiples. 

Such connections are equivalent to the use of a six- 
phase converter as a duplex three-phase machine. — 

Items c and d constitute the regulating pole method 
of voltage variation. 

e. The armature winding factors are the angle oa 
between adjacent coil sides, the per cent pitch p and the 
pitch coefficients C,, and Csm. In commercial machines 
g is usually less than 12 deg., and 1.00 > p > 0.95. 

In addition to the above there are several other 
influences on the voltage ratio which do not appear in 
the equation. They are: 

f. The brush short-circuits the voltage across its 
bearing arc, but this decrease of net voltage is too small 
to be of any practical importance. 

g. The armature impedance and brush resistance 
drops change the voltage ratio with the load. 

h. The armature reaction contains a steady term 
and a series of even multiple of p harmonics. The 
steady term is of little practical importance, but the 
harmonics of armature reaction in conjunction with g 
cause the so-called ‘‘tap frequency pulsations” to 
appear in the terminal voltages. 

i. The oscillation about its mean position of the 
belt of conductors between brushes, and the variation 
in reluctance of the magnetic circuit due to the passage 
of the slots under the poles, cause a “tooth frequency 
pulsation” to appear in the voltage. This tooth fre- 
quency pulsation is high enough to prove objectionable 
on account of telephone interference when the feeders 
run parallel to telephone lines. It may be eliminated 
by spiralling the armature slots. | 

In present-day practise it has been found more satis- 
factory for operating and economic reasons to vary the 
terminal voltage of the converter rather than change its 

ratio by flux distortion. This may be accomplished by 
the following means: 

j. Tap changing transformers or voltage regulators. 

k. Booster converters, in which a smal) alternator is 

connected in series with the converter. The voltage is 
controlled by manipulacion of the booster field excita- 
tion. In smaller machines the booster is usually a 
separate machine with a revolving field, but in the 
larger sets it is made integral with the converter proper 
and has a revolving armature. Direct-current boosters 
aare not as satisfactory since they have the disadvantage 
of a commutator capable of carrying the full converter 
output. 

l. Field controlled converters, in which a change in 

t he excitation changes the power factor. The reactive 
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component of current flowing through the external 
reactance of the transformers or of separate reactors, 
changes the voltage at the converter slip rings, and thus 
the d-c. voltage. 


Current Ratio. The current ratio of the synchronous 
converter follows from the law of conservation of energy 
d-c. output = a-c. input Xx efficiency (21) 
-Eoc I= pe, I, (1 — £) cos 0 (22) 
where 
cos 8 = power factor 
I, = eff. value of a-c. current 
¢ = rotational losses as per cent of a-c. input. 
hag TE 87 VZAL 
1 = Cos T 
p ( g) psin `p (1 — $) cos 0 


(23) 
The effective value of the slip ring current is the 
vector sum of the currents in the two phases connected 


to that ring. Its absolute value, therefore, is 
: 2r 
I'= I, ER 7) = 2 I sin —— 
= 2y2AlL 
~ p(1— ¢) cos 0 (24) 


Appendix II 
ARMATURE HEATING 


On the assumption of linear commutation and a 
brush overlap of b radians the direct current in the layer 


of conductors between adjacent brushes is a trape- 
zoidal wave as shown in Fig. 11. The Fourier series of 
this wave reckoned from the quadrature axis is 


_ 41, w sin (2x 1) 6/2 


tae = -9 (2x— 1? sin (2 x — 1) 
1 
(8-4 +p-5---5) (25) 
The alternating current in a phase is, in general, 
lac = a” I, sin m (wt + On) (26) 


If the phase belt has ¢ coils of pitch p m, uniformly 
distributed by the angle ø, then at any timet the position 
with respect to the quadrature axis of the (r + 1) th coil 
of the belt is, by Fig. 9, 


s= [ort a-o- e-n- Hro] (27) 
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The substitution of (27) in (25) thus specifies the 
direct current in the’ (r + 1) th coil at any instant. The 
resultant current in this coil is the difference of the 
alternating and direct current, and is 


ta = >- I,, sin m (wt + Om) 
1 


_ Al, sin (2 x — 1) b/2 
T j (2x — 1)? 
1 


sin (2 x — 1) 


é 


[ot-v- 6-0 +re] (28) 
The average loss per cycle for this r + 1th coil is 
W +i = arf Rintd (wd (29) 


where 
R = resistance of the coil. 


The substitution of (28) in (29) yields integrals of 
the following types 


fisinnax.dz = 1/2 fcostan.dzx = 1/2 
0 , oO . 


T r 
f sinaz.cosaz.dz=0 fsinaz.cosbz.dz=0 
ò 0 


T r 
f sinax.sinbx.dx =0 f cosax.cosbz.dz =0 
Ò Ò 


a #b (30) 
If, now, 2s -— 1, denotes those harmonics having the 


same order in both the m and x series; that is, those for 


which | 
m = (2k — 1) = (28-1) (31) 


then by the relations of (30) it is easy to show that (29) 
becomes 


sin? (2 x — 1) b/2 
(2 x — 1) 


sin (2s — 1) 6/2 
(2s—1)? 


4l, 
arb 


— R( 


where 


) >: T (20-1) 


cos (2s — 1) (An-1 +T) 


hehe: [ - (e- 1) -$--y- ba- | (33) 


The last summation of (32) can not, in general, be 
evaluated since its limits and arguments are all in- 
definite. But the second summation on the right of 
(32) can be evaluated by the methods‘of analysis shown 
in Appendix V. It 1s 


(4) 3 ge 
1 


(32) » 


2b 


aminan 


ST 
frr >b >0 

Since, in practise, b is of the order of 14 radian it is 
seen that the effect of brush over lap is to reduce the 
losses in a conductor by the order of 3 per cent of the 
total armature current heating. It is therefore of no 
importance. Obviously, since we have shown the effect 
of brush over lap to be insignificant for any conductor 
it will also be negligible for the whole armature heating. 
Let us then, for simplicity, pass at once to the limit by 
allowing b » 0 in our equations. Then (32) reduces to 


7 < RI; 
Wai = -3 Dele to 


1 
I, 
T >: I (28-1) 
The average heating of the whole armature is 


R x RI? 
= -7 nie ee 
1 


= RI: (1 


4 (34) 


cos (28 — 1) (Aw-1 +T 0) (38) 


— 2k (2s— 1) 


c—l 


W = >: Meet, 
0 
ae gis >: > I (20-1) 
| i (36) 


Effecting the r summation as shown in Appendix IV, 
we obtain 


R ~ RI? 
W =-5 Del. + i 
: | 


cos (2 s — 1) (Nu-i +70) 
(2s— 1) 


Cais 
= RIS lange ty cos (28 — 1) [Y + Or-1J 


(37) 
where - 


sin (2s—1)ca/2 
c.sin(28s—1)0/2 


It is very interesting to note from Equation (37) 
that the total heating may be reduced by introducing 
harmonic currents of proper phase angle, 62,-:, such 
that 

2 I o I 23-1 


DP 
7Qs— jle- cos (2 s — 1) [y + O24-1] > re 


C ale- 1) = 


(38) 
This inequality is a maximum for 
[Y+ 02-1] =0 or r corresponding to Cas- = (+) or (—) 


2 {a Cats-1) 
m (2 s— 1) 


Since the sinusoidal component of the a-e. current 
bears a fixed ratio to the d-c. current, it is not possible 
to meet conditions (39) with the fundamental. There- 
fore, segregating it, we have as the equation of minimum _ 
armature heating, 


Ia- = (39) 
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One way to cause such a to flow would be to 
introduce their order into the field form with proper 
phase and amplitude. The M (p) harmonics could 
not, of course, be introduced by this method, as was 
pointed out in Appendix I. Asan example, suppose we 
have a six-phase converter with transformer connections 
open-circuited to the third harmonics and its multiples. 
Let us assume infinite distribution and consider the 
effect of introducing fifth and seventh harmonic cur- 
rents in conformity with the “best compromise” con- 
ditions of Equation i Then 


RI} 2 


W min = PELC I, Ca COS [Y + 0) 


C? d(2e- ` d(2e-1)_ 
(2s— 1)? 


2 Ca = 0.966 X 7 


Cas = 0.966 x go 


(41) 


Therefore by (40) 


Tie 


W =R ae 


are (42) 


where the saving is 0.022 R I,?/4, entirely negligible. 
In the case of a particular conductor the conditions 
to be satisfied are 
Nee-1 + ro = 0 


21, 
tua = Fa — I 


(43) 


If these relations hold for every odd harrnonic from 
(1) to (œ) the heating in that paruowar conductor 
would be zero. 


But by Equation (22) this would require that 


medh s 21. not ii 


® p.sin_™_ (1 — ¢) cos 0 
p 


which is obviously possible only in the case p > œ, 
0 = 0, and ¢ = 0; that is: 

a. an infinite number of phases, 

b. unity power factor, 

c. zero losses. 

In this theoretical discussion of heat reduction by 
superposition of harmonic currents we have assumed 
the possibility of their introduction. Practically, 
however, the difficulties encountered are enormous. 

If the a-c. harmonics be neglected we have from (22), 
(35) and (36) 
RI? 

4 


8 A? 
(1 — ¢)? cos? 6 


W+: T 


p? sin? —^ 


(40) 
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16 Acos (A; + roa) 


(45) 
xpsin_™_ (1 — ¢) cos 0 
p 
TE o ae ee 
OM ae pa 
p 
_ 16 A Ca. costly + 0l __ (46) 


m psin_™ (1 — ¢) cos 0 
p 


The usual text-book expressions are obtained here- | 
from by introducing the following simplifying as- 
sumptions. 

1. Normal voltage ratio, A = 1 

2. 100 per cent pitch, p = 1 

3. Infinite distribution, e = 0, c = œ 


4. r=roa-—(c— 1) —— = position of a coil from 


middle of the phase belt 


wo . Rit |14 llm 
mı = | p? sin? L (1 — £)? cos? 6 
p 
i 16 cos (T — 0) (47) 
T p sin —— (1 — ¢) cos 0 
p 
w =- Iè ) 1+ > 
— 4 p? sin? _™_ (1 — t)? cos? 0 
16 
d= 


The sensitivity of the heating to the power factor 
(cos 0) requires that the converter be run at or near 
unity power factor. 

It is obvious from Equation (47) that the heating is a 
maximum at one or the other of the outside conductors 
of the phase belt; that is, at the “tap” coils. At unity 
power factor it is the same for both tap coils, but at any 
other power factor it is increased at one tap and de- 
creased at the other. 


Appendix III 
ARMATURE REACTION 


Polyphase Armature Reaction. Each armature coil 
of n turns, pitch pr, and instantaneous current 1 
gives rise to the rectangular wave of m. m. f. shown in 
Fig. 12 whose Fourier series is 


Jats 


a 
where a is the space angle measured on the armature. 


sin k 7 2 


F, = ~~ —- SIN K p 


To. l 
5+ SINK a (49) 
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The total m. m. f. of a phase belt of c such coils 
a distributed oa the angle ø is 


c— 1 


siner? 
SS sin E ain pF 


sin k (æ — r o) (50) 
Evaluating the r summation by the method of 
Appendix IV, 
4 o.w si 2. 
F, = = ne SSE sin K p> 


] 
in’ ! 
sinke 2 sin x | a - (c — 1) —- ] 


sin k a /2 
The displacement angle «x (c — 1) o/2 may be elimi- 
nated by choosing the reference axis at an angle 


(51) 


(9 — 1) r/2 from the midpoint of the phase belt. 
Then by (10), (11) and (20) we get 


_ 4 a sin x 7/2 
F, = mr e >: > ae ai Cox Cax Im sin m 


1 1 
(wt + 6,,) sin kK @ 


o0 o0 . 
sin « T/2 
‘aa 


1 1 
Cox Car Im {cos [ka — m (wt + On) | 
—cos[ka +m(wt+ O0n)]} (52) 
In this expression the angles for which 
cos [ka—m(wt+ 6,)] =1 
(53) 
eos[ka + m(wt + 6,))] =1 
are 
a=m(wt + O6n)/k } 
a=—m(wtt 6,)/k (54) 


and these angles move around the armature with the 
da/dt = 


velocities 
M wW/'K 
da/dt = — m w/k 


That is, the pulsating m. m. f. of amplitude 


(55) 


( + Cpr Cak Im/K ) cn 


has been decomposed into two traveling waves of half 
this amplitude rotating in opposite directions at equal 
speeds. 

If the machine has p phase belts per pair of poles, 
supplied by a balanced symmetrical p phase system of 


polyphase currents, then both the time and space angles 
between adjacent phase belts will differ by the angle 
2 m/p. Thus to specify the m. m. f. of the qth phase 
belt, decrease both œ and wt in (52) by the angle 


2r q/p. The total m. m. f. for all p phases henag 
-1 o0 


Haa > > Sinan ie Coe Ce, I. 

[co[e(o- 228) -m(ot- 220 40] 
“caf Caer ) +m(wt- a + 6,, ]| 
> > Sin aa/e Con Cox Io 


p-1 
27 
| cos [k a — m (wt + On) ] Š a COS (m — K) - 


27 q 


22 an 
-Or 


0 
p-—1 


— cos [ka +m (wt + On) ] X acos (m + x) 2rq 


0 
p-1 


— sin{kxa—m(wt + i? PEE C E 


a 


— d a i On) ] Š esin (m + k) —— 


2rd i 
0 


(56) 
But by Equations (101) and (102) 
9-1 l 
l p if (mix)=M(p) or 0 
Soma otre | , 
z p 0 if (m+x)¥M(p) or 0 
(57) 
p= 1 | 
S sin (m + x) ET = 0 (58) 


(0) 
Hereby Equation (56) reduces to 


2 = “ sin K 7/2 
Pe. pen yi. eal Cox Cix Im 
1 


1 
{cos [k'æ— m (wt + m)]— cos[r a +m (wt + Om)]?} 


(59) 
where 
k’ = any value of k for which + (m — k) = M (p) or O \ 
k” = any value of k for which (m + k) = M (p) 

(60) 
It is to be understood that the summation Is carried 


out with respect to these particular values x’ and x” 
of x only. 

For a single-phase machine x’ and x” include every 
integer value, and each may therefore be replaced by 
x. It is then the equation of two traveling waves of 
equal amplitude rotating in opposite directions at equal 
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speed. Their combination gives a standing wave of 
twice the amplitude. This means that in the single- 
phase machine there is no rotating component of arma- 
ture reaction with respect to the armature. 

Equation (59) gives the armature reaction with 
respect to the armature. It is necessary, however, to 
have it with respect to the field. Let time be counted 
from the instant that the phase is in its mid-position 
about the pole. Now the armature is running back- 
wards at synchronous speed wt relative to the poles 
(since in our convention positive rotation is the direc- 
tion of rotation of the fundamental rotating field of 
armature reaction); so that the armature reaction 
stationary in space at any angle 8 from the quadrature 
or interpolar axis is given by the substitution 


a= wt+ß (61) 
Then (59) becomes 
Tm ~ sin K T/2 
Sr De D y O Cala 
1 1 
{cos [ (xk’ — m) wt + K'B— mOn] 
— cos [ (K” +m) wt + k”B +m 8] } (62) 


where 
Z = 2 pcen = total conductors per pair of poles. (63) 
By the definitions of x’ and x” it is seen from (62) that 


the only sets of terms that contribute to the polyphase 
armature reaction are: 

a. Those of constant magnitude, 
(x'’—m) =0 

b. The M (p) time harmonics, defined by (x’ — m) 
= + M (p) and (K” + m) = M (p). (64) 

Terms of the form x’ — m = — M (p) are can- 
celled out by corresponding terms in x” + m = M (p). 
All even values of x are wiped out by the factor sin « 7 /2. 
Therefore the only terms that need be considered are 
those for which x > mand odd. 

The components of m. m. f. in line with the interpoles 
and main poles are referred to as the quadrature and 
direct components respectively. They are given by 
B =0 and ß = 7/2 respectively, and are, for the 
fundamental current, ‘ 


defined by 


ZI, “ sin K T/2 
Fe = T >: K 


os 


Cox Cax 


ig oo 
ne eon 
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{eos [ (x’— 1) wt— 0,] — cos[ (x” +1) wt + 4,) } 
ZI, 


= Ca Ca cos 6, (65) 
ZI; sin? K 7/2 
Fp = = Ne k Cox Ca 
2 
{sin [(«” +1) wt + 0] — sin [(x’— 1) wt— 4) } 
ZI 
+ —=— Ca Casin 0, (66) 


The average over a pole pitch is 
w/2 


Fdp = 


Z I, Cr Ca Cos 6, 


2 
T --x 12 T 


9 o0 
+ peg Z I 1 Ne 

2 
{eos [ (k’— 1) wt— 0] — cos[ (x” +1) wt + 81] } (67) 
The D-c. Armature Reaction. It is convenient to 
consider the top layer of conductors connecting adja- 
cent brushes as a “‘phase belt,” having its returns in the 
bottom layer of conductors an angle p m ahead. The 
d-c. armature reaction may then be calculated as for 
two such “phases,’”’ displaced by 180 deg. in space from 
each other, and carrying currents in opposite directions; 
thus, in a sense, also 180 deg. out of phase in time. 
Equation (52) gives the armature reaction of a phase 
belt carrying acurrent:. This equation can be applied 
to determine the d-c. armature reaction, if the tooth 
pulsations and brush overlap be neglected, and the 

following substitutions made: 


I, 
a 
a 


sin? x r/2 
aaa sa Cex Cag 


d-c. brush current 

I,/2 for the first belt 

— I,/2 for the second belt 180 deg. 
from the first. 

= Z/4 conductors per belt 


sin x 17/2 
= (Z/4 n) sin (2 xn r/Z) 


cn 
(68) 
Can’ 


sin x 7/2 


Z 
Z n for ir large 
Then the armature reaction for the two belts is 


Z I. 
2T 


oo . 
sin K 7/2 
ioe aie 
K 
1 
[sin x a’ — sin k (a’ — r) ] 


4 


Cox Ctx f 


sin K T,2 


Cox Cie sin K a’ (69) 


1 
where a’ is reckoned from an angle (p — 1) 7,2 behind 
the midpoint of the belt. But from Fig. 10 it is seen 
that the origin of a’ is at an angle y + r/2 ahead 
of the quadrature axis,-so that 
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'=B-y- 7/2 
Equation (69) then becomes 
Z I. 


T 


(70) 


~ sin? 2 
F’ = Se Cox Cag! COS x (B — y+ 7) 
1 
(71) 
For infinite distribution and unity pitch (71) reduces 


to 
o0 


ro- tN, 


1 
By Equation (110), Appendix V, the value of this tri- 
angular wave over a certain range of its angle is 


F’ ZI. 1 2 
ory <a, 4 H T (8 — yp) 


for 0 > (8— y) >-r 
Hereby the quadrature and direct components of d-c, 
armature reaction are 


cos (2 k — 1) (8 — y4) 


(2x— 1) (72) 


(73) 


a ZI, 24 
pe =r | -=-= (1-—) w 
6 =0 
7 ZI, 24% 
Pese ae alae (75) 
+ B= —r,2 


The Resultant Armature Reaction. The resultant 
armature reaction is the sum of the a-c. and d-c. re- 
actions as given by Equations (62) and (71). 

It is 


Fr = am : pes Con Cag Im 
1 1 


{cos [ (k’— m) wt + x’B—m @,, ] 
— cos [(K" +m) wt +x"B +m ên] } 
Z ~ sin? «7/2 
+ os Ne ~~ CaCa Lo COS k (B— y +r) 
1 
(76) 

Or for 100 per cent pitch, infinite distribution and 

the fundamental current only 


o% s 
Z sin? x T/2 
T? > K? 

1 


(cos [ (x'— 1) wt +K'B— 8] 


KT 


| ipsi 


— cos [(k" +1) wt + K"B + 6:]) —2I,cosk (B— 4) | 


(77) 


The quadrature and direct components are given by 
substituting 6 = 0 and 8 = 7/2 respectively; or can 
be obtained by adding the corresponding components 
of the a-c. and d-c. reactions from Equations (65), (66), 
(74), and (75). Thus, using (23) 


2 cos 6, 
mcos 60° 


0 
a 
2 


koea 1) wt— 0,]— cos [(K" +1) wt + "AN 


(a-n 


sin K w/p.sin? x 17/2 
K? sin T/p 


Z I. 
Paa = | 


2 A 
m? cos 6 


+ 


(78) 

F _ Z I, 2 sin 6, a 1 

ww =o) reso 4+ oy | a. 
2 A i sin K T/p . Sinx 7/2 
t-a cosô > K? sin T; p 
2 

(sin [(x’ — 1) wt— 6,] — sin [(x” + 1) wt + 08.)) 

(79) 


Since k is always odd, and since «x + 1 = M (p) by 
the definitions of k’ and k”, it follows that 
sin [M (p) + 1] 1/p 


= seo ye +1 
sin 1 /p 


sin K T/P 
sin T/p (80) 
where the — sign is to be associated with k” and the 
+ sign with k’. 

Except in the case of the booster and regulating pole 
types of converters, the distortion of the field flux is 
negligible, so that the voltage is practically zero at the 
instant that the phase is central with the pole. It is 
evident, therefore, that the angle 0, is nearly the 
same as the power factor angle 6. Then for the simple 
converter (78) and (79) simplify to 


Z I. 2 m—2y 
ea, he a ( 4r Ja-» 
2 A ue sin? k 7/2 


K 


+ TN? COS 0 amd K? 
2 


x (cos [(k’ — 1) wt— 0] + cos[(x” + 1) wt + 91) | 


(81) 
Re E as) mT? n a ee ES, 
2A sin K 7/2 


Ea K 
+ T? COS O mud K? 
2 


X (sin [(k’— 1) wt— 6] + sin [(x” + 1) wt + @)) | 


(82) 
Now k + 1 is always even, and since k’ and k” are 
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only particular values of k it follows that the harmonics 
of armature reaction are always even and M (p). Also, 
for every k’ — 1 term there isa k” + 1 term of the same 
order, because for every value of M (p) values of k can 
be chosen such that k’-— 1 = M (p) = k" + 1. 

Thus the armature reaction of a converter consists of 
a steady term and a series of even M (p) harmonics. 
The pulsations in the m. m. f. due to these harmonics 
show up in the oscillograms as the so-called ‘‘tap 
ripple.” This ripple is not present at zero load be- 
cause the armature reaction is then zero. In the case 
of the quadrature reaction these pulsations occur under 
the interpole and seem to have some influence on 
commutation. 

For unity power factor and zero brush shift the steady 
term of the direct component of armature reaction 
disappears; but contrary to general opinion the quad- 
rature component does not vanish under these 
conditions. 

Chief interest lies in the quadrature component since 
it acts on the neutral zone and must be compensated 
by extra turns on the interpoles. As an instance, take 
a six-phase converter for which ¢ = 0, 6 = 0, y = 0, 
and A = 1. Then its quadrature component of arma- 
ture reaction is 


Fs, = Z I. { 0.037 + 0.018 cos6 w t + 0.003 cos 12 wt 
+ 0.001 cos18wit+...} (83) 


Thus a 6th harmonic pulsation exists of about 14 
the magnitude of the steady term. Due to this pulsa- 
tion the armature reaction varies from about 10 per 
cent to 20 per cent of the d-c. armature reaction. Of 
course the ordinary series winding of the interpole does 
not neutralize these pulsations of m. m. f. 

In design the average armature reaction over a pole 
arc is used as a criterion of the demagnetizing effect of 
the armature. If 2 A is the pole arc, then by (77) the 
average m. m. f. over this arc is 

w/2+X 


Z wo sink w/2 
ZAT >" K? 
1 
(sin [(«” + 


Cox Sin K À Lr psin 2 
p 
1) wt + 0.) — sin [(k'— 1) wt— @,)) 


— 2 [sink y | (84) 


For zero brush shift, normal voltage ratio, full pitch, 
fundamental only, and Equation (23) this reduces to 
2 ZI, sind 
mw? (1—¢) A 


F tan 0 


4 ZI, m sin a 7/2 
rm (=p) a 


(85) 
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where 
__pole arc — are 
“pole pitch pitch 


= 2/3 this gives, 


(86) 


Fora 
Z I. af I, tan @ 
(1— ¢) 4(1—- t) 
Appendix IV 
THE DISTRIBUTION SUMMATIONS 


The distribution of the armature coils leads to the 
two following definite series: 


c-—l c—l 
= Lrsinn (x tro)andy, = Lrcosn (x +70) 
0 0 


(88) 


(87) 


Expanding, 
c-l 
Yı = Èr (sinnz.cosnro + cosnz.sinnra) 
(0) 
c—l c-l 
=sinnz Lrcosnrag +cosnz Lrsinnra 
l v (0) 


Bsinnzx+Acosnz 


= /A?+B sin (nz + tan) = C sin (n x + £8) 


(89) 
Likewise 
= C cos (n x + B) (90) 
where . 
c—I1 e on 
A = Lrsinnro, C = vV A?+ B? 
Pas . (91) 
B= 2 cos nr o, B = tan~ (A/B) 


The A and B summations may be evaluated geo- 
metrically from Fig. 14, where the vectors have unit 
length so that their projections on the x and y axes 
are the cosine and sine respectively of their direction 
angles nro. The figure has been drawn for four 
vectors, but the argument holds for any number of 


vectors, c. From the figure the following relations are 
evident. 
_ ne 
= 1/2 sin > (92) 
= (m —cno);/2 (93) 
y = (t — n o);2 (94) 
no 
B=a = (c — 1) "age tan~! (A/B) (95) 
E T ee Cos (r 2 c if a)/2 _ sin cn oe 
sinna,2 sinno/2 
(96) 


Therefore 
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c— 1 


sincena/2 . 
y= Xp sing (2 tro) = anno? sin n 
(0) 
f T 
[ = + (c — 1) 3 ] (97) 
c— 1 : /2 
a sin cn o 
Y: = > cos n (x +roa) = nng a En 
0 
eats o 
[=+ (c — 1) > ] (98) 
Now if ¢ = 2 r/c 
sincna/2 sin n 7 T ï er 
snno/2 ~” sinnr/e TSH” (e)or0 (99) 


But if n = M (c) or 0 the fraction is an indeterminate 


which must be evaluated by differentiating numerator 
and denominator, thus 


D, sin nr CT COSNT 
~ D,sinnar/e meosnrt/e 
(c) 


n =M 


sin n T 
sin n m’c 
(100) 
Then in the limiting case of x = 0 and o = 2 r/c 


c— 1 


, Sinar T 
ae E TET sin n (c — 1) ——— 
sin n r/c c 
(6) 
sin Nn T , nN nt 
= ————— (sin n r . cos —5~ — cosn r . sin — 
sin n rc 2 c 
= 0 (101) 
c-1 £ 
Dò Snn 7 ( 1) T 
cosnro = —.-— cosn (c — 1) —— 
paa sin n r/c c 


sin n 7 nr , NT 
= — ~~ \cosn tT .cos—— +snn rt .sn —— 
sin n T/C c c 


= Oif n = M (c) or 0 
| (102) 


= cifn = M (c) or 0 


Appendix V 


sin? (2 n — 1) x/2 


SUMMATION OF THE SERIES > (2n— 1) 
1 


The Fourier Series of a periodic function is 


f(z) =a. + $, (a, cosnx + 5, sin n zr) (103) 
where | 
1 T N 
Qo = zr SI@ .dz 
a = J f(e).cosnz de (104) 


| 
| 
ae: f ee | 
pa Jeanna x 


For the case of the trapezoidal wave of unit amplitude 
shown in Fig. 15 we find that 


8 ~ sin (2 n — 1) b/2 .sin (2n — 1)z 
f@)=—- D b(2n— 1) 


1 
(105) 
If b = 0 it becomes a square wave: 


4 wy sin(2n—1)z 
S, mer = fore > 2 >0 


h) = (2n—1) 


(106) 
If b = vr it becomes a triangular wave: 


ites 8 S. sin (2 n — 1) 7/2.sin(2n—1)z 


T? (2n — 1)? 


1 
(107) 
The sum of the required series can be obtained by 
three successive integrations between the definite 


limits of 0 and x of the square wave equation, and using 
the triangular wave equation to evaluate an inter- 
mediate series introduced by the first integration. 
Thus: 


fias- f- 
1 


' O 4 a cos (2 n — 1) zx 
a > (2 n- 1)? 


a sin (2n—1)2 d 
> Gaal S7 


———. _ eee - qan. 
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’ 


4 1 
-r D eny (108) 
1 


But substituting x = 7/2 into the triangular wave of 
unit amplitude, Equation (105), we get 


T 8 ~ 1 
Wa )- ar Denon =} (09) 
1 
since fe (x) = 1 at x = w/2. Therefore (108) 
becomes 
W 4 cos (2n—1)2 110 
2 TIS r a" (2n—1) aes 
1 
iita 
š 2 
A A wy cos(2n—-1)2 
E J T >» (2 n-— 1)? ve saan 
1 
a x l r , 1 — cos (2n— l)zx 
4 #6 ` r > (2n—1)4 
1 
8 wy sin’? (2n—1)2/2 
~ ar > (2 — 1) ae. 
1 
Therefore the required series is 
S sin? (2 n — 1) x/2 T? x? w x ii 
*— 2n- 7 32 ~ 4 coe 


LIST OF SYMBOLS 


b = Brush width expressed in electrical radians: 

B, = Amplitude of flux density for the «th harmonic 

c = Coils per phase belt | 

C = Pitch factor of the «th harmonic 

Ci, = Distribution factor of the «th harmonic 

e = Instantaneous voltage induced in a coil 

e, = Instantaneous voltage induced in a phase 

E.. = D-c. induced voltage 

E, = Effective value of the fundamental of a-c. 
induced voltage 


F = Polyphase armature re- Subscript D for 
action direct component. 
F’ = D-c. armature reaction Subscript Q for 


F., = Resultant armature re- quadrature com- 
action ponent. 

lac = Instantaneous a-c. phase current 

I, = Fundamental of a-c. current (eff. value) 

Im = Amplitude of the mth harmonic of a-c. current 

Io = D-c. brush current 

m = Time harmonic of the a-c. current 

M ( ) = Multiple of ( ) 

n = Number of turns per coil 

p = Number of phases per pair of poles 

r = Index for the (r + 1)th conductor in a phase 
belt 

R = Resistance of an armature coil 
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t |= Time counted from instant when the phase is 
centrally located with respect to the poles 

Z = Total number of conductors per pair of poles 

a@ = Space angle measured on the armature 

B = Space angle measured on the field 

yx = Flux shift of the xth harmonic of flux distri- 
bution 

A = Distortion factor of the converter 


¢ = Rotational losses as fraction of the a-c. input 
0m = Phase angle of the mth time harmonic of a-c. 
current 

0 = Power factor angle 

k = Space harmonic 

x’ = Any value of xforwhich + (m—x)=M (p)or0 

K” = Any value of « for which (m + x) = M (p) 

p = Pitch expressed as a fraction 

t = Position of a coil from the middle of the phase 
belt 

= Distribution angle of the coils 

Brush shift from neutral position 

2 mt f = 27m (frequency). 


| 
Il 


Discussion 

E. B. Shand: From the standpoint of practical design 
calculations, I believe that the formulas in the complex forms 
given are not generally applicable, due to the fact that the 
accuracy of design calculations is limited by a number of factors 
not considered in the paper. An instance of this may be found in 
Equation (20) for voltageratio. This expression may be simpli- 
fied very greatly by introducing coefficients obtained directly 
from the converter field form without going through the 
process of actual harmonic analysis, which have a greater degree 
of accuracy than those of the calculated field form. 


The expressions for the armature-loss constants vary from 
those ordinarily employed in that the effect of non-sinusoidal 
alternating currents is included. In working with converters 
the difficulty in determining actual armature losses is due to the 
fact that the phase relations between the alternating and direct 
currents within the armature are not expressed completely by 
the phase angle of the currents at the collector rings, due to the 
internal phase displacement within the converter itself. This 
difference in loss may he greater than 50 per cent in certain cases. 
Certain data and the manner of estimating the armature losses 
under these conditions have already been published.' I believe 
that Equations (45) and (46) should be modified to allowf or these 
condit ons. l 

In the discussion of armature reaction, it is stated that “the 
6th harmonies of m. m. f. are responsible for the ‘tap-frequency 
pulsation’ in the external circuit of the converter when it is 
loaded.” In my own experience with converters I have often 
found this pulsation to be just as great with no load on the con- 
verter when the reaction should be negligible, as with full load. 
This would preclude the generality of the above statement. In 
cases given some investigation, it has heen found that the pulsa- 
tion was due mainly to the fact that the converter with its 3rd 
and 5th, (ete.) harmonies in the generated voltage wave had 
been connected to a power system of low impedance and with a 
voltage closely approximating a sine wave. The harmonies had 
therefore to be absorbed to a large extent within the converter 
itself by pulsating fluxes produced by harmonic currents. These 
pulsating fluxes generated the voltage variations found in the 


d-e. voltage and which naturally must repeat themselves with 


1. ‘Operation of Synchronous Convertersat Reduced Voltages”, Electrical 
Journal, Dec. 1924. 
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every tap. These harmonic currents are particularly apparent 
when the converter is operating at very light loads. 

One more comment might be applied to the paper in a general 
way. Its usefulness would probably be increased if the symbols 
used in the appendices were more completely defined. 

Quentin Graham: I note that the authors have not dis- 
cussed the average heating, or total loss, of all coils in the con- 
verter. They .have shown very clearly how the heating of 
individual coils varies with coil position and power factor and 
might easily have gone a step further and included the average 
heating or loss. The latter is important if the efficiency is to be 
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Fig. 1—Curve Suow1ina AVERAGE HEaTING or Loss 
CONSTANT FOR 6-PHASE SYNCHRONOUS CONVERTERS WITH 
EQUAL INPUT AND OUTPUT 


ealeulated under various conditions. Iam submitting herewith a 
curve, Fig. 1, which shows the average heating constant for six- 
phase converters with the assumption of no rotationa losses, and 
another set of curves. Fig. 2, shows the variation of the heat- 
ing constant for six-phase converters under conditions of varying 
power factor and varying ratio of d-e. to a-c. power. The 
authors’ equations contain a factor which depends upon this 
ratio although it is defined in terms of efficieney or rotational 
losses. If the ratio of d-c. to a-c. power is allowed to vary 
through a wide range as in Fig. 2 the results are applieable to 
eases in which mechanical power is either put into or taken out 
of the shaft. Such curves are useful in connection with booster 
converters, for example, in which the booster machine is coupled 
to the converter shaft. 

It is interesting to note that the minimum heating or loss does 
not oceur when the input and output are equal, but that a small 
amount of power put in through the shaft is necessary to reach 
the minimum point on the curve. As the power factor becomes 
lower the minimum point recedes farther from the point of pure 
converter operations. 

L. V. Bewley: The equations in this paper were derived to 
show explicitly the several factors which influence the eharacter- 
isties of the converter, and were not intended to be direetly 
applicable to routine design calculations. 

The angles Ôm and @ refer to the displacement. of the currents 
in the phase belts. The heating is a minimum when 0 =0; 
although, as Mr. Shand points out, the external power factor of 
the machine will be lagging under these conditions due to its 
internal reactances. 

The tap-frequency pulsation is caused by the harmonies of 
armature reaction and by a variation in the impedance drop of 
the alternating currents between brushes due to the transition 
of the phase belt across the brush. 1f the field form contains only 
the fundamental and M (p) flux harmonies and if tbere are no 
harmonies in the applied voltage, then the tap-frequency pulsa- 
tion varies with the alternating current, and is zero at no-load. 
But if the field form contains other than the M (p) flux har- 
monies, or if there are harmonics in the applied voltage, then one 
component of the tap-frequency pulsation will be practically 
independent of the load. In many machines this latter condition 


predominates. The effects of the variation of the resistance in 
causing these pulsations has been very fully diseussed by Mr. 
Neville in the November, 1917 issue of the Electrician, London, 
England. We have to thank Mr. Shand for bringing this 
question up in the discussion. 

The average heating of the whole armature, which Mr. 
Graham asks about, is given in Equations (36), (37), (38), (39), 
(40), (46) and (48). 

Equation (23), which gives the current ratio, contains a factor, 
¢, which takes care of the rotational losses of the machine. 
The booster converter may be considered as included in our 
equations if ¢ is taken as positive when the booster generates 
and as negative when the booster motors. 

Also, in addition to what Mr. Graham brings up, if vou 
want to carry things further and take up consideration of the 
variable-ratio or split-pole converter, the distortion of the flux 
causes motor or generator action depending upon whether the 
distortion factor A is less than, or greater than, unity. This 
is easily seer by averaging the armature reaction from the center 
of a main pole to the center of the next adjacent main pole. This 
average armature reaction, which is a measure of the torque, 
involves the expression [A/(1 — ¢) — cos y]; it thus depends 
upon the distortion of the field form, the mechanical torque on 
the shaft, and the relative shift between flux and brush. Our 
equations are therefore rather general and easily extensible to 
other types of converters, although we specified that the scope of 
the paper was confined to consideration of the simple converter. 

T. T. Hambleton: | agree entirely with Mr. Shand that the 
complication involved in the formula which we have developed 
would render it unsuitable for ordinary everyday use. The 
formula we already have in use is good enongh. 

There is another point of interest in addition to those men- 
tioned by Mr. Graham relative to armature heating. This is a 
comparison of the increase in armature copper loss of the con- 
verter and other machines carrying only alternating currentas the 
power factor is lowered. 
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Fig. 2—Curve SHowinG AVERAGE HEATING or Loss 
CONSTANT FOR 6-PHASE SYNCHRONOUS CONVERTERS FOR 
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For values of the abscissa above 1.0 the converter performs some mechani- 
cal work (either externally or in overcoming rotational losses). For values 
below 1.0, some powor is put in through the shaft. 


A curve may be drawn using power factor as ordinates and 
per cent increase in copper loss as abscissas. 
these curves are as follows: 


A few points on 


Converter heating A-c. machine heating 


Power factor (tap coil), per cent (all coils), per cent 
1.00 100 
9.97 106 
0.95 111 
0.90 123 
0.80 375 | 156 


This shows why the converter is essentially a unity-power- 
factor machine and illustrates the danger of departing from 
specified power factors. 


Constant-Current Regulating Transformer 
Characteristics 


Special Tests Show Radical Differences From Conventional 
Assumptions | 


BY H. C. LOUIS: 


Member, A. I. E. E. 


Synopsis.—It has generally been assumed that the total losses of a 
constant-current regulating transformer remain practically constant 
for all loads. Performance and test calculations have accordingly 
heretofore been made according to well-known conventional methods 
from the segregated losses determined from test or design data, 
assuming total losses constant. Extensive tests described in the 
paper show, however, that these losses are not necessarily even 
approximately constant, but for some transformers vary greatly with 
the load, the total losses at light loads greatly exceeding those at full 
load. 

The tests further show that the increased losses produce increased 
temperature rises at light loads, which may be sufficiently excessive to 
endanger the apparatus, although the same transformer may be able to 
carry full load with normal temperature rise. 

The increased total losses and temperature rises at light loads are 
shown lo be due largely to the increase of stray load losses with 


decrease of load, caused mainly by the leakage flux inducing excessive 


HE general theoretical principles usually accepted 
and applied to performance calculations and tests 
of moving-coil constant-current transformers have 

been based on certain conventional assumptions which 
have heretofore been generally accepted without 
question. It has generally been assumed that the total 
losses of a constant-current transformer remain prac- 
tically constant for all loads, that is, for all coil positions. 

The reasons for this are based on simple fundamental 
considerations. Inasmuch as the applied voltage 
remains constant for all loads, and the resultant mag- 
netic flux nearly so, it seems reasonable to assume that 
the core loss should also remain practically constant. 
Furthermore, inasmuch as the current in both primary 
and secondary remains practically constant, changes of 
load being changes in secondary voltage effected by 
variation of leakage reactance with position of the 
coil producing power factor changes only in current, the 
copper losses should also be practically constant. It 
was also assumed that the stray load losses did not vary 
greatly with the load. 

The more exact reasoning leading to the assumption 
of constant losses is that the iron loss and copper loss 
both vary somewhat, but in such a way as to keep the 
total losses practically constant. Under the condition 
of full load, the magnetic leakage is a minimum, the 
entire magnetic circuit is excited to nearly its maximum 
density, and the core loss a maximum. At reduced 

1. Both of the Consolidated Gas, Electric Light and Power 
Co., Baltimore, Md. 
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circulating currents in the laminations and structural parts of the 
transformer, such as the cage. Exploring coils and iron filings were 
used to investigate the amount and direction of the leakage fluz. 

Performance specifications should be based on the actual total 
losses for all loads and not on the conventional assumption of 
constant total losses, as has been done in the past. 

It is pointed out that the characteristics described depend somewhat 
on the design, other features besides liberality in the use of materials 
being of importance. Consequently, measures should be taken by 
designers to correct these undesirable characteristics as much as 
possible. Users not only desire the most highly efficient apparatus 
consistent with cost, but must have apparatus of the highest reliability 
under all possible conditions, which cannot be expected of constant- 
current transformers endangered by excessive temperatures at light 
loads. The characteristics discussed are, therefore, not only of 
theoretical interest, but also of considerable practical interest to both 
designer and user. 


loads, more of the flux passes across the open space 
between the legs, thus reducing the flux in parts of the 
core, consequently, decreasing the core loss. So the 
core loss would be greatest at heavy loads, and slightly 
lower at light loads. Considering the copper loss, the 
I? R component remains constant, but the eddy current 
component is less at full load and slightly greater at 
light loads. On this basis the total losses would be 
practically constant for all loads. 

Performance and test calculations were therefore 
formerly made according to well-known conventional 
methods from segregated losses determined from test or 
design data. The segregated losses were determined 
under conditions corresponding to full load, and the 
values thus determined used as the losses for other loads 
as well as for full load. 


ACTUAL CHARACTERISTICS DIFFER GREATLY FROM 
THEORETICAL 


Tests made by the writers, however, showed that the 
total losses were not necessarily even approximately 
constant, but for some transformers varied greatly with 
the coil position and consequently the load. In most 
cases the losses at light loads were found to greatly 
exceed those at full load. This condition is contrary 
to the usual performance of most electrical machinery. 
This increase of losses with decrease of load is plainly 
shown in Fig. 1. 

This deviation of actual performance from that 
conventionally assumed is not only cf theoretical in- 
terest but of great practical significance to both manu- 
facturer and operator. It means that the losses at light 
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loads are much greater than supposed, consequently the 
cost of supplying these losses appreciably increases the 
cost of current supplied to series lamps. It makes it 
desirable for users to operate constant-current trans- 
formers close to full load but this is not always practical 
under actual conditions. 

Standard tests and manufacturers’ guarantees have 
been based on the assumption of constant losses. This 
has given misleading fictitious values for the losses and 
efficiences at the lower loads. Referring to Fig. 1, at 
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full load the losses are two kw. and the efficiency 96 per 
cent according to both methods. At one-quarter load, 
the actual loss is four kw., that is, twice that assumed 
by the conventional method, and the actual efficiency is 
76 per cent as against 86 per cent based on the conven- 
tional method. 


TEMPERATURE CHARACTERISTICS UNUSUAL 
Another consideration which is exceedingly important 


is the effect on the temperature rise of the transformer. — 


The increased losses will produce increased temperatures 
at light loads, which may not only exceed the tempera- 
ture guarantees, but may endanger the apparatus. 
Conventional temperature tests on constant-current 
transformers were formerly made under conditions 
corresponding to full load. Tests made by us, however, 
showed that temperature rises were higher at light loads 
than at full load due to the greater losses at light load. 
Transformers which have satisfactorily passed the 
standard temperature tests may develop excessive 
temperatures at light loads. This is shown in Fig. 2. 
This condition is contrary to our usual experience with 
electrical apparatus, which is that temperature rises are 
ordinarily greater at heavy loads than light loads. 

Due to the arrangement of circuits, changing load 
conditions and necessary spare capacity allowances, it is 
not always practical to run all constant-current tranş- 
formers at full load, but many of these must be run at 
light loads. Consequently, some of these may overheat 
and ultimately break down, even though they may be 
able to operate satisfactorily at full load without reach- 
ing excessive temperatures. The transformer of Fig. 2 


shows a temperature rise in the iron of 55 deg. cent. at 
full load, which does not exceed the normal allowable 
limit. At one-half load the rise is 86.5 deg. cent. and at 
one-quarter load the rise is 93.5 deg. cent. which greatly 
exceeds the allowable limit. 


FACTORS AFFECTING THESE CHARACTERISTICS 


This variation of losses with load is more marked in 
some transformers than in others, depending somewhat 
on the design. As some of the older transformers were 
designed along very liberal lines, this variation was so 
small comparatively, as to justify the assumption of 
constant losses. The variation is most marked, how- 
ever, in modern designs in which materials are worked 
to the limit, a condition typical of modern design in 
general, brought on by economic necessity and the stress 
of competition. 

Liberality in the use of materials is not the only factor 
affecting the performance as described, but there are 
other factors which play an important part. We made 
a number of tests trying to analyze some of these, and to 
find some of the underlying causes and provide a theory 
to account for some of the particular characteristics 
described. 


STRAY LOAD LOSSES 


The results of our tests indicate that the stray load 
losses are mainly responsible for the effects described. 
The leakage fluxes vary greatly in amount with the 
load, causing the stray load losses to increase greatly 
with decrease of load. In some cases these may equal 
or exceed the total of the other losses. In most elec- 
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trical apparatus the stray load losses, which are small at 
light loads and greatest at heavy loads, are usually 
considerably less than the other losses. 

The direction of the leakage flux has a very important 
bearing.. As shown in detail later on, the leakage flux 
leaves the laminations not only by the edges, but a 
large proportion of it leaves from the sides perpendicular 
to the plane of the laminations, producing a heavy eddy 
current loss in these, with consequent heating. 
Furthermore, this is the part of the leakage flux which 
is most likely to encounter in its path metallic struc- 


Feb. 1927 


tural parts of the transformer, thus producing eddy 
currents in these parts. Fluxes leaving in the direction 
of the edges will produce comparatively small losses of 
this nature. 

The total effect will therefore depend greatly upon 
the distribution of leakage flux resulting from the 
design. As the leakage flux increases with decrease of 
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load, a transformer in which much of the leakage flux 
passes from the sides of the laminations will show 
greatly increased losses of this nature at light loads. 

A marked example of losses in structural parts of a 
constant-current transformer was the stray load loss in 
the protective cage, which was greatest at light loads, 
tests showing the large value of 34 kw. When the cage 
was removed, this cage loss was eliminated. Fig. 3 
shows how the cage affected the total losses and the 
efficiency for various loads. 

This"marked variation of large stray load losses with 
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toad will therefore largely account for the great variation 
of total losses with load characteristic of some constant- 
current transformers. When the stray load losses are 
comparatively small the conventional assumption of 
constant losses is reasonably correct. However, when 
these are comparatively large the total losses will 
increase noticeably with decrease of load. 
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EFFICIENCY AND LOSS TESTS 


Efficiencies and losses were determined by input— 
output method, tests being made on different makes and 
sizes of transformers at various loads and voltages. 
The scheme of connections used during the tests is 
shown in Fig. 4. This gave good control of voltage and 
load. Due to the use of transformers in the secondary 
circuit, the power factor in this circuit was slightly less 
than unity. The main effect of this was to materially 
reduce the maximum capacity of the transformer. 

However, as long as the secondary power factor was 
kept nearly constant throughout a particular test from 
no load to full load, the characteristics of the trans- 
former were not altered. 

The transformers tested were rated at 6.6 secondary 
amperes and at either 2300 or 2540 volts primary. 
Most of the tests were made on 60-cycle transformers 
at an actual frequency of 62.5 cycles, this being the 
frequency of our nominal 60-cycle system. A few tests 
were also made on 25-cycle transformers. 

Readings were taken of voltage, current and kw. on 
both primary and secondary side, meters being read as 
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closely as possible. Although absolute accuracy is not 
claimed for the instruments used and methods of mea- 
surement they were of sufficient practical accuracy for 
the purpose. This was shown by the general consis- 
tency of the loss measurements, and by the fact that the 
temperature runs gave results in line with the loss 
measurements. For example, as wattmeters are more 
subject to error at low power factors than at high power 
factors, the wattmeters on the primary side would tend 
to show higher losses at light loads than full load, due to 
the much lower power factors. However, not only was 
the actual possible error due to this cause far from being 
large enough to account for the great increase of losses 
shown by our results, but the greatly increased tempera- 
ture rises actually measured proved that these repre- 
sented actual additional losses rather than errors of 
measurement. 

Efficiencies, power factors, and losses were calculated 
from the readings. Fig. 5 shows typical performance 
curves determined by actual test. 
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TEMPERATURE TESTS 

Temperature tests were also made on different makes 
and sizes of transformers under various conditions of 
load and voltage, to determine the effect of the load 
carried upon the temperature rise of various parts. 
These temperature runs were made with the same 
scneme of connections as for the efficiency tests shown 
in Fig. 4, that is, with test conditions the same as actual 
load conditions. | 

Temperatures were measured by means of ther- 
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mometers and thermocouples placed in numerous loca- 
tions on the iron core and the primary and secondary 
coils. The maximum iron temperatures were found to 
be on the center leg of the iron core, on the side parallel 
to the sides of the laminations, somewhere between the 
primary and secondary coils. Typical temperature 
rise curves are shown on Fig. 6. It will be noted that 
the floating coil of this transformer shows a temperature 
rise of 65 deg. cent. at 14 load, whereas it had previously 
shown a temperature rise of only 55 deg. cent. at full 
load. , 

EXPLORING COILS USED TO DETERMINE THE AMOUNT 

AND CHARACTERISTICS OF THE LEAKAGE FLUX 


Exploring coils consisting of several turns of small 
wire were wound around each of the three legs of the 
transformer. These coils were so arranged that they 
could be moved up and down the core. The voltage 
induced in these windings is a measure of the amount 
of flux at that particular point in the iron core. 
Moving the exploring core further up and further 
down the coil showed a change in voltage in the 
coil which represents an increase or decrease in mag- 
netic flux in that core. The results obtained with the 
use of these exploring coils are shown in Fig. 7. It can 
be noted from the curves on Fig. 7 that the rate of 
change of flux throughout the entire distance between 
the primary and secondary coils is practically uniform. 
This means that the leakage flux leaving a narrow 
section near one coil, say on short circuit, is practically 
the same as the flux leaving a similar narrow section 
near the other coil. It was found from these tests that 
the flux per unit section between the primary and 
secondary coils was the same regardless of the position 
of the moving coil, provided, of course, that the primary 
voltage and secondary current and power factor were 
held constant. 


To determine the amount of leakage flux leaving the 
core perpendicular to the core laminations, exploring 
coils were wound on the face of the sides on both the 
center leg and the two outside legs of the iron core. The 
voltage obtained on these cores is an indication of the ” 
amount of flux entering or leaving that portion of the , 
circuit. When reduced to a unit area basis, it was found 
that the leakage flux leaving the center core perpendicu- 
lar to the laminations was, in most cases, 45 per cent or 
more of the total leakage flux. The total leakage flux 
entering the two outside legs perpendicular to the 
laminations was only 25 per cent of the total trans- - 
former leakage flux. | 

The fact that so much flux leaves the center core 
perpendicular to the laminations accounts for the high 
temperatures found on that portion of the iron core and 
for at least some of the increased losses with decreased 
load, this being due to the fact that much more leakage 
flux occurs at no load than at full load. 

Using a small exploring coil about one in. in diameter, 
the passage of the flux from the center leg to the out- 
side leg was traced. With this coil it was found thata 
considerable portion of the leakage flux passes through 
the region normally occupied by the expanded metal 
protecting cage around the outside of the transformer. 
The amount of this leakage flux is sufficient to cause 
considerable induced currents in the screen. Careful 
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measurements made on different transformers showed 
that in maximum conditions, the loss in the cage may 
amount to as much as 20 per cent of the total losses 
measured. This maximum loss occurs at short cireuit 
when the leakage flux is greatest. As the load increases 
and the coils come closer together the loss in the screen 
is decreased slightly. 


FLUX DISTRIBUTION SHOWN BY IRON FILINGS 


The flux distribution was also studied by means of 
iron filings spread on paper placed around the core. 
Photographs of these were taken, Figs. 8 and 9 showing 
preroductions. These show the flux distribution in the 
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air-gap between the center leg and outer legs of the core 
for two different transformers under load. The iron 
filings show how the flux leaves the center core and 
travels to the outside legs. Both of these show that 
not only does the flux pass from the edges of the center 
core to the outside legs, but a large amount of flux leaves 
the center core practically perpendicular to the lamina- 
tions. On’ the other hand, on the outside legs, the 
greater proportion of this same part of the leakage flux 
passes around and enters at the extreme outside edges. 
That is, the leakage flux path to the outside legs is 


Fic. 8—DIRECTION OF LEAKAGE FLUX IN CONSTANT- 
CURRENT TRANSFORMER UNDER LOAD ILLUSTRATED BY MEANS 
oF IRON FILINGS 


mainly to the inner and outer edges, the proportion of 
flux entering perpendicular to the laminations being 
considerably less than that in the center leg of the core. 


CONCLUSIONS 


1. The results prove conclusively that the total 
losses of a constant-current moving-coil transformer are 


not constant, but may vary greatly with the load, 


increasing with decrease of load. 
2. The increased losses at light loads may be suf- 


ficient to cause excessive and dangerous temperature © 


rises in a transformer at light loads, although the same 
transformer may be able to carry full load with normal 
temperature rise. 


3. This increase of total losses and increased 
temperature rises at light loads are due largely to the 
increase of stray load losses with decrease of load, 
caused mainly by the leakage flux passing from the core 
perpendicular to the sides of the laminations. These 
induce excessive circulating currents not only in the 
laminations themselves but in structural parts of the 
transformer, such as the cage. 


4. Performance specifications, in order to be correct, 
should be based on the actual total losses for all loads. 


The conventional methods hitherto used based on ` 


constant total losses give highly misleading results. 
More attention should be given to the framing of 
specifications which should include such details as are 
necessary to show the true characteristics of the 
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transformer, and to enable its fitness for particular 
operating conditions to be determined. 

Some constant-current transformers are equipped 
with a light-load tap, which accomplishes reduetion of 
secondary voltage by a change of ratio. This reduces 
the leakage flux and resulting stray load losses for a 
given load. While such a tap can be used to advantage 
under some conditions, tap changing is not always 
practical, such as under changing load conditions due to 
shifting of circuits. Specifications should not only 
cover the performance for the reduced capacity tap as 
well as for full winding, but should also clearly indicate 
on which each part is based. Some specifications do 
not indicate whether the performance at light loads is 
based on the full winding or on the reduced capacity tap. 

5. Measures should be taken by designers to correct 
as far as possible the undesirable characteristics 
described. Aside from a more liberal use of materials, 
it should be possible to accomplish much by other 
design features A few possibilities are here suggested. 
The loss in the metallic cage can be eliminated by 
replacing this by a non-metallic guard. Losses in the 
laminations can be reduced by making these narrower. 
The use of a cruciform core, if practical, would also 
reduce the losses in the laminations by providing edges 
for the flux to leave in all directions thereby reducing to 
a minimum the flux leaving perpendicular to the sides 
of the laminations. 

In this connection it is desired to point out that the 
extra cost of a properly designed constant-current 
transformer may be offset by the savings which will 


Fig. 9—SEcOND ILLUSTRATION OF LEAKAGE FLUX BY MEANS 
OF Iron Fitines SHOWING How Tuis LEAVES THE SIDES AS WELL 
AS THE INSIDE AND OUTSIDE EDGEs OF THE LAMINATIONS 


result from reduced losses. It may also be possible to 
get the desired characteristics without materially 
increasing the cost of the transformer. 

Aside from the savings in losses, continuity of'service, 
which is of special importance in street lighting service, 
requires reliability in operation of all equipment sup- 
plying this service. Such service is endangered by 
using transformers which may break down due to heat- 
ing on light loads. 
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Discussion 


E. D. Treanor: The authors’ criticism of the conventional 
method of stating the characteristics of constant-current trans- 
formers is possibly justified in that this method was indefinite 
and allowed the possibility of misinterpretation by the purchaser 
and of neglect by the manufacturer. The assumption that the 
losses remain essentially constant at all loads was of course 
known to be not strictly accurate, but the method was of long 
standing and thought to be satisfactory for transformers which 
were usually operated near full load or on taps which approximate 
full-load conditions. It was a convenient assumption because 
it simplified and reduced the costs of tests and gave accurate 
results at the point of usual loading. 

It seems to me that the most important point in the paper is 
the viewpoint that there is sufficient use of such transformers at 
quite low loads to justify more attention to light-load losses, 
as it is suggested that better characterisics may even justify 
increased cost if they cannot be obtained without it. On this 
basis the suggestions for improvement made by the authors and 
other possible methods should of course be studied to determine 
whether they are feasible economically on transformers which 
are now in somewhat limited use. It would seem quite difficult 
to prove that it is economical to operate constant-current trans- 
former at half load or less even at the assumption that the losses 
remain constant. 


Where the general data of the company with which I am 
affiliated have been made on the so-called theoretical basis, this 
has been very plainly stated, but in order to avoid any possi- 
bility of confusion such data will in the future be placed on the 
basis of input-output measurements and it will be shown where 
the data are based on normal windings and where on taps. 

One other point is suggested as a possible danger from increas- 
ing light-load losses, that is, high temperature in coils or core 
structure. These transformers have not as yet been specifically 
covered by standardization rules of the Institute. Temperature 
limits, of course, should be considered with reference to the partic- 
ular apparatus involved and the location of the heated portions 
with respect to insulation. Until such rules are laid down, the 
best guides would seem to be general information on other 
apparatus and experience on particular transformers. The 
maximum temperature reported at extremely low loads, while 
undesirably high, should not be injurious to the transformers 
which have been carefully designed to keep orgamec material 
from exposure to points‘of maximum temperature on metallic 
parts. The temperatures shown are not generally representative 
of modern designs. 

There should be no difficulty in covering desired characteristics 
in losses and temperature by specifications so definite that no 
confusion can arise. However, when operating conditions 
compel the use of constant-current transformers at so much less 
than their normal load that the taps provided will not give 
reasonable characteristics, it would seem that the economical 
thing would be to provide transformers of a proper rating even 
if the larger transformer has the same losses at all loads. 

J. B. Gibbs: It is well known that constant-current regulat- 
ing transformers depend for their operation on the leakage 
flux between coils. This knowledge has enabled us to design 
and build regulators which operate satisfactorily and even to 
predict with good accuracy the reluctance of the average path 
which the magnetic leakage flux must follow. It has remained, 
however, for the authors of this paper to make a detailed study 
of the path of the leakage flux and of its effect on the regulator 
operation. 

The ampere-turns in the winding of a constant-current regula- 
tor, or of any other transformer for that matter, cause a difference 
in magnetic potential between different parts of the iron circuit. 
This in turn causes a leakage flux to pass from one part to the 
other through the air space between the coils. The amount of 
this leakage flux depends upon the ampere-turns which produce it 
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and on the length and area of the average path which it must 
traverse. If a constant-current regulator is to go to short 
circuit without an increase in secondary current, the designer 
must make the total leakage flux when the coils are at their 
position of maximum separation as great as the total flux in- 
duced in the regulator. The leakage leaves from the central 
core of the regulator in every direction, and quite a large part of 
it leaves in a direction perpendicular to the plane of the lamina- 
tions. This part, of course, must pass directly through the outer 
laminations and it sets up considerable losses. The losses 
naturally depend upon the amount of iron affected, that is, 
upon the distance between the primary and secondary coil, 
and they are greater, as the authors have pointed out, under 
no-load condition. Under certain conditions, the temperature 
of the iron may be relatively high, especially under the no-load 
condition. The highest temperatures are usually confined to 
small parts of the iron, though, and it should be pointed out that 
the coils of this type of transformer are not wound on the iron; 
they are wound on a heavy insulating tube, and this is further 
separated from the iron by an air space. I never have heard 
of a case of damage to the coils on account of the temperature of 
the iron. In fact, all our tests seem to indicate that although 


the iron at certain points may become hot, the wire nearest to 
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that iron is relatively cool. As to the coils themselves, the 
temperature test on such regulators is usually made with the 
secondary coil short-circuited and full voltage applied to the 
primary, which is the worst condition, as this paper shows. 
So that if the temperature test shows the coils at a safe tempera- 
ture, you may be reasonably sure that the operating condition 
will show them at a still lower temperature. The authors’ 
remarks about temperature as applied to commercial constant- 
current regulators seem to me rather unduly alarming. 

The most desirable operating condition, as every one recog- 
nizes, is with full load on the regulator. This results in the high- 
est efficiency and the highest power factor. The present paper 
shows also that it results in the lowest temperature. All these 
three factors operate in the same direction. Sometimes the 
condition of the circuits demands that the regulator be operated 
at less than full load. If this is done, efficiency and power factor 
are sacrificed to a certain extent and the temperature is increased 
above what it might be, but it is not increased to a point where 
a good commercial regulator will be endangered either in opera- 
tion or in life. 

W. B. Kouwenhoven: As Messrs. Louis and Albaugh show, 
the losses are mainly caused by the leakage flux. This leakage 
flux will naturally produce a high temperature in the iron, but 
it is a surprise to me that the temperature of the secondary wind- 
ing should be as high as shown by the authors. I should like 
to know how the temperature of this winding was measured. 
Owing to the small current_in the secondary, the size of the con- 
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ductor is relatively small and I should expect that the eddy cur- 
rents set up in this conductor by the leakage flux would be small. 

A. F. Hamdi: During the summer of 1925 we were testing 
some constant-current transformers and it had been .our habit 
to use the over-all method for getting efficiency. We did not use 
the accepted A. I. E. E. method, which means calculating the 
efficiency from the losses. The A. I. E. E. rules apply specifically 
to constant-potential transformers and were not suited for this 
purpose; and the paper and also the previous speakers have 
pointed out why those rules do not cover constant-current 
transformers. We hope that in the future revision of the stand- 
ards, this thing will be taken care of. 

In our tests the errors in efficiency were not quite as much as 
pointed out by the authors, namely, in Fig. 1 of the paper we 
find about a 10-per cent difference at 25-per cent load. In our 
tests we found discrepancies of about 1 4 to 5 per cent in various 
transformers. The transformers we tested were oil-cooled, 
10-kv-a. modern transformers. 

I should Jike to ask the actual magnitude of the stray-load 
losses. In our case we found that the total losses varied by less 
than 20 per cent, whereas the stray-load losses themselves varied 
by over 100 per cent; in other words, they were about 100 watts 
at full load and went up to about 225 watts at light load. 

I should like to discuss an empirical method which we have 
used for efficiency calculations, which apparently gives very good 
results. Ona test of six transformers, we have been able to come 
within better than 1 per cent of the over-all method. 


One thing, of course, to be kept in mind is that the entire 
core of the constant-current transformer is not excited to the same 
flux density. 

In the new method we have assumed, arbitrarily, that one-half 
of the core is excited to a flux density corresponding to the pri- 
mary voltage, while the other half is excited to a flux density 
corresponding to the secondary voltage. The total core loss at 
any load can therefore be obtained from the accompanying 
Fig. 1, which represents core losses at various voltages with open- 
circuited secondary. Fig. 2 represents the total core losses ob- 
tained from Fig. 1, following the above assumption. 

Taking for instance the case of full load, the core loss is 95 
watts, made up of 72 watts (half the core loss occurring at 
primary voltage—2300 volts) and 24 watts (half the core loss 
oceurring at full load secondary voitage—1335 volts). Similarly 
at no load, the core loss is taken to be only 72 watts, as there is 
practically no voltage across the short-circuited secondary. 

The next thing to calculate is the stray-load loss. This can 
be obtained from the short-circuited impedance test made with the 
two extreme positions of the coils: first with the coils locked close 
together and second with the coils away from each other as far 
as possible, corresponding to the full-load and the no-load posi- 
tions respectively. 

From the two values of losses so measured we obtain the stray- 
load losses by subtracting the d-c. J? R losses involved and also 
the core losses which are obtained from Fig. 1. This last step 
is essential because contrary to the case of constant-potential 
transformers considerable voltage is necessary to perform a short- 
circuit test on constant-current transformers. 

The two values of stray-load losses so obtained are plotted in 
Fig. 3. The straight line joining them gives the stray-load losses 
at various loads, if we assume that the coil displacement is a 
straight-line function of the load. This assumption is really 
fair, because the stray-load losses actually vary as the curve 
in dotted line superimposed on the straight line in Fig. 3. 

The total losses of the transformer can therefore be obtained 
by adding to the d. I? R losses (constant for all loads) the 
core losses as obtained from Fig. 2 and the stray-load losses as 
obtained from Fig. 3. 

The efficiency is then calculated in the usual manner. 


H. C. Louis and A. Albaugh: The question of loading 
constant-current transformers is a very serious one, especially 
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when circuits are growing. In this case, it is necessary to provide 
certain spare capacity in the transformers. This capacity, of 
course, will vary with the assumed ultimate size of the circuit. 
So that to prepare for the final condition, transformers of ap- - 
parently excessive size are often used. 

Another reason is that when station-type transformers are 
used, it is highly advantageous to have them all of the same size, 
thereby providing the greatest standardization and flexibility. 
Some of the circuits for these transformers, therefore, will be 
more heavily loaded than others. 

Regardless of the loading of these transformers, it is important 
that their characteristics be thoroughly understood by operators 
and designers and the main object of this paper is to present the 
most important of these characteristics. 

Mr. Treanor mentioned that the temperatures shown in the 
curves are not generally representative of modern designs. 
The temperatures shown are fairly representative of the latest 
design station-type air-cooled constant-current transformers. 
However, oil-cooled transformers have lower temperature due to 
the presence of the cooling oil. 

The advantage of taps on constant-current transformers is 
questionable. Some of our tests show that although operating 
on, a lower capacity tap. the transformers do not have a higher 
efficiency than when operating at the same load on the full- 
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capacity tap. At light loads on the low-capacity tap, losses 
were found to be actually higher than on the full-rating connec- 
tion. The main advantage of the tap is the slightly higher 
power factor obtained. 

Mr. Gibbs mentions that temperature tests are usually made 
with the secondary coils short-circuited and full primary voltage 
applied. Under these conditions, the temperature rise will be a 
maximum, but considerable care must be taken in these tests to 
locate the hottest parts, especially in oil-cooled transformers. The 
hot-spot temperatures of these transformers may be sufficiently 
high to cause sludging and for this reason, should be located. 

Dr. Kouwenhoven’s question about the temperature rise in the 
coils, is an interesting one. Undoubtedly, the great amount of 
leakage flux causes eddy-current losses in the copper conductors 
which will vary somewhat with the load and thus affect the tem- 
peratures. However, the copper temperature variation noted 
was mainly due to radiation and convection of heat from the 
iron core. The temperature of the coils on the transformers 
tested was measured by means of thermometers and thermo- 
couples applied directly to the coils. Temperatures by rise of 
resistance measurements were taken but as these gave only the 
average temperatures and not the maximum temperatures, 
they were not used in the paper. 

In reference to the losses, we have made some attempts to 
segregate them but the results were not very satisfactory. The 
stray-load losses at full load on 50-kw. air-cooled station-type 
transformers amount to approxmately 400 watts out of a total 
loss of about 1800 watts, while at short circuit, the stray-load 
losses amount to 2400 watts out of a total of 3500 watts. Of 
course, we are not certain of these values and do not put much 
dependence in them. They were worked up only in order that 
we might reach some conclusion for the apparent increase in 
losses of the transformer with decreased load. 


Additional Losses of Synchronous Machines 
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Synopsis.—In the case of high-speed turbine generators, the 
-cost reliable means of determining the losses under actual operating 
conditions is to measure the weight and temperature rise of the cool- 
ing medium and to estimate the small part of the losses which is 
dissipated from the frame to the surrounding medium. The tem- 
perature rise of the cooling medium can be ottained by means of 
temperature detectors located at the inlet and outlet sections of the 
generator. In order to obtain reliable values of the average tempera- 
ture rise for the machine, it is necessary to have approximately 
uniform velocities at both inlit and outlet sections and to measure the 
temperature rise ata large number of incremental sections. 

The volume of cooling medium passing through the machine can 
be determined by (a) introducing a definite amount of heat energy 
tnto the cooling medium and measuring its temperature rise, or 
(b) measuring the mean velocity head at the outlet section of a 
properly designed stock. 

Loss tests were made on five 8600-rev. per. min. turbine generators 


HE losses of a synchronous machine, when 

operating under no-load conditions, can be ob- 

tained with a satisfactory degree of accuracy 
by measuring: (a) the electrical power required to 
drive it; (b) the mechanical counter torque developed 
by it; or (c) the retardation of the rotor when the driving 
power is suddenly removed. In general, the particular 
test method which should be used depends on the type 
of machine under consideration and the local conditions 
which are associated with it. In the case of a high- 
speed steam turbine generator, it is preferable to operate 
it as a synchronous motor and measure the electrical 
input. The power factor of the load can be adjusted 
to unity, practically, so that the electrical input 
measurements can be made very accurately. This 
method eliminates the necessity of correcting for the 
coupling, and for motor losses when a separate driving 
motor is used. It has an outstanding limitation when 
applied to steam turbine generators, however, in that 
such machines are not usually adapted for self-starting 
as induction motors, but must be brought up to speed 
synchronously with an isolated generator set. In 
connection with large steam driven turbine generators, 
it is well to call attention to the fact that the direct- 
connected auxiliary generator furnishes a satisfactory 
means of driving the main generator and thus makes it 
relatively easy to measure the magnitude of its no-load 
and short-circuit losses. In the case of low-speed 
generators, the excitation loss is an appreciable per- 
centage of the total losses; consequently, a direct- 
connected exciter, when available, can be used as a 
source of driving power for determining the no-load and 
short-circuit losses. With larger water-wheel driven 
generators which have large fly-wheel effect, the re- 

1. Both of the Westinghouse Elec. & Mfg. Co. 


Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., February 7-11, 1927. 


84 


J. F. CALVERT: 


Non-member 


and 


when operated as synchronous condensers. In the case of these 
machines, the additional losses including the increase in core 
loss at full kv-a. and zero per cent pouwer-factor load varied from 
3 to 22 per cent of the total losses. This corresponds to approzi- 
mately 0.14 to 1.0 per cent of the generator input. The additional 
losses as measured under sustained short-circuit conditions were 
from & to 10 per cent less than the corresponding values for full 
kr-a. at zero per cent power factor. 

It is suggested that data can be obtained for predetermining the 
magnitude of the total additional losses by measuring the loss in 
each structural part and determining graphically the magnetizing 
flux which produces it. The magnetizing flux distributions at 
different parts of the machine were plotted for different ampere-turn 
relations. 

Additional studies are being made on methods of calculating 
the magnitude of the additional losses and the increase in core loss 
with load. 


tardation method offers a satisfactory means of de- 
termining the no-load and short-circuit losses?. 

Various satisfactory methods have been derived for 
separating the total measured value of the no-load 
losses into the two principal components of (a) windage 
and friction, and (b) iron loss. Since the total value of 
the no-load losses can be accurately determined and 
segregated into the respective components, it is a rela- 
tively simple matter to estimate the magnitude of the 
no-load loss components quite accurately, provided the 
loss constants are based on test results from similarly 
proportioned machines. Obviously, this method of 
calculation is limited by the actual test data which are 
available. With the more analytical and scientific 
method of calculating the losses, it is necessary to make 
an exhaustive study of the effect of the different vari- 
ables involved and then determine the necessary con- 
stants from tests on actual machines or models which 
reproduce the conditions that exist in the machine. A 
large number of such investigations has been and is 
being made by different individuals, organizations, and 
manufacturing companies, so that, so far as the no- 
load losses of synchronous machines are concerned, the 
field is being rather thoroughly investigated. 


SYNCHRONOUS MACHINES UNDER LOAD CONDITIONS 


When a synchronous machine delivers or receives 
current at constant terminal voltage and definite 
power-factor conditions, the flux and ampere-turn 
relations are appreciably different from the conditions 
which exist at no-load on account of the leakage 
reactance and demagnetizing action of the armature 
winding. Consequently, the armature current not 
only introduces other losses, but the iron and excitation 
losses are higher than at no-load. The friction and 
windage losses can be considered, for all practical 
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purposes, constant at all loads, provided the air and 
speed conditions are not changed. The losses intro- 
duced by the armature current are the armature 
copper loss based on d-c. resistance and the additional 
losses which are produced in the materials of the main 
magnetic and electric circuits and in materials which 
are in close proximity to the armature winding. The 
excitation loss under different load conditions can be 
calculated or measured with a satisfactory degree of 
accuracy. The d-c. resistance of the armature winding 
can be satisfactorily measured under load conditions 
and thus the d-c. armature copper loss can be obtained. 
The question of increased copper loss due to the non- 
uniform distribution of the current in the armature 
conductors has been thoroughly investigated by dif- 
ferent writers, and it can be assumed that this portion of 
the additional loss can be calculated with a satisfactory 
degree of accuracy.? The question of increased iron 
loss due to load will be considered in a later article. 
Several studies have been made by European writers 
in regard to the calculation and measurement of 
generator losses under load conditions.4 But the data 
which were obtained apply particularly to machines of 
European design proportions. The design proportions 
and construction of European machines are widely 
different from present American designed machines and 
the additional losses are probably widely different in the 
two types of machines. The principal purposes of this 
article are (a) to discuss methods of measuring the 
losses of high speed synchronous machines under load 
conditions; (b) to give results of loss measurements on 
four, 3600-rev. per. min. turbine generators; and (c) to 
segregate the losses into the different components so as 
to ascertain the magnitude of the total additional losses. 


METHODS OF MEASURING THE LOSSES OF STEAM 
TTURBINE-DRIVEN GENERATORS UNDER LOAD 
CONDITIONS 


The loading-back and calorimeter methods are the 
two outstanding means of measuring the losses of high- 
speed synchronous machines under different load 
conditions. In the loading-back method two duplicate 
machines, which are electrically and mechanically 
coupled together, are driven at synchronous speed. 
When one unit operates as a motor and the other as a 
generator at definite current, voltage and power-factor 
conditions, the only power required from an external 
source is that which is necessary to supply the losses of 
the two units. With this method of test, the total 
losses of the two machines can be measured with a 
satisfactory degree of accuracy, but there is question in 
regard to the division of the losses on account of the fact 
that the two machines do not have the same excitation 
and consequently do not have the same internal flux 
conditions. This method has the further limitation in 
that two machines are required and a complicated 

3. See Bibliography, 2, 3, 4. 
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the loss dissipated from the frame of the cooler. 
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coupling or frame shifting mechanism is required if it is 
desired to operate at different power factors. | 
With the calorimeter method, the losses of the 
machine are determined by measuring the weight and 
temperature rise of the cooling medium. Obviously 
this method is only applicable to machines with forced 
ventilation, such as rotating machines and water- or 
oil-cooled transformers. When such an electric 
machine is operating at any given load condition, and 
constant temperatures have been reached, a major 
portion of the losses within the frame is carried away by 
the cooling medium, and the remainder is dissipated to 
the medium surrounding the frame of the machine. In 
the case of steam turbine driven generators, the mag- 
nitude of the loss to the cooling medium can be mea- 
sured quite accurately and the small part of the loss 
which is dissipated from the frame to the surrounding 
medium can be estimated with a sufficient degree of 
accuracy to make this method the most reliable one for 
this class of machines. If the machine has a closed 
circuit ventilating system and the surface type of cooler 
for the cooling medium of the generator, the loss given 
up by the cooling medium can be obtained by measuring 
the weight and temperature rise of the water passing 
through the surface cooler. In addition to estimating 
the loss dissipated from the frame of the machine, it is 
necessary in this case to estimate the portion of the loss 
which is lost by the cooling medium in passing from the 
outlet of the machine to the inlet of the cooler, and also 
With 
these three corrections to make, instead of one, the 
magnitude of the error in the estimated portion of the 
losses is probably three times as great as in the previous 
case. Moreover, the energy transferred from the 
cooling medium to the water cannot be measured with 
as great accuracy as that from the machine to the 
cooling medium on account of the fact that (a) the 
temperature rise of the cooling water is only about 
one-fourth of that of the cooling medium in passing 
through the machine and hence, for the same numerical 
error in the temperature rise, the percentage error 


“would be four times as great; and (b) equally reliable 


measurements of the temperature rise of the cooling 
water cannot be made on account of the difficulty of 
getting a sufficient number of accurate-reading tem- 
perature detectors in intimate contact with the water 
at the inlet and outlet sections of the cooler. In 
general, the direct measurement for determining the 
weight and temperature rise of the cooling medium is the 
simplest and most reliable calorimeter method of 
determining the total losses of steam driven turbine 
generators under any load condition. 


MEASUREMENT OF THE TEMPERATURE RISE OF THE 
COOLING MEDIUM 


The temperature rise of the cooling medium can be 
obtained by measuring its temperature at the inlet and 
discharge sections of the machine or by measuring it 
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directly by means of differentially connected tempera- 
ture detectors. The measurement of the temperature 
rise of the cooling medium would be very easy to make 
if the temperature were constant at both inlet and dis- 
charge sections. In actual machines, neither the tem- 
peratures nor the velocities of the cooling medium are 
uniform at either the inlet or discharge sections of 
the generator. Consequently, in order to determine the 
average temperature rise of the machine, it is necessary 
(a) to divide the inlet and outlet sections into a large 
number of incremental sections and measure the tem- 
perature and the volume of the cooling medium which 
flows across each incremental section; or (b) to obtain 
uniform velocities at both inlet and outlet sections and 
then obtain the temperature at a sufficient number 
of incremental sections so that a simple algebraic 
average can be used. The latter is the preferable 
method to use on account of the fact that the velocity 
variable of the cooling medium is eliminated and the 
temperature rise can be obtained at a sufficient number 
of incremental sections by measuring the difference 
in e. m. fs. induced in thermocouple junctions or the 
difference in potential drops across resistance elements. 
Satisfactory results can be obtained by either type 
of detector provided the necessary precautions are 
exercised, and the choice of method will depend to a 
large extent on general preference and previous ex- 
perience. 
is used, the number of junctions in series can be chosen 
such that the indicating instrument operates at the most 
accurate part on its scale. Rubber insulation should 
be used on the wires between junctions in order to 
eliminate erratic results due to short circuits and 


When the thermocouple type of detector 


grounds which are usually experienced when less re- ` 


liable insulation is used. If the inlet air temperature 
periodically fluctuates over an appreciable range, the 
measured temperature rises will also be irregular 
because the pulsations are damped out or absorbed 
by the generator and do not appear to an appreciable 
extent in the outlet air temperature. The variation 
in inlet air temperature must be corrected for by taking 
a relatively large number of readings, or the temperature 
detectors must be compensated so that a close average 
temperature rise can be obtained. In order to damp 
out variations in the temperature rise after the machine 
has reached constant temperatures, thermal storage 
capacity should be added to the detector located at the 
inlet air section. From a theoretical consideration, 
the heat storage capacity of the detectors which are 
located at the inlet air section should be equivalent to 
that of the machine but actually the mass of the heat 
storage materials for the inlet detectors cannot be made 
very large without obstructing the air flow. Marked 
improvement can be obtained, however, by making the 
heat storage capacity of the detectors located in the 
inlet air stream as large as practical, without obstruct- 
ing or seriously disturbing the air flow. In order to 
obtain sufficient thermal storage capacity in the inlet 
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detectors, and yet not interfere with the air flow, a 
satisfactory procedure is to measure the temperature 
rise between two arbitrarily chosen incremental sections 
at the inlet and discharge by means of a set of thermo- 
couples connected in differential series. Correction 
for the variation in temperature at both the inlet and 
discharge section can be made by measuring the tem- 
perature variation of all other points of each section 
with respect to the arbitrarily chosen reference points, 
by means of another set of thermocouples connected in 
differential series but which have no appreciable thermal 
storage capacity. 


MEASUREMENT OF WEIGHT OR VOLUME OF THE COOLING 
MEDIUM 


The calorimeter method can also be used to measure 
the volume of the cooling medium which passes through 
the machine. If a known amount of power is absorbed 
by the cooling medium and the corresponding tempera- 
ture rise is measured, the volume of the cooling medium 
can be calculated from its specific heat constant, 
barometric pressure, and absolute temperature. If 
air is used as the cooling medium the volume can be 
calculated from the following formula‘. | 


0.177 (273 +T) W 


7 6 T: = 
where V = the mean volume in the meter in cu. ft. 
per min., 

T, = the mean temperature in deg. cent., 

B = room barometric pressure, and approxi- 
mately the mean static pressure in the 
meter in inches of mercury, 

W = watts input to the air, 

T = temperature rise of the air in deg. cent. 


due to W. 

In order that satisfactory values of air volume be 
obtained with this method of measurement, the following 
conditions and requirements must be fulfilled: 

a. Either uniform air velocities or uniform air tem- 
peratures must exist in the air stream at the sections 
where the temperature detectors are located, 

b. The heat input to the air stream should be uni- 
form over its entire cross-section, or else the air must be 
thoroughly mixed after heating so that uniform air 
temperature will exist at the outlet section, 

c. The temperature of the heating elements must be 
sufficiently low, and the lead arrangements such that 
the percentage of heat radiated and conducted from 
these elements is negligible as compared to percentage 
of heat input which is convected away by the air stream, 

d. The walls surrounding the air stream at the place 
where the heat is introduced should be insulated so 
that a negligible percentage of the heat input is dissi- 
pated to the surrounding atmosphere, 

e. A sufficient length of time should elapse, after the 
heat is applied, before making the temperature rise 


5. See Bibliography, 8. 
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measurements, in order for the walls, bus bars, and wir- 
ing connections to reach constant temperatures, 

f. The degree of accuracy in measuring the tempera- 
ture rise of the air should be comparable with the ac- 
curacy of the temperature rise measurement of the 
generator under load conditions. 

The volume of the cooling medium can also be 
obtained by measuring its velocity head at the dis- 
charge section. This necessitates the discharge of the 
cooling medium from the machine from a nozzle or 
stack which must be designed so that the velocities of 
the cooling medium at the outlet are practically uniform 
and the direction of flow is normal to the outlet section. 
When the cooling medium is discharged directly into a 
large room, the discharge velocity heads for the 
incremental section of the outlet section can be mea- 
sured with an impact tube and an inclined pressure 
gage. From these velocity head measurements the 
respective velocities can be calculated in feet per 
minute for any specific cooling medium. The deriva- 
tion of the formula for air as the cooling medium is as 
follows: 

p = velocity head in inches of water for any incre- 

mental section, 
area of any incremental section in sq. ft., 
velocity in ft. per min. for any incremental 

section, 
= volume in cu. ft. per min. for any incremental 
section, 
= air temperature in deg. cent., 
= 273 + 0 = absolute air temperature, 
constant, 
= density of air in lb. per cu. “ft. 
= barometric pressure. 

Subscript o indicates values corresponding to stand- 
ard air conditions which are assumed to be 25 deg. cent. 
or 298 deg. cent. absolute temperature, and a barometric 
pressure of 29.92 in. of mercury. Subscript 1 indicates 
values applying to an actual test condition, dhd sub- 
script i indicates values applying to intake air 
conditions. 
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Then the total volume Q, at the outlet, is 


Q: =- Sa-6x 10/224" S ve, (2) 
1 i 1 


Since the variations in temperature of the outlet air are 
small, practically no error in the total volume is 
introduced by considering T, constant for all of the 
incremental sections. The total volume in terms of 
intake condition is 


6 x 10 (273 + 0) 
~ VRB + 01) > VP. 


Since it is necessary to measure the POENE rise 
of the air passing through the machine, it is desirable to 
have the temperature at the outlet of the stack the same 
as at the outlet of the machine. The loss of heat energy 
from the walls of the stack can be made inappreciable 
by applying a sufficient amount of cork and felt 
insulation. 

In comparing these two methods of measuring the 
volume of air passing through steam driven turbine 
generators, both require practically uniform velocities 
at particular sections. The calorimeter method requires 
special wiring, and considerable care in the thermo- 
couple measurements. The velocity head readings at 
the outlet section of the stack can be easily obtained 
and consistently repeated. The number of points at 
which these pressures are read can be increased in- 
definitely and thus the accuracy of the results can be 
made as high as it is advisable to go. The number of 
thermocouple junctions cannot be increased beyond 
a particular value without restricting the air flow. 
The stack is simple to build, more sturdy, easier to 
maintain, and in general gives more consistent results 
than the calorimeter method of measuring air volumes. 


T; 3) 
Q; = Q, T; 


` Both methods will give reliable results provided the 


elements are properly designed and the necessary pre- 
cautions exercised in making the measurements. 


Loss MEASUREMENTS ON HIGH SPEED TURBINE 
GENERATORS 


Temperature and loss measurements were made on 
five three-phase, 3600-rev. per. min., 80-per cent power- 
factor turbine generators with rating characteristics as 
indicated in Table I. The generators were operated as 
synchronous condensers, and the losses were deter- 
mined by the calorimeter method for several different 
kv-a. loads. The power factor varied from 100 per 
cent at no-load to approximately zero per cent at 
100-per cent kv-a. load. 

The loss from the generator to the cooling air was 
calculated by the following formulas:§ 

Qa 0 x 10-3 


KW, = 1.765 (4) 


Loss to the air in kw. 


KW, 
6. See Bibliography, 8. 


TABLE I 
Genera- Rating 
tor 
number | Kv-a. | Volts Remarks 
1 2500 600 Generator had same fan as generator No. 2. 
One conductor per slot type of stator 
winding. 

2 3125 2400 Stator end plates of magnetic material. 

3 3125 2400 Same as generator No. 2 except non-mag- 
netic end plates. 

4 6250 2400 Axial system of ventilation. Armature 
punchings of medium loss steel. 

5 6250 2400 | Multiple path radial system of ventilation. 
Larger fan than on generator No. 4. Arma- 
ture punchings of low loss silicon steel. 

Q. = Air volume in cu. ft. per min. at standard 
temperature and barometric pressure 
conditions. 

0 = Average temperature rise of the cooling 


air in deg. cent. 
The loss dissipated from the frame by natural con- 
vection was calculated on the basis of a dissipation 


Fra. 


1—CALORIMETER 


constant of 0.012 watts per sq. in. per deg. cent. 
temperature difference between the surface of the 
machine and the surrounding air. 


K W. = 0.012 — S (6, — 0a) (5) 
where 

K W. = Loss in kw. dissipated from the surface of the 
frame, 

S = Effective dissipating surface of the frame 
in sq. in., 

0, = Average temperature of the frame surface 
in deg. cent., 

0a = Average temperature of the surrounding air 


in deg. cent. 

The total loss within the frame of the generator is 
the sum of the two losses as defined above. 

The temperature rise of the cooling air for all of the 
machines was measured by means of thermocouples 
located at the inlet and outlet sections and connected 
in differential series. The volumes of cooling air for 
machines Nos. 1 to 4 inclusive were determined by the 
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calorimeter method and Equation (1). Fig. 1 shows the 
type of calorimeter which was used to make the 
measurements. The volume of cooling air for genera- 
tor No. 5 was determined from the velocity head 
measurements at the outlet of a discharge stack and 
the calculations were made by using Equation (3). 
Fig. 2 shows the stack as assembled on this generator 
for the test. 


Fig. 2— DISCHARGE STACK ON GENERATOR 


SEPARATION OF THE LOSSES 

The total losses within the frame were separated into 
the following components: 

a. Air friction and fan loss, 

b. Iron loss at no-load, 

c. Field copper loss, 

d. Armature copper loss based on the d-c. resistance, 
e 


. Additional loss. 
z 
pan : 


8 


PER CENT OF FULL LOAD LOSS 
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Fia. 3—SuHow1na Ratio or Loss to Loap 


(Generator No. 1, 2500-kv-a., 600-volt, three-phase, 60-cycle, 3600-rev. 
per min.) 


The total losses of the machine at no-load and full 
voltage conditions, as obtained by the calorimeter 
method, checked very closely with the results which 
were obtained from the electric input measurements 
when the machines were operated as synchronous motors 
at no-load and 100 per cent power factor. The iron 
loss was separated from the total no-load loss by 
measuring the kw. input_to the machine when operated 
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as a synchronous motor at 100 per cent power factor 
for several values of impressed voltage, and then extend- 
ing a curve of either the voltage or a function of the 
voltage vs. total kw. loss to the zero voltage line. 


The field copper loss was calculated from the measure- . 


ments of the field current, and the voltage at the col- 
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(Generator No. 2, 3125-kv-a.,.3300-volt, three-phase, 60-cycle, 3600-rev. 
per min.) 


lector rings after constant temperature conditions were 
reached. The armature copper loss, based on the d-c. 
resistance of the winding, can be calculated with good 
approximation by estimating the average temperature 
of the winding from readings of imbedded temperature 
detectors on the ends and buried parts of the coils. A 
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Fie. 5—Ssowinea Ratio oF Loss To Loap 
(Generator No. 3, 3125-kv-a., 2300-volt, three-phase, 60-cycle, 3600-rev. 
per min.) 


closer approximation can be obtained by measuring the 
resistance of the winding immediately at the end of 
each test run. By plotting the values of resistance 
against time and extending thecurve back to the instant 
of time corresponding to the end of the test, the re- 
sistance of the winding at the final operating condition 
can be determined with a good degree of accuracy. 


Both methods were used in determining the armature 
copper losses of these generators. The additional 
loss was obtained by subtracting the sum of the above 
losses, items a to d inclusive, from the total value of the 
measured loss within the frame for each generator. 


The total losses within the frame and the segregated 
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components are given in Figs. 3, 4, 5, 6 and 7, asa 
function of the per cent kv-a. load for all of the genera- 
tors. Fig. 8 shows the variation of the additional 
losses as a function of the per cent kv-a. load at zero 
per cent power factor for all of the machines. The total 
and segregated values of the generator losses are given 
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(Generator No. 5, 6250-kv-a., 2400-volt, three-phase, 60-cycle, 3600-rev. 
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in Table II for both full kv-a. load at zero per cent 
power factor, and for sustained short-circuit conditions 
with full-load current flowing in the armature winding. 

It can be seen from the data in Table II that the addi- 
tional loss varies from approximately 3 to 22 per cent 
of the total loss for these machines. Hence, if the 
total loss represents 4.5 per cent of generator input, 
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TABLE II 
Generator Losses Expressed in Per Cent 
Rating in per cent 
Generator ———————_—_—___-—— Fan + friction Field Armature 
number Kv-a Volts Amp. Total + iron copper copper Additional 

1 100 100 100 100 56.35 12.9 8.91 21.84 

Sa (0) 100 59.5 28.0 3.06 8.48 20.0 
2 100 100 100 100 74.2 15.6 7.39 2.80 
3 100 100 100 100 74.0 15.56 7.55 2.9 
4 100 100 100 100 73.8 12.7 3.92 9.5 

e 0 100 50.2 35.0 1.87 3.92 9.4 
5 100 100 100 100 66.5 12.5 5.28 15.6 

see 0 100 68.4 46.8 2.48 §.15 14.0 


the additional loss in the case of these machines would 
represent from 0.14 to 1.0 per cent of the total kw. 
input. The highest percentage additional loss occurred 
for machine No. 1, which had a 600-volt stator winding 
with only one conductor per slot. The one-conductor- 
per-slot type of winding usually results in a relatively 
large per cent additional loss on account of the higher 
current per slot and the greater concentration of 
current in the end connections of the winding. This 
loss handicap for low-voltage windings cannot ordinarily 


which depends on the magnitude of the leakage 
reactance. 


TEMPERATURE LOAD CURVES 


Thermocouples were located on the stator end bells, 
end plates, finger plates which support the stator 
teeth, and on the surface of the stator teeth near the 
finger plates. The final temperature rises which were 
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be eliminated without departing appreciably from the 
design proportions which are satisfactory for the more 
desirable higher voltages. Such changes usually result 
in increased development and manufacturing costs, 
and consequently, from the standpoint of generator 
costs alone, the use of special low-voltage windings 
should not be encouraged. 

The additional loss of the machines at full kv-a. and 
approximately zero per cent power factor is of the same 
order of magnitude as the additional losses of the 
machine under sustained short-circuit conditions. 
The additional loss for full kv-a., full voltage conditions 
includes the increase in iron loss over the no-load values, 
whereas the additional loss at short-circuit conditions 
includes only the iron loss due to a magnetizing flux 


20 30 40 50 60 70 80 90 
PER CENT KILOVOLT-AMPERE LOAD 
Fig. 9— TEMPERATURE RISES ABOVE INGOING AIR OF END- 
PLATE FINGERS AND LAMINATIONS 
(Generator No. 1) 


obtained at these points are plotted against per cent 
kv-a. load as shown by the curves in Figs. 9 to 13. 
The outstanding points in connection with these curves 
are as follows: 

a. The final temperatures which were reached at 
full kv-a. load were very low. The temperature rise 
did not exceed 20 deg. cent. at any of the points on any 
machine. The temperature rise of finger plates was 
practically the same as for the adjacent stator tooth 
laminations. On the basis of these results, it can be 
concluded that the additional loss in these parts of 
these machines must not be very large. 
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b. Inall cases, the temperature rise decreased slightly 
as the load increased from zero to approximately 25 
per cent of the full load kv-a. rating. While this is of 
little or no practical importance, it is of interest from a 
theoretical standpoint because it shows that the re- 
sultant flux in these parts due to the stator and rotor 
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Fig. 11—TEMPERATURE Rises ABOVE INGOING AIR OF 
FINGER PLATES, END PLATES AND LAMINATIONS, NON-MAGNETIC 


Enp PLATES 
(Generator No. 3) 


m. m. fs. is smaller than at no-load due to the field 
acting alone. 
JMIEASUREMENT OF THE LOSSES IN DIFFERENT PARTS 
OF THE MACHINE 
In order to predetermine the magnitude of the ad- 
ditional loss of a synchronous machine, It is necessary 
to know the relative proportions of the loss that exist 


in the different parts of the machine and also how these 
loss components depend on the different variable 
factors. While the calorimeter method is quite satis- 
factory for measuring the total value of the additional 
losses of a high speed synchronous machine, it is not 
applicable for measuring the loss that occurs in the 
different parts of the machine, due to the fact that the 
loss in each part represents a too small percentage of 
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(Generator No. 4) 
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the total value of the measured loss. A satisfactory 
method for determining the proportion of the additional 
loss which occurs in each part of the machine should 
measure the loss in that part alone and not measure it 
in combination with other losses of considerably greater 
magnitude. Such tests can be made on models which 
represent the different parts of the magnetic circuit 


„and which are artificially subjected to the electric 
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and magnetic conditions as exist in the machine. Such 
loss measurements can be made quite accurately, but 
in most cases it is difficult to reproduce the actual 
magnetic conditions which exist at different load and 
operating conditions. The losses which occur in the 
different parts of the machine due to any change in 
operating conditions can be obtained by measuring the 
energy absorbed by these parts when the machine 
is operating at constant temperatures and the change in 
operating condition is suddenly made. Under steady 
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Couple No. 2—Location, turbine end lamination - - - ETa in deg. 
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conditions, the heat flowing to any section plus the heat 
generated in that section must equal the heat flowing 
away from the section, since there is no change in stored 
energy under steady temperature conditions. When 
the load is suddenly increased there is an instantaneous 
increase in the heat generated in the section. Since 
there must be a change in the temperature gradient 
before there can be any change in the heat flow, all of 
the increase in the generated energy in each section 
must be stored, at the first instant after the sudden 
change in load is made. The slope of the temperature 
time curve for the particular section is proportional to 
the rate at which energy is stored in it. The increase 
in loss in watts per cubic inch equals the slope in de- 
grees centigrade per second, at the instant the load 
change is made, times the specific heat constant of the 
material in watt-seconds, per cubic inch, per degree 
centigrade. In order to check the feasibility of ob- 
taining such temperature time curves, thermocouples 
were located at various points on a machine, and tem- 
perature readings were obtained for sudden load changes 
by means of a reliable potentiometer and a very sensi- 
tive galvanometer. - The curve in Fig. 14 shows the 
change in temperature of the stator tooth laminations 
with respect to time when the load on generator No. 5 
was changed from no-load, no-voltage condition to no- 
load, full-voltage condition. The rate of change of 
temperature with respect to time at zero time is 
0.01365 deg. cent. per sec., and with a specific heat 
constant of 55.8 watt-seconds per cu. in. per deg. cent., 
the loss in the stator teeth at the surface is 0.761 watt 
per cu. in. Since the density of the magnetizing flux 
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in the stator teeth can be readily calculated, the loss 
constant can be obtained for the teeth with any kind 
of laminated iron as actually builtin the machine. In 
a like manner, this method of measuring the loss and 
the analytical method of determining the magnetizing 
flux can be applied to all parts of the machine so that 
reliable loss constants can be obtained in terms of the 
different variable factors. 


GENERAL THEORY OF FLUX DISTRIBUTION IN AIR 
PARTS OF THE MAGNETIC CIRCUIT 


In the first determination of the magnitude and dis- 
tribution of the flux in the air parts of the magnetic 
circuit of a high speed turbine generator, the iron parts 
were assumed to have infinite permeability. Later 
approximations were made, when necessary, to consider 
the effect of saturation. In laying out the flux fields, 
a family of orthogonal lines will be shown at right angles 
to the flux lines. Since the flux lines close and do not 
cross each other, the orthogonal lines, which are at 
right angles to flux lines, must always converge at the 
magnetomotive force centers. With a given set of 
magnetomotive forces and boundary conditions, it is 
assumed that the correct flux distribution is obtained 
when the stored energy in the magnetic circuit is a maxi- 
mum. Uniform current densities are also assumed 
to exist at all sections of the electric conductors. 

According to the accepted interpretation, the 
magnetomotive force produces closed lines of force or 
flux around the magnetic centers. There is no force, 
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however, acting along any of the orthogonal lines. 
This fact may be used to establish a simple relation 
between the orthogonal lines and flux lines which will 
greatly assist in the plotting of these curves. Referring 
to Fig. 15, the following notation will be used: 
A,and A. = the amperes in the respective shaded 
areas shown in Fig. 15. 

Ag = flux or number of lines of force going 
from a a' to 6 b' and is constant in 
valuealongthistube. Thistubeisto 
be considered of negligible width so 
that there is no difference in ampere 
turns acting on this circuit or path 
in the direction a' — a, b' — b, ete. 
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a. Fig. 16 shows the flux distribution in a portion of 
the air-gap with the field winding excited to give 
normal voltage, but with no current in the armature 
windings. 


l and l, = the lengths of the path in the parts 
shown. 
Ad,and Ad. = the corresponding mean widths. 
H,and H, = mean field intensity along l, and /;. 


The work done in moving a unit pole around the path 
0, m, p, 0 linking A, is all done along m, p or l. Simi- 
larly in moving a unit pole around o, p, n, o in linking 
A+, the work is all done along p, n or lz. 


Then: 
Ar r 
H, l, = 10 Å, (4) 
Ar 
H: l = 10 Å? (5) 
and since 
Aġp=H,Adi= H: Ad: (6) 
by substituting Equation (6) in (4) and (5), 
l , 4 T 
lə 4 T 
AON a; 10 ^? (8) 
Let 


A P and A P: = the respective permeances in the 
two parts of the circuit shown 


above. 
Then 
Ad 
A P, a l . (9) 
A d 
2 
Then 
AP., _ A, _ area, 
A P, 7 A; 7 area. (11) 


Since all the values in Equation (11) can be easily 
estimated, graphical solutions for the flux distributions 
can be made fairly readily, where mathematical 
solutions would become too complicated in most 
irregularly shaped fields existing in electrical machines. 
As mathematical solutions would probably have to be 
based on the same assumption as this one, namely, iron 
paths of infinite permeability, even the increased 
accuracy in determining the field probably would be 


unwarranted in many cases on the basis of this 


assumption. 

While the foregoing theory of flux distribution 
applies specifically to the magnetomotive force of the 
armature or field winding acting alone, it can be ex- 
tended to cover cases in which there are magnetomotive 
forces in both elements of the machine. In applying it 
to an actual machine, the magnitude and distribution 
of the flux were determined for several different parts of 
the magnetic circuit, as shown in the following figures: 


b. Fig. 17 shows the flux distribution in the air-gap 


when the machine is operating at 100 per cent kv-a., 


100 per cent voltage, and zero per cent power factor. 

c. Figs. 18 and 19 show the flux distribution in the 
air-gap when the generator is delivering 100 per cent 
kv-a. at 100 per cent voltage and power factor. 

d. Fig. 20 shows the flux distribution in the air 
space between the end bells and the machine at the 
centerline of the poles for 100 per cent kv-a., 100 per 
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Fig. 


cent voltage and zero per cent power factor. The 
instantaneous values of the currents in the three 
phases of the armature winding were 0, 86.6, and 
086.6 per cent, respectively, of the maximum value at 
full load. Fig. 21 shows the flux distribution in the 
space as indicated by iron filings. The rotor was 
stationary, but its relative position with respect to the 
stator winding was the same as above. Both elements 
were supplied with d-c. values of the same magnitudes 
as the above instantaneous current values. The 
arrangement of the filings checks very closely with the 
flux distribution as obtained by the graphical analysis. 

e. Figs. 24 and 25 show the magnetomotive force 
diagram due to the end connections of the armature 
winding of a 3600-rev. per min. turbine generator, for 
specific instantaneous values of current. In obtaining 
these diagrams, it was assumed that the magnetomotive 
force acts at right angles to the end winding surface 
determined by the end connections. The results which 
have already been obtained from preliminary experi- 
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mental and analytical investigations indicate that this 
method should be satisfactory for determining the 
necessary data and constants for calculating the losses 
of electric machines which cannot be calculated or 
measured directly. 
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Three-phase diamond coil armature winding scction through radial plane 
of maximum flux densities for full load voltage and zero per cent power 
factor with armature current of 0.866 maximum value in two phases and 
zero in the third. 
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SUMMARY AND CONCLUSIONS 


a. The magnitude of the losses of high speed 
synchronous machines can be determined with a satis- 
factory degree of accuracy for any load condition, by 
measuring the volume and temperature rise of the cool- 
ing medium which passes through the machine. 

b. The temperature rise of the cooling medium can be 
determined by measuring the difference in e. m. fs. 
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induced in thermocouple junctions, or the difference 
in potential drops across resistance elements located 
at the inlet and outlet duct sections of the generator. 
The velocities of the cooling medium must be practi- 
cally uniform at both inlet and outlet sections and read- 
ings should be taken at a relatively large number of 
incremental sections to obtain an accurate value of the 
mean temperature rise. 


End Winding Magnetomotive Force 


Aw Gap Magnetomotive Force 


Position with Respect to Winding 


Fig. 22—FuLL Pitcu Concentric’ WINDING. CURRENTS 
or EQuaL MAGNITUDE IN Borun WINDINGS AND WITH DIRECTIONS 
INDICATED BY ARROWS 


Numbers and signs indicate the relative magnitude and directions of 
magnetomotive forces perpendicular to the surface through all the windings, 


on the assumption that the flux passes perpendicularly through that surface 


c. The volume of the cooling medium passing through 
the machine canJbe determined: (a) by introducing a 
known amount of heat energy into the cooling medium 
and then measuring its temperature rise; or (b) by 
measuring the velocity headsatarelatively large number 
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PERPENDICULAR TO THE SURFACE THROUGH ALL THE WINDINGS 
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of incremental sections at the stack outlet. Both 
methods will give reliable results for high speed turbine 
generators provided the elements are properly designed 
and sufficient care is exercised in making the 
measurements. 


d. In the case of the five 3600-rev. per. min. turbine 
generators which were tested at full kv-a. and zero per 
cent power factor, the-additional loss including increase 
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in core loss, varied from 3 to 22 per cent of the total 
losses. This corresponds to approximately 0.14 to 1.0 
per cent of the generator input, on the assumption of 
95.5 per cent generator efficiency. The additional 
loss at full kv-a. and approximately zero per cent power 
factor is 5 to 10 per cent greater than the additional 
loss measured under sustained short-circuit conditions. 
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Since the increase in core loss is slightly larger for low 
per cent power-factor loads, it is probable that the ad- 
ditional losses of these machines, when carrying full 
kv-a., 80 per cent power-factor load, are approximately 
the same as for sustained short circuit with full load 
armature current. Since it is of considerable practical 
_ importance to know the relative magnitude of the ad- 
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ditional losses of large power generating equipment, 
It is suggested that the manufacturers and users of 
large turbine generators cooperate in making loss 
measurements on several representative machines under 
definite operating conditions. 

e. In order to predetermine the magnitude of the 
additional losses of synchronous machines, it is suggested 
that the losses in all of the structural parts be obtained 
in terms of magnetizing flux as the variable. The losses 
in the respective parts can be obtained from tempera- 
ture time curves of these parts for sudden load changes. 
The magnitude and distribution of the magnetizing 
flux can be determined graphically for any part of the 
machine with a sufficient degree of accuracy. The 
results which have already been obtained in preliminary 
investigations indicate that this method of measuring 
the loss and the analytical method of determining the 
magnetizing flux can be applied to all parts of the 
machine so that reliable loss constants can be obtained 
in terms of the different variable factors. Additional 
studies are being made on this subject and on the 
problem of calculating the increase in core loss for 
different load conditions. 
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Discussion 


I. H. Summers: Referring to Fig. 3, in which data are given 
for a 600-volt winding, one bar per slot, the load loss at 100 per 
cent kv-a. is slightly more than 20 per cent of the full-load loss. 
Referring to Fig. 4, in which data are given for a 2300-volt 
winding, 2-coil sides per slot, the load loss at 100 per cent kv-a. 
isapproximately 3 per cent of the full-load loss. 

Ishould like to ask the authors whether or not, in their opinion, 
this diserepancy can be materially attributed to either the eddy- 
current loss in the armature windings or the pole-face loss, or 
both? 

W.F. Dawson: I wish to comment on the method of measur- 
ing losses by the calorimetric method. I published an article on 
this subject in the General Electric Review, February 1920. 
Messrs. Laffoon and Calvert have laid particular stress on the 
stack method. It is one means of measuring the volume of air 
discharge, but if one refers to the paper published by Barclay 
and Smith, (Journal I. E. E. London, Vol. 57, April 1919), he 
will find that they also experimented with the stack method and 
found that the distribution of air velocity across the section was 
very uneven, varying from 1050 ft. per minute to 1480 ft. per 
minute. It was necessary to insert several trays of expanded 
metal as baffles before even approximate distribution was 
secured. They selected the anemometer for measuring the 
velocity. 

My experiments were commenced over eight years ago. We 
divided the discharge area into 100 or more rectangular sections 
and measured the velocity of each section with a manometer or 
hook gage. These results (see Fig. 3, G. E. Review, article) were 
very discouraging, as the readings varied from 0.05 in. of water 
to a maximum of 0.154 in., corresponding to velocities of 15 ft. 
per second and 26.3 ft. per second. We found also that all sorts 
of whirls and distortions occurred in the discharge pipes, even to 
an occasional indication of negative flow. These were corrected 
by placing a large wooden cross near the inlet end of the pipe, 
having an axial length of about twice the pipe diameter. 

Another great difficulty was in averaging the temperatures of 

the inlet and outlet air. The temperatures of the inlet air were 
often influenced by the presence of adjacent steam pipes and 
turbine parts, and at times the variation of temperature across 
the inlet was greater than the difference between the average 
inlet and outlet temperatures. Special electrical resistance 
thermometers were used to average the temperatures of inlet and 
outlet air, the resistance wires being wound on wooden crossarms, 
so distributed and spaced as to give a true average of the air 
temperature. An improvement over the method of attempting to 
measure at the ordinary generator outlet was to place thereon a 
long straight pipe of suitable section, on the end of which was a 
specially shaped, calibrated orifice, similar to that described by 
Mr. Laffoon. This reduced the area of the outlet sufficiently to 
bring the discharge velocity up to about 4000 or 5000 ft. per min., 
corresponding to an air pressure of from 1 to 1.5 in. of water. 
Properly arranged, these orifices give, by a single reading, 
observed at the center, the actual accurate air velocity to 
within 1 per cent. 

By using electric resistance thermometers giving true average 
temperatures, and by in-2rting electric heaters, and a third 
resistance thermometer beyond the electric heater, very satis- 
factory results were obtained, but the hook-gage readings were 
found unsatisfactory. When this method is used, it is not neces- 
sary to make allowance for the varying barometric pressure of the 
air. It is particularly adaptable to turbine alternators; usually 
there are two inlets and one discharge and the air stream is con- 
fined and guided in such a way that all the air that goes into the 
machine can be measured. 

I show in the accompanying Fig. 1, a generator frame having 
two inlets and one discharge. The original suggestion for this 

arrangement is due to Mr. H. M. Hobart. 
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T, = Average temperature (deg. cent.) of inlet air 

T, = Average temperature (deg. cent.) of outlet air 

H = Watts energy supplied to electric heater 

T: = Average temperature (deg. cent.) of air after leaving 
heater 


Ta — T, 
Watts Loss = H T, T, 
Watts loss H 


. ft. ai TET oy ETT O E 
Cu. ft. air per min 0.585 (Ta — T.) 0.585 (T's — T3) 


Caution. From three to four hours are usually necessary for all 
parts to attain steady temperature. Only about 30 min. are 
necessary to produce steady temperatures in the electric heater. 
If readings are recorded three or four times per hour, it will be 
observed that T: increases rapidly when current is applied to the 
heater. This is due to radiant energy and demands certain 
precautions and corrections. The heater should be placed 4 to 5 
ft. from T: and exactly midway between T: and T;. In writing 
the} expression T, — T,, use the last reading before heater is 


+! , 
` r , 
Tod eve! 

< e-s 

. a, 
* 

+ Pi 
: 

; 

, 

: 


as 
o ' 
ma 
-¢ 

A 

A 

-7 
` 


"ETTE 


AUS 7 
a a aaa | . è 
=) oF 
99009 9090 ' 


energized. In writing 7; — T:, use the last reading with heater 
applied. Measurable convection losses should be allowed for. 

If the loss of the machine be calculated by these equations, we 
are rid of all such disputes as correct barometric pressure, specific 
heat and effect of moisture. My experience with two-pole 
machines of note more than 6000-kw. rating is that the radiation 
or convection losses amount to probaklv 3 or 4 per cent of the 
total losses, which for machines of 1500 to 2000-kw. rating, 
never exceed 5 per cent of the rating of the machine, nor 4 per 
cent for machines of 5000-kw. rating. 

Mr. Laffoon’s paper has made a comparison between the losses, 
particularly the additional losses observed when a machine is 
being operated on short circuit and those observed when it is being 
operated over-excited at zero power factor. It seems, after all, 
that while that comparison is interesting, it doesn’t tell us what 
we want to know. What the manufacturer wishes to know and 
what his customers wish to know is what is the ratio of the load 
losses measured on short circuit to those measured while the 
machine is operating at normal voltage and power factor in 
accordance with its rating? The few data that I have gathered 
indicate that at times at least the losses under normal operating 
conditions are less than they are on short circuit. I have not, 
however, confirmed that sufficiently to lay it down as a rule. 

E. E. Johnson: Refer to Fig. 20 of the paper by Messrs. 


*Standard air at 29.92 in. Hg,. 15.5 deg. cent, (60 deg. fahr.) 
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Laffoon and Calvert. The distribution of the end-bell leakage 
flux is three-dimensional, and I raise the question as to whether a 
field plot made on the basis of a two-dimensional distribution, as 
was done in Fig 20, holds strictly. It may be that the results 
obtained from this field plot made on the basis of a two-dimen- 
sional distribution are sufficiently accurate for the particular case 
in question, although, in general, this is not necessarily true. 
It will be noted that all the areas in the plot of Fig. 20 are curvi- 
linear squares; whereas, on the outer boundaries, they should 
perhaps not be so, considering that the actual flux distribution 
there is three-dimensional. 


P. L. Alger: The two conclusions that I draw from the paper 
are: (1) That the method of measuring the total losses by means 
of the rise of air through the machine is not yet developed to the 
point where it can be called convenient; and (2) that the extra 
losses due to the armature leakage flux are not large in machines 
of the type described. This latter conclusion is not general, as it 
is evident that very markedly different losses will be obtained 
with different types of end construction. For example, if a 
chain-type armature winding had been used, the end losses 
would have been very much greater. : 


The most interesting thing about the paper to me is the 
temperature-rise method used by the authors to determine the 
separate losses in different parts of the machine. It seems to he 
quite feasible to determine the initial rate of temperature rise of 
each part separately, and, from this and the known heat capacity 
of that part, to determine the segregated losses. We have made 
some experiments along this line, and have found one of the 
principal difficulties to be the variation in the rate of heat 
generation in different parts of the same element of the machine. 
For instance, the losses in the clamping fingers are Jocalized near 
the end, and the rate of rise of the tip of the finger is, therefore, 
much greater than that of the back. It requires considerable 
care to decide on what is the average rate of rise of each part 
from a relatively small number of temperature readings. 


I should like to ask the authors whether they consider that the 
average rate of temperature rise of one tooth in the end packet of 
laminations, for example, can be determined with reasonable 
accuracy by using only two thermocouples. 

E. H. Freiburghouse: The authors of the paper have 
favored the stack method for determining the stray-load losses of 
the generator. It has also been our practise at Schenectady to 
use that method in measuring the stray-load losses of large turbo 
generators. 


I should like to ask the authors whether they have ever applied 
a baffle-type mixer in the discharge air to get uniformity of 
temperatures? 


I am somewhat surprised to notice the comparison for genera- 
tors 2 and 3, as to stray-load losses. Generator No. 2 (see 
Table I) had stator end plates of magnetic material, whereas in 
generator No. 3, which I assume is the same generator or one of 
the same rating at least, they used a non-magnetic ring for 
clamping the core. By Table II and by the curves in Figs. 4 and 
5, I find that the load loss is even higher for the machine which 
had the non-magnetic end ring. This is somewhat of a surprise 
tome. We have made many experiments on model generators of 
the turbine type, in which we applied different materials for the 
end rings, even using wood to determine what the limit would be 
in the elimination of the loss. Based on our investigation, I 
believe that the load loss ought to be less in the case of the 
generator which has the non-magnetic end ring. 


Mr. Alger referred to the influence of the rings on the rotor. 
We have found by the application of non-magnetic end rings 
on the rotor that the temperatures of the end structure of the 
stator were higher with the generator running on open circuit 
than they were with magnetie end rings, whereas on short circuit 
and normal load conditions, the losses were higher with the 
magnetic end ring. The temperatures in the end structure on 
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short circuit were considerab!y reduced by the use of the non- 
magnetic rings on the rotor. 

Fig. 20 indicates that losses should he obtained in the end 
plate. We see that the flux passes over into the end plates and 
is localized most intensely nearest the air-gap. 1 question 
whether the application of the magnetie end ring gave less loss 
than the non-magnetie ring. 

WwW. H. Colburn: The purpose of my discussion is to empha- 
size the ‘mportance, from the standpoint of the user of the 
machine, of a foreknowledge of strav-load losses in general in all 
machines. For example, let us consider a particular instance of a 
synchronous converter used in a substation. Assuming certain 
values for cost of power and of generating and transmission 
plant tied up bv the losses of the machine, we arrive at the 
conclusion that a gain of efficieney of 0.1 per cent in that equip- 
ment is worth ahout 45 cents per kw. This means that the 
user could afford to pay for a converter rated at 3000 kw. some- 
thing like $1350 additional for the machine that would save that 
0.1 per cent. 

I will illustrate how apparently neglected items may run up in 
value. The analysis of a certain equipment which had a 
blower used with it indicated that the more efficient equipment 
could be justified on the basis of the capitalized efficiency. 
We then began to Investigate the fan and found that the manu- 
facturer had applied it without consideration of aetual air and 
power requirements, so that the balance was thrown to the 
other equipment. 

The same condition exists in connection with consideration 
of these stray-load losses. We know that it is a verv difficult 
thing to predict them, as the Institute has recognized in its 
Standards of many years, where you find it repaetedly stated 
that no definite value could be placed on them. Recently the 
Standards Committee has asked that 1 per cent of the rating of 
the machine be added for these stray-load losses. 

It is almost useless in the present state of the art to go into 
a discussion of the results of calculations of and tests for stray- 
load losses, because they are fraught with many difficulties, but 
some of these seem to indicate that 1 per cent may be quite wide 
of the mark. In some cases it seems that these strayv-load losses 
are in the neighborhood of 0.5 per cent and in other cases they 
may run up to nearly 2 per cent. If this is the case, it is almost 
useless for the user to attempt to capitalize guaranteed efficieney. 

I think these tests which the authors have made are very fine 
records to have. They are needed to cheek our design, but I 
think that it is even more important that we extend these tests 
to all conditions in and classes of machinery, and that we draw 
from our tests some indication of how we ean attack these prob- 
lems in advance of construction in order to predict accurately the 
values of these stray-load losses. Only then can the user of the 
machine determine whether he is actually getting what he is 
paying for. 

F. D. Newbury: The fact that we have this paper indieates 
the desire on the part of manufacturers to know more about 
them. I am quite sure that that desire has long been present 
with other manufacturers. 


The purpose of the present discussion, I think, is to establish, 
for the benefit of the Institute Standards Committee. a relation 
between the actual and measurable stray losses in a-c. machines, 
and particularly of the turbine type. We ean only measure these 
losses under no-load conditions at short cireuit or at full voltagre 
and zero power factor. As Mr. Dawson pointed out, the thing 
of real interest is the ratio of the measurable losses under these 
conditions and the actual losses under full voltage and current 
and high power factor. That is a part of the problem still to be 
studied, and 1 am quite sure work that is going on will throw 
light on that interesting point. 

The previous speaker referred to a 1-per cent value of the stray 
losses. The Standards Committee included that value in the 
1925 edition for d-c. machines and not a-c. machines. The 
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Institute Standards for 14 years, at least, have included the full 
short-circuit losses as load losses for polyphase a-c. machines. 
The correctness of that practise has been pretty well established 
for salient-pole machines but it is still to be established for the 
eylindrical-rotor, turbine-type machines. I think opinion is 
tending toward acceptance of the short-circuit loss for cylindrical 
rotors also. 

C. M. Laffoon and J. F. Calvert: In reply to the discus- 
sion by Mr. I. H. Summers: When a standard turbine-generator 
frame of a given rating is wound with a one-conductor-per-slot 
type of winding so as to obtain unusually low voltages, it is 
generally found that the additional losses are greater than for the 
two-conductor-per-slot type of winding. With the one-con- 
ductor-per-slot type of winding, the current per slot and the 
magnitude of the harmonics in the armature magnetomotive 
force are larger than for the more favorable two-conductor-per- 
slot winding. It is our opinion that these factors are responsible 
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Fig. 


for the relatively larger eddy-current losses in the rotor pole face 
and other iron parts which are within the range of the pulsating 
fields. Both calculated values of the eddy-current losses and the 
measured temperature of the armature copper indicate that only 
a small part of the increase in additional loss occurs in the 
armature winding. 


In reply to the discussion by Mr. W. H. Dawson: In the type — 


of calorimeter test which he described in which a heater was used 
on the outlet of the machine, the heater is essentially a 
ealorimeter-type volume meter, and as such probably introduces 
all the difficulties which are outlined in the paper. It was indi- 
cated in the paper that this method required (1) either uniform 
velocities for at least three sections in the air stream, or (2) a very 
complicated system for obtaining the mean temperatures of the 
intake and discharge sections of the heat sources (both the 
machine and the volume meter); while the use of the stack with 
the calorimeter test requires uniform air velocities at one less 
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section in the air stream than does the heater or calorimeter-ty pe 
volume meter. On the basis of results from a large number of 
tests, it is our conclusion that uniform velocities at several 
sections in the air stream are inherent requirements in calorimeter 
tests of this sort, and that the stack, rather than increasing the 
difficulty, simplifiesit. Reference to Fig. 2 herewith will show that 
sufficiently uniform velocities were established over the outlet of 
the stack. The maximum variation in velocity pressure head 
from the average value is 12 per cent; hence the maximum 
variation in velocity from the mean value is approximately 6 per 
cent, (neglecting the one low point in the corner). 

In the tests described in the paper, care was taken to avoid 
the convection of heat to the inlet air from transformers, steam 
pipes, leads, and other sources, so that practically uniform intake 
air temperatures were maintained. The possible errors due to 
the existing variations in temperatures and velocities in the 
intakes were checked on generator No. 5, and found to be a small 
fraction of one per cent. 

The measurements of barometric pressures is a comparatively 
simple matter, and introduces no serious difficulty in the use of 
the stack volume meter. Since the variations in the specific 
heat of air with changes in temperature, pressure, and moisture 
content are known, corrections can be made if desired; but it did 
not appear that this difference was of sufficient importance to 
consider. 

The fact that the calorimeter tests and electrical input readings 
were in agreement for a number of ‘‘no-load”’ 100 per cent power- 
factor tests at different voltages, is a satisfactory confirmation of 
both the volume-meter and air-rise measurements, because both 
these latter two readings could not be in error by just the right 
amount in each case, and because the electrical readings of input 
at 100 per cent power factor can be taken as quite reliable. 

In reply to the discussion by Mr. E. E. Johnson: The deter- 
mination of the end-bell flux field on the basis of a two- 
dimensional distribution as shown in Fig. 20 of the paper, does 
not hold strictly, but to consider it as a three-dimensional field, 
tremendously complicates the already difficult problem of field 
mapping. Fig. 20 checked the filing photograph very closely in 
the parts of the field where the flux density is greatest, but 
Since the 
density decreased very rapidly toward the outer edge of the end 
winding, the errors introduced in either loss or reactance calcula- 
tions on the basis of the two-dimensional field must be small 
with this type of winding and end bell. 


In reply to the discussion by Mr. P. L. Alger: While the 
additional losses are not a large percentage of the total losses in 
many machines, yet in large machines they represent a direct loss 
to the customer and a limitation to the manufacturer of very 
considerable importance. Unfortunately, sufficient data were 
not obtained to tell how many temperature detectors would be 
necessary to determine the losses from time-temperature curves 
for the various parts of the machine. It appears, however, that 
flux mapping can be used to indicate the best location for these 
detectors, and the safest method would he to locate a rather 
large number on various radial lines throughout the machine. 
Then, if it could be shown during the first tests that some couples 
need not be read, they could be abandoned for later readings. 


In reply to discussion by Mr. E. H. Freiburghouse: Before the 
air discharge stack was built, a model stack was tested under 
conditions which were intended to give distributions of both 
temperature and pressure with wider variations than those which 
would be found at the outlet from the machine. In the tests with 
models, two types of baffles, as well as a screen, were used in the 
air stream just preceding the entrance to the stack. The 
bafflles, or air mixers, did not give sufficient improvement to 
warrant their application. The sereen gave considerable im- 
provement in extreme cases, but was not used, because of the 
undesirable loss of head, and consequent change in air volume 
from that existing under normal operating conditions. Had the 
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tests on the actual machine shown the desirability of better 
distributions, undoubtedly, it would have been necessary to 
introduce a screen, and perhaps some form of baffle in the air 
stream at the entrance to the stack. 

The tests on generators Nos. 2 and 3 were made to determine 
the effect of stator end-plate material on the magnitude of the 
additional losses. The same machine was used in both cases; 
magnetic plates were used on No. 2 and non-magnetic plates were 


used on generator No. 3. The total values of the additional 
losses of these two generators were very small and it appears 
evident from the end-plate temperatures that only a very small 
portion of the additional losses actually occurred in the end 
plates. Hence, it is impossible to draw any definite conclusions 
from the tests on these two machines in regard to the influence of 
magnetic and non-magnetic stator end plates on the additional 
losses of the machines. 
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_ Reduction of Armature Copper Losses 
The Inverted Turn Transposition for the Reduction of Losses Due 
to Non-uniform Current Distribution in the Armature 
Conductors of Large A-C. Machines 


BY IVAN H. 


SUMMERS* 


Associate, A. I. E. E. 


Synopsis.—A new method of reduction of armature copper 
losses is described, which consists in the inversion of the conductors 
of a multi-turn barrel type coil at one or more places in the end 
portions of the coil. Previous writers have described methods of 
transposing the conductors in the slot and of carrying insulated 
strands through successive positions in successive coils, but the new 


T is the aim of this paper to present a method for the 
reduction of extra losses and heating in armature 
conductors of large a-c. machines due to non- 

uniform current distribution. The scope of the paper is 
limited to finitely laminated conductors with the 
laminations insulated throughout all the turns in a coil. 
It is further limited to coils wound either with no 
special twist or inversion at any point, or with one or 
more of the turns or half-turns inverted as illustrated 
in the various accompanying diagrams. With the aid 
of the formulas and tables the calculation of the extra 
copper losses becomes a simple matter for simple 
untransposed coils, and the gain to be derived from 
transposition can be determined by selecting the proper 
factor from the tables. It is found that in most cases 
it is a simple matter to select a transposed winding for a 
large machine so that the extra losses will be reduced 
to a negligible value and the transposition may be 
accomplished at very slight additional expense. 

A considerable literature on the subject of reduction 
of eddy-current losses in the armaturé copper has 
accumulated, as is evident from an inspection of the 
bibliography. Nevertheless, the type of transposition 
here described, which consists in inverting the con- 
ductors of a multi-turn coil at one or more points in the 
end connections during the process of winding, is be- 
lieved to be entirely new. European writers have 
chiefiy described means of transposing the strands of a 
bar winding within the slot, thus enabling both ends of 
the bar to be solidly connected to adjacent bars. 
American writers have described the reduction of losses 
secured by the inversions occurring at both ends of the 
standard barrel type coil, as shown in Fig. 1, and have 
also described the further means of reducing the losses, 
which consists in carrying the strands through the 
several coils of a phase belt by special insulated connec- 
tions. The earlier papers by Mr. W. V. Lyon and by 
Mr. H. W. Taylor (see Bibliography) have been of 

*General Electric Co., River Works, West Lynn, Mass. 
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method now described presents distinct points of difference in theory 
and in construction from any of these earlier methods. The theory 
of the new form of transposition is briefly described, complete 
formulas are presented for the most useful cases, and illustrations 
of its use are given. 


great assistance in furnishing foundations for the 
present paper. . 
The new method now described has some distinct 
advantages in construction over other methods, as it 
enables solidly connected machine wound coils of 
identical character to be made practically free from 
circulating current losses, whatever the number of turns 
per coil. By making the transpositions in the ends of 
the coil, space for them is obtained without sacrifice of 
slot room, and by properly locating them with reference 
to the already present inversions at the ends of the 


Fic. 1—STANDARD BARREL Type ColIL 
Showing successive positions in slot of a single strand—Type I, Table I 


coils, almost complete avoidance of residual voltages 
can be secured. Diagrammatic illustrations of the 
various types of transpositions in the ends here con- 
sidered are shown in Figs. 2 to 7 inclusive, and a repro- 
duction of an actual coil similar to Fig. 6 is shown 
in Fig. 9. 

Consider a solid rectangular conductor placed in a 
rectangular slot in an iron body. It is clear that the 
reactance of a path at the bottom of the conductor is 
more than that of any other path in the conductor 
because the bottom path is enclosed by more flux. 
Furthermore, a path at the extreme top of the conductor 
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is reactanceless with regard to the rest of the conductor, posed on it so as to increase the total current at the top 
and in this respect has resistance only. Thus a larger and decrease it at the bottom. When the term eddy 
current will flow at the top than at the bottom. Ad- current is used hereafter in this paper, it means this 


Fia. 2—BARREL Type Corr Wiru Opp NUMBER orf Turns Fia. 5—BARREL Type Coit Wira EvEN NUMBER oF TURNS 
All inverted at the end opposite connections—Type II, Table I All inverted at the connection end—Type III, Table I 


Fic. 3—Barrev Tyre Cor With Even NUMBER or Turns Fig, 6—BarreL Type Cow Wiru Last Turn ONLY INVERTEL 
All inverted at the end of connections—Type II, Table I AT CONNECTION ENpD—T ype IV, TABLE I 


Fig. 4—Barret Type Cor With Opp NuMBER or TURNS Fic. 7—BarreL Tyre Cow Wira First Harr TURN On 
All inverted at the connection end—Type III, Table I INVERTED AT END OpposITE CONNECTIONS—TYPE V, TABL: 


ditional losses will ensue and the temperature will be hypothetical superimposed current. The formulas 
higher than if uniform current distribution were extra loss factor give the ratio between the loss cau: 


maintained. This non-uniform current can be thought by this eddy current and the loss caused by the unifo 
of as a unif current with an eddy current superim- current. 


—_ 
ee 


-e 
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If the conductor be laminated, conditions will be 
improved because the paths will be longer and the eddy 
currents reduced. Thus an elementary method of 
reducing the extra losses is simply to laminate the con- 
ductor. In addition, this makes the coil more flexible 
and easier to handle. For this reason most coils in 
large machines are laminated. Mere lamination, 
however, is not sufficient to keep the extra losses down 
to a negligible amount and for this reason various other 
schemes have been proposed. 

The new method now proposed is to invert the lami- 
nations at various points in the coil by making a 180- 
deg. twist in the conductor. This can be arranged 
usually so that the voltage induced in the whole length 
of the strands by the leakage flux is more nearly uni- 
form than it would be if there were no inversion. Some 
of the convenient ways of employing the inversion are 
illustrated in the accompanying diagrams. They are 
discussed later and formulas are given to calculate the 
extra losses which the coils will have. 

In order to investigate mathematically the problem of 
inversion of the turns, certain simplifying assumptions 
are convenient as in all engineering problems. These 
are briefly indicated below: 

1. Only the horizontal components of flux and 
magnetizing force are considered. Actually there are 
additional losses due to the vertical components but 
these have been found to be small in most practical 
cases. Horizontal is taken here to mean parallel to 
the bottom of the slot. 

2. The vertical component of current is neglected. 
The current is always considered to flow straight into or 
out of the plane of the paper, except, of course, at the 
soldered joints at the ends of the coils. 

3. The iron sides and the bottom of the slot are 
considered to have infinite permeability and no losses, 
as far as this problem is concerned. 

4. The resistivity of the conductors is supposed to 
be constant and invariable over the depth of the slot. 

5. The voltage induced by the leakage flux in the 
end connections is the same for each strand. 

These assumptions are the same as the ones made by 
most writers on the subject. From the fundamental 
laws of electromagnetic theory and these assumptions, 
the differential equations of the problem can be derived. 
From these differential equations and their solutions, a 
general rule for finding the loss in any conductor or 

combination of conductors can be derived. 


CIRCULATING CURRENT LOSS 


For a neat statement of the problem and a deriva- 
tion of rules for finding the loss in infinitely laminated 
coils (hereafter called circulating current loss) see the 
paper by W. V. Lyon in the May 1921 issue of the 
JOURNAL. The rule derived therein may be briefly 
restated as follows: 

Form a quantity [, for each conductor which is 
right side up in the slot by taking 
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I 0 = I by 
where I, is the vectorial summation of all the currents 
in the slot below the conductor in question. For each 
conductor which is the other side up, take 

-= (I b + I 1)» 
where J; is the current in the conductor considered. It 
makes no difference which side up is called right side up. 
The Jo used is the average for all the conductors which 
are in series, and which have strands continuously 
insulated throughout. Let I, be all the current in the 
bottom coil side of another coil which may be in the 
slot below the conductors in question and substitute 
the known value of J; in terms of J, and solve for 
| Io/Z, | and cos a, where | I/I, | is the numerical value 
of the ratio and a is the angle between J, and J,. 
Substitute these values in the relation 


LF 


I 
7 -+- * | cos a. (1) 
1 


I, 


L = 


Then the heat loss in the coil will be determined from 


the relation : 
K=M+LN, (2) 


where M and N are certain complex hyperbolic quan- 
tities! and K is the ratio of the total heat loss in the coil 
to the loss that would exist if the uniform component 
of the current existed alone. 

These quantities are discussed in Apert B where it 
is shown that if the current has a distribution which is 
not widely different from uniform, the extra loss factor 
due to the eddy currents may be approximated by 


= (4+ 15L)D (3) 


where D is a quantity depending on the dimensions of 
the slot and the coil. Itis 


p = 001 [ —S— | [ener 7] 
= 60 ‘sec m? 


for a two-coil side per slot winding. Also 


penila E] 


for a one-coil side per slot winding, and 


D = 119| So oe 


for strand loss calculation. 

In these formulas f means frequency of the alter- 
nating current; r means the ratio of the width of the 
copper in the slot to the slot width times the ratio of the 
depth of conductor plus strand insulation to the net 
conductor depth; b means the ratio of the length of the 
slot to the length of a half-turn; d means the depth of a 
strand; n means the number of layers of strands in the 
depth of the slot; and m means the number of turns per 


(4) 
(5) 


> [r (d/in)? }? | (6) 


1. See Appendix B. 
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coil?, The copper conductors have been assumed to be 
at 75 deg. cent. and the resistivity for this temperature 
has been used. The extra loss factors are inversely 
proportional to the square of the resistivity so that any 
other temperature may be evaluated if desired. 

The quantity Z which depends on the type of winding 
is calculated in Appendix A and is tabulated in Table I. 
The general method of calculating L for any type of 
winding is illustrated in Appertdix A so that any 


Tyre Oescruotion of winding HA Valsa of L 


Multi tarn Cul woco: l sides 
; Per shot with an involute al 
each end. 
fandard coi! with which 
ofhers are compared ) 


W// turns inverted on the 2 L =4 J. na 0 
d ooposite the connec tongs oe 
J 


m |1 rns inver ted 

ON connection end 

Top turn only inverted Lm: ee 2 pent 2 seh - 
on connection end. Pan 

wrsthelt turn only inverted 
ond oppesite connections. 


im being Odd 


Note: Top always refers to open end of slot 


TABLE J—CIRCULATING LOSSES 


reader who wishes to investigate types of windings 
outside the scope of this paper may do so. 

It is shown in Appendix C that the extra Joss factor 
in a laminated conductor of Type I may be calculated 
by the simple formula 


k = 0.28 [=< ] i ee ] 
— 60 /see m (7) 


for the first order of eddy currents with copper at 7 
deg. cent’. 


2. The formulas are dimensionally correct and the quantities 
may be measured in any consistent system of units. They 
are so arranged that if f is measured in units of 60 cycles per 
second, and d is measured in inches, the calculation will be simpli- 
fied. Thus d;in means the ratio between d and one inch. For 
example, if d were seven cm., the ratio would be 


7 cm. one ecm 


=7 KX —-——_ =7 OX 0.394 = 2.76 
one In. 


one in. 


As another example suppose that f is 60 cycles per second: then 


f — 60/see __ 
60; sec 60, Sec 
but if f is 3000 cycles per minute 
3000 ,,min  _ one sec. — _ 1 5 
—— —— & 5 == - =Z ou X ee 
60 /sec one min. €0 6 


This system of dimensional formulas has been discuss3d by 
V. Petrovsky (see Bibliography). He shows that it is unneces- 
sary to have several formulas, one for each system of units. 

3. First ordor of eddy currents means the eddy currents 
induced by the uniform current. They are expressed by the 
first term of an infinite series as shown in Appendix B. 
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The loss factors in any other type of transposed 
winding considered may be calculated by using the 
formulas for L given in Table I or by referring to the 
ratios given in Table-lI. Each formula in Table I 
and each ratio in Table II is given for a single coil, or 
group of coils, having a definite value of 6, which is the 
angular phase difference between the top and bottom 
coil side currents. Thus it is necessary to know 
from the pitch of the coils how they are distributed. 
Two factors must then be calculated and the weighted 
average taken to apply to the whole machine. 

Extra loss factors obtained by the methods described 
are based on the assumption that the extra losses are not 
too large. Formula 7 may be used without sensible 
error provided the extra loss factor which it indicates 
does not exceed approximately 100 per cent. At this 
point the result is less than six per cent too large, but the 
error increases beyond this point. Even if the result is 
larger than 100 per cent it may still be used in combina- 
tion with Table II provided the result for the type of 
winding under consideration is not too large. Thus it is 
clear that the approximate formulas are quite sufficient: 
for any windings that would be allowed in practise. 

It may be remarked in passing that the losses in bar 
windings may be calculated by formulas for coils of 
Type VI, VII and VIII given in Table I, and if the extra 
loss factor is large, the complete expression for M and 
N given in Appendix B should be used together with 
Equation (2) to obtain the total loss factor. Bar wind- 
ings have been discussed fully elsewhere‘ and therefore 
are not treated in this paper. 
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TaBLE II—Rario oF Extra Loss IN Vartiovs 
WINDINGS TO Tuar IN Tyre I 


TYPES OF 


STRAND LOSS 


Up to this point the losses are supposed to be those 
which may be called circulating current losses and which 
would occur if the conductor were laminated by 
infinitely thin laminations. As intimated previously, 
there are additional losses which are due to the non- 
uniform distribution of current over the finite depth of 
the strands themselves. These losses may be approxi- 


4. See Bibliography. 
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mated by considering tirst that the current is uniform 
over the depth of the slot, and then calculating the 
eddy-current loss which would occur in the strands. 
This may be done by considering each strand to be a 
bar of a series-connected bar winding and applying 
formulas for coils of Type VI, VII, and VIII. It is 
shown in Appendix C that the strand loss may be 
approximated by 


f T a 
k,=6.0by [ eo Ir n (d/in)?] (8) 


#0 Sa 
PERCENT ARMATURE W/NOING PITCH 


Fig. 8—TuHE FACTOR av USED IN CALCULATING STRAND Loss 
FACTOR 


This value is different for each coil that has a different 
0, and in general there are two groups of coils in a 
machine each having a different value of 0. It becomes 
convenient to average y over a whole machine so that 
the strand loss may be calculated easily. This has been 
done and ya is plotted against per cent pitch in Fig. 8. 
The strand loss factor is small in a well-designed 
machine and may often be neglected when considering 
the effect of transposition. It is always present no 
matter what the transposition is and must be added to 
the circulating current loss factor to get the total extra 
loss factor for the first order of eddy currents. The 
strand loss may always be reduced by using finer lami- 
nations in the conductor. 
To summarize the method of calculation of eddy-cur- 


rent losses it may be noted that an extremely simple 


slide rule calculation using Formula (7) will obtain the 
extra loss factor for a coil of Type I. The effect of 


transposition may be obtained from Table II by select- . 


ing a factor to apply to the extra loss factor for Type I. 
Finally the strand loss factor may be obtained by 
Formula (8) and added to the circulating current loss 
factor. The result is the total extra loss factor for the 
first order of eddy currents. This, multiplied by the 
normal copper loss of the winding, calculated for uni- 
form current distribution, gives the extra loss due to 
eddy currents and is accurate, provided it be not so 
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large that the first term of the infinite series discussed in 
Appendix B fails to properly describe it. 
as large as this, however, it would be too large to be 
considered permissible in a modern winding. A method 
of transposition would be selected to reduce it to a 
much smaller value. 


If it should be 


An example will help to make these rules understand- 
Suppose we are considering an hypothetical 
three-phase winding having coils of Type V, Fig. 7, 
with three turns, 17/24 pitch, and two coil sides per slot. 
Suppose the slot is 0.675 in. wide and each turn is com- 
posed of 30 strands, each 0.14 in. wide, 0.075 in. over 
the strand insulation, and 0.07 in. net depth, and 
arranged 3 wide and 10 deep. Suppose that the ratio 
of the length of the core to the length of a half-turn is 
0.50, and the frequency is 60 cycles per second. 


Then 


a AORN 
60/sec 
r = 0.667 
b = 0.50 
n = 60 
d/in = 0.07 
m =3 
and 
0.667 X 0.50 x (60)? x (0.0777 
k = 0.28 apf a eee] =1.07 


A three-phase winding of 17/24 pitch has 87.5 per cent 
of the coils with an angle 0 of 60 deg. and the rest with 
an angle @ of zero. Thus from Table II the proper 
factor is 

0.875 x 0.093 + 0.125 x 0.056 = 0.0884 
Therefore, the extra loss factor for the whole winding is 


0.095 


0.0884 x 1.07 = 


Fie. 9—CoMPLETED Five-Turn Coin or Type IV (SIMILAR TO’ 
Fig. 6) 


or the extra loss due to circulating current is about 9.5 
per cent of the ordinary copper loss, calculated for 
the square of the current and the ohmic resistance. 
Without the transposition, the formulas indicate an 
extra loss of about 107 per cent. The reduction from 
107 per cent to 9.5 per cent by simply inverting the first 
half-turn when winding the coil is quite a remarkable 
gain when the simplicity of the transposition is 
considered. 
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The strand loss factor to be added to the above in 
either case is 


k. =6.0 X0.50 X 0.822 [1]? [0.667 X60 x 0.0049]? = 0.094 


and the total eddy current loss is about 19 per cent of 
the normal copper loss. This is a fairly high value for 
strand loss factor but it can be reduced by using 
smaller strands. 

In all practical cases where there is more than one 
turn per coil, the extra loss may be kept down to a 
small fraction of the normal loss by using the proper 
inverted turn transposition. Where there is only one 
turn per coil the Roebel or 360-deg. transposition may 
be used. The discussion of this type of bar is outside 
the scope of the present argument and it suffices to say 
that it reduces the circulating current loss in a conduc- 
tor to practically zero. 

In conclusion the author wishes to express his ap- 
preciation of the invaluable suggestions of Mr. P. L. 
Alger and his enthusiastic support. He also wishes to 
thank Mr. M. C. Holmes for assistance with the 


numerical work in connection with the tables and for 


helpful criticism. 
Appendix A 


In order to illustrate the method of deriving the 
formulas shown in Table I, two of the cases are derived 
below. The others may be obtained in a similar 
manner and wil! not be proved here. Some of them 
have been derived previously by other writers but they 
were all checked in the preparation of this paper. 

Consider Type III with an even number of turns. 
See Fig. 5. 

Applying the rule given in the body of the paper 


Ea 
b= X P-D 
1 


where p = 2s — 1 for al! the odd half-turns in the 
lower® coil side, 


m 


_ 


Io = >: [(p — DI + I), 
1 


where p = 28 — 1 for all the odd half-turns in the upper 
coil side, 


m 


2 
L=- X le-Dn+0), 
1 


where p = 2s for all the even half-turns in the lower 
coil side, and 


m 
2 


o=- X lp- +I +I, 
1 


5. That part of the slot nearest the closed end is referred to 
throughout this paper as the bottom and that part nearest the 
open end, as the top. 


where p = 2 s for all the rest. 
Averaging these over the 2m half-turns, the result is 


m . ™ 


2 2 


2mIo= X; [s-h + Xs- 2I +I) 
1 


1 


a. 


+ 2 
- >) Bs- Xp 2st +I) 
l 1 


This gives 
I 01057 I 1 
Hence 
Io 
Tr, |7* 
Cosa = — 1 
and finally 
L=0. 
Now consider Type IV. See Fig. 6. 
In a manner similar to the first example 
m—l 


2mIo=— Xp- ++? p- + 1) 
2 1 


— [Z + (m-—1) I, + I). 
This reduces to 
2-3mI + (m-2) lh 
I, = ee 
m 
Since all the conductors are in series 
I = m I, L 0. 


This is substituted and the vectorial summation 
effected so that 


Io 
I 
~/ (2—3 m)? + (m?—2 m)?+2 (2—3 m) (m?—2 m) cos 0 
= l 2m 
and 
(2 — 3 m) + (m — 2 m) cos 0 
Cosa = eg 
2m | — 
1 
and finally 
(m—1)(m— 2) rm- 5m +2 0 ] 
= m [ 4m Tee 2 d 


Any combination of half-turns may be calculated in a 
manner similar to the above and the reader may verify 
the rest of the formulas given in Table I or he may make 


new formulas for other combinations. 
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Appendix B 

Non-uniform current distribution in armature con- 
ductors introduces changes in the effective reactance 
of the windings as well as in the resistance. The ques- 
tion of the reactance is not considered here. It is 
possible to set up equations containing complex num- 
bers which express both the resistance and reactance 
factors, but since only the resistance is considered here 
M and N are taken‘ as 

M = real part of gh coth q h 


h 
N = real part of 2 q h tanh 


where 


mee he 
j P 


and h is the depth of the conductor. 

It is always possible by means of the proper trans- 
position to reduce the eddy current loss to a negligible 
fraction of the normal copper loss and it is therefore 
unnecessary to use the full expressions for M and N. 
They may be expanded into infinite series and all 
unnecessary terms dropped. Thus 


4 
M =1- 7. qh 
1 
N =- jo th 
Let 
q=(1+))9 
so that 
zN Ar? fr 
= p 
and 
| 4 X 
N =a oth’, 


M appears in every expression for the circulating cur- 
rent loss factor. The constant part of it represents the 
normal copper loss while the variable part represents 
the extra loss. Thus the extra loss factor is 


k oe L gt hi 
45 3 
or 
k = [4 +15L]D 
where 
g‘ h? 
D= ig 


6. See the paper by W. V. Lyon, Bibliography, 1. 
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The quantity h is the depth of one turn, while d is 

taken as the depth of one strand, m is the number of 

turns per coil, and n is the number of layers of strands 

in the slot, so that for a two-coil side per slot winding 
nd 


2m 


h = 


e 
? 


for a one-coil side per slot winding 
nd 
m 


? 


and for strand loss calculation 
h=d. - 

In a laminated winding the current is forced to flow 
over the whole length of a half-turn by the voltages 
induced in the core portion only. The resistivity p is 
taken as 1/b times the actual resistivity for this reason 
where b is the ratio of the length of the core to the 
length of a half-turn. Copper at 75 deg. cent. is as- 
sumed. Substituting the value of p and g, the value of 
D for a two-coil side per slot winding becomes 


p = oos a l [A] 


and for a one-coil side per slot winding, it becomes 


D=119[ ree ye z4] ea 


and for strand loss calculation 


Deis aoe as 


Appendix C 
CIRCULATING CURRENT Loss 


The formula for a coil of Type I is taken from 
Table I and substituted in Equation (3), resulting in 


] ir (d/in}'}. 


t-[1+ 2 -n |p, 


or 
= 4 m? + 4 
The constant term in this expression may be dropped 
without fear of sensible error and the result is 
15- 


—mD. 


k= 4 


Substituting the proper value of D 


f 2 
60 ‘sec | [ 


Circulating current loss factors for any other type of 
winding may be calculated by selecting the proper factor 


rbn (d/in)? ] 


k = 0.28 | m 
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from Table II and applying it to the result just obtained. 
That is, the effect of the transposition on a coil of 
Type I is to reduce the extra loss in the ratio given in 
Table II. This table has been made up with the use 
of Table I and Formula (3.) 


STRAND LOSS 


The strand loss in a one-coil side per slot winding is 
obtained by substituting 


m?— 1 
3 


in Formula (3.) The result is 
15 
k, = [ 4+ 3 m- 1) |D 
and this is practically equal to 


k=5wD. 
When the proper value of D is substituted 


f 2 
E rA 


|i n (azin p 
The factor b is introduced because the extra’ losses 
occur in the slot portion only. 
In a two-coil side per slot winding 


4m?—1 eee 
3. m sin’ > 


Le 


L = 
and therefore 
15 . 0 
k, = [4+ 3 am- 1- msing |D. 


Practically this is 
= 20m Dy 
where 


= 7 y e 
q $. 
The correct value of D is now substituted and b is 
introduced with the result that 


2 
k, = 6.0b y [ Wax) [r n (d/in)? }? 

This is the same result that was obtained for the 
strand loss in a one-coil side per slot winding where 0 
is zero, and is therefore genera]. Various coils in a 
machine may have different values of 0 and it becomes 
convenient to have an average value of y toapply toa 
whole machine. This has been done and ya, is given in 
Fig. 8. For a three-phase machine ya varies linearly 
from 1.0 at 100 per cent pitch to 13/16 for 6624 per 
cent pitch and from there linearly to 7/16 at 3314 per 
cent pitch and from there linearly to 0.25 at zero pitch. 
For a two-phase machine ya, varies linearly from 1.0 at 
100 per cent pitch to 5/8 at 50 per cent pitch and from 
there linearly to 0.25 at zero pitch. 


Io 


I, 
I, 


Q 


L 


K 
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TABLE OF SYMBOLS 


A quantity used in the formation of equations 
for extra loss. The rule for obtaining I> is 
given in the body of the paper. 

The vectorial summation of all the current in 
the slot below the conductor in question. 

The current in the conductor in question. 


The numerical value of the ratio indicated. 


The angle between J, and T.. 

A quantity which depends on the type of coil 
and its transposition. It is defined by 
Equation (1). 

The ratio of the total heat loss in the coil to 
that due to uniform current distribution. 
The ratio of the extra heat loss in the coil due 
to eddy currents to that due to uniform cur- 
rent distribution. Also called extra loss 

factor due to circulating currents. 

A quantity depending on the dimensions of the 
slot and coil, the frequency, the number of 
turns per coil, and the number of coil sides 
per slot. It is defined in Equations (4), (5) 
and (6). | | 

The frequency of the alternating current. 

The ratio of the width times the over-all height 
of the copper conductor in the slot to the 
slot width, times the net conductor height. 

The ratio of the length of the slot to the length 
of a half-turn. 

The depth of a strand. 

The total number of layers of strands depth- 
wise in the slot including both coil sides. 

The number of turns per coil. 

The ratio of the extra loss due to strand loss 
to that due to uniform distribution of cur- 
rent. Also called strand loss factor. 


The order of the conductor under considera- 
tion. The one nearest the bottom of the 
slot in the coil side under consideration is 
p = 1. The effect of eddy currents is calcu- 
lated by averaging J, over all conductors and 
is accomplished by finding J, for the general 
conductor p and summing up all such values. 

Any integer. The summations in Appendix A 
are effected with respect to s between the 
limits indicated.. 

The depth of a conductor, or turn. 


A quantity depending on frequency, resistivity 
of the conductor, width of conductor, width 
of slot, length of slot, and length of a half- 
turn. It is a complex quantity. 

The square root of minus one. 

The quantity q divided by (1 + ïj). It is real. 

A quantity used in strand loss calculation. It 
is y = 1 — (8/4) sin? (0/2). 


ee a 


_~ 
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Ya The quantity y, averaged over all the coils in 
a machine. 

p  Theresistivity of the conductor. 

6 Angular phase difference between the currents 
in the top and bottom coil sides in one slot. 
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V. Petrovsky, 


Discussion 


G. H. Rockwood, jr.: In order to compute the losses in 
these transpositions which Mr. Summers has described, it is 
necessary to determine the percentage of slots in the winding 
having a given value of the angle 0 between current in the top 
and bottom coil sides. Necessity for visualizing the winding may 
be done away with and the computation simplified by the follow- 
ing procedure: 

In a three-phase winding of full pitch, the angle between the 
currents in the top and bottom coil sides of all slots is zero; for 
a two-thirds pitch winding, it is 60 deg.; for a one-third pitch 
winding, 120 deg., and for a zero pitch winding, 180 deg. Be- 
tween these limiting values, the percentage of coils having a given 
value of the angle 6 will vary linearly with pitch. We may, 
therefore, plot the data of Table II of the paper, as is done in the 
accompanying Fig. 1, and obtain a family of curves for each 
transposition. Such a plot will enable us to omit the rather 
laborious computation in the paper, and to read the reduction 
factor for circulating current directly as a function of the coil 
pitch. 

P. L. Alger: Mr. Summers’ idea of making an inversion in 
one or more turns at the ends of an armature winding seems to 
me to bea very simple and satisfactory method of avoiding eddy 
currents. In Schenectady, in building a considerable number of 
large machines, we have used it with very good success. The 
advantage of the method is that it enables a standard machine- 
wound coil to be made without the extra expense of special 
insulated clips, the connecting of adjacent coils, or any other 
eom plications. All other schemes that have been proposed 
before have involved some inconvenient departure from the 
simple standard manufacturing processes, and so their use has not 

seemed to be warranted unless the circulating-current loss with- 
out transposition was more than about 25 per cent. With the 
new method, we have found it desirable to transpose the winding 
whenever the circulating-current loss should exceed approxi- 
mately 10 per cent without it. 

It is true that the inverted-turn idea is very similar indeed to 
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those which have been suggested by H. W. Taylor in England, 
and by others; but so far as I know, no one has proposed exactly 
the same scheme, nor has anyone worked out, completely, the 
eddy-current loss formulas for this ease. I feel, therefore, that 
Mr. Summers has made a very distinct contribution to the art of 
electrical machine design. 

J. R. Dunbar: I desire to point out that the method of 
transposition advocated by Mr. Summers was used by H. B. 
Dwight on experimental coils for machines that were being 
manufactured by the Canadian Westinghouse Company. 
At that time, it was decided that the reduction in eddy-current 
losses was insufficient to justify the added complication in the 
winding of the coils for the machines then being considered. I 
should like to ask Mr. Summers if it is proposed to use in ma- 
chines now under construction any of the transpositions he 
describes? 

F. D. Newbury: It may be of interest to point out a few of 
the more general considerations affecting transposition. There 
have been three methods advocated: First, there is transposition 
secured by means of certain connections between coils. That 
method has been applied for 10 or 12 years in large machines 


Ao Frio 


Per cent ormorure winding pitch 


Fia. 1—Ratio oF Extra Loss IN Type IV WINDING To THAT 
IN Type I. 


Full ine—3-phase. 
Dash line—2-phase. 


and is effective and economical in such eases. The second method 
is to transpose the conductors within the armature slot. That is 
a method which has been used in Europe very considerably but 
not in this country until recently. In Europe, designers have 
used partially closed slots; we have used open slots. They have 
used straight bar conductors joined by separate end connectors 
in these partially closed slots. This construction with transposi- 
tion within the slot, is fairly simple. Designers in this country 
have taken up this construction in recent. years in large machines 
because coils became so long that it was desirable to deal with 
half coils instead of complete coils, and it is only possible to deal 
successfully with half coils when it is possible to connect both 
ends of the conductor solidly in forming the complete winding. 
So in American practise, in our largest machines the transposi- 
tion within the slot is coming into use. 

It seems to me that this third method advocated and deseribed 
by Mr. Summers is a very desirable construction for the moder- 
ute-sized machine where it is still desirable to use complete coils, 
machine-wound, and to secure transposition economically. 

In looking over the bibliography at the end of this paper? there 
is another thought that occurs to me. It illustrates the greatly 
accelerated progress in the mathematical and theoretical bases of 


1. Heat Loss in Stranded Armature Conductors, W. V. Lyon, TRANS. 
A. I. E. E., 1922, p. 199. 
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our design work. From this bibliography you will note that the 
earliest American paper was one by A. B. Field, presented in 
1905. There was no other important contribution, at least, not 
in America, until Gilman’s paper in 1920,—a period of fifteen 
years. In the six or seven years since that, we have had the im- 
portant papers by Prof. Lyon, and now another one by Mr. 
Summers, which indicates the very healthy condition of progress 
in this branch of design. 


C. M. Laffoon: I wholly subscribe to the views given in the 
paper; in fact, I used the method a few years ago. 

W. V. Lyon: I agree with Mr. Summers that in the computa- 
tation of the extra-loss factor for any winding that is properly 
designed, it is sufficiently accurate to use the first terms in the 
expansion of the hyperbolic functions. This is also the expressed 
opinion of H. W. Taylor. For anyone who might wish to com- 
pare the approximate with the exact values of these hyperbolic 
functions, I am appending a table of such values. 

I should like to call attention to one minor correction. It is 
in regard to the use of the ratio r when calculating the strand loss. 
This ratio takes into account the effect of the insulation between 
the strands. The magnetic field that exists in the space between 
adjacent strands plays its part in affecting the distribution of 
current among the strands and thus is a factor in determining 
the circulating-current loss. On the other hand, this magnetic 
field does not influence the strand loss. The expression for the 
strand loss can be corrected by using either a different value for 
the ratio b or the ratio r. The effect of this correction will be 
to multiply the strand loss by the ratio of (the net depth of 
strand)? to (the gross depth of strand).2, Making this correction 
in Mr. Summers’ numerical example reduces the strand loss 
factor from 0.094 to 0.082. 

I believe that there are still one or two points in the theory of 
these extra losses that are not fully appreciated. The extra 
circulating-current loss is zero when the current is equally 
divided among the strands. The extra strand loss is not a mini- 
mum for this condition, however, but for the condition when the 
current is more concentrated toward the top of the slot. Asa 
simple illustration of this, consider two equal strands placed one 
above the other. The total loss in these strands is a minimum 
when the current in the lower strand is one-half of the total 


N : 
multiplied by the fraction (: — —-) and the current in the 


upper strand is one-half of the total current multiplied by 


(: -} =>). As further evidence of this fact, consider the 


expressions for strand loss that were derived in my 1922 paper." 
In case 5 of that paper, the circulating-current loss is much smaller 
than in case 6, but the strand loss is smaller in case 6 in about the 
ratio of 13 to 16 for full-pitch slots and in about the ratio of 10 to 
13 for three-phase fractional-pitch slots. It is readily shown that 
in the windings which have a small circulating-loss factor, it is 
very nearly correct to compute the strand loss on the assumption 
that the current is equally divided among the strands, as Mr. 
Summers has done. The exact expression for the strand loss is 
readily deduced by following the method outlined in my 1922 


paper. Itis: 
2 2 
+> I + Ib )- 
R 


2 ( 
n 


The notation is thesameas in my paper. 
numberof turnsintheecoil. The first term is the sum of the squares 
of the currentsin the slot below the successive half-turns of the coil-in 
which the strands are numbered in the direct order. The second 
term is the’sum of the squares of the conductor current plus the 
current in the slot below the suecessive half-turns of the coil in 
which the strands are numbered in the reverse order. The last 


2 
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term is the square of the current Io. Mr. Summers describes the 
method of computing Io. 

For a given depth of copper in the slot, the strand loss can be 
reduced to a reasonable value by increasing the number of 
strands. For a given number of strands it is nearly independent 
of the strand arrangement. The circulating-current loss, on the 
other hand, depends in a marked degree upon the strand arrange- 
ment. The problem then seems to be to reduce this latter loss 
to its smallest possible value. 

With full-pitch slots, Mr. Summers’ quantity, L, has its small- 


DOU 
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I 
est value when FJ - 


This then gives the condition for minimum circulating loss. 


— A for which condition Lh = — eae 
2 4 
This 
value of e can always be obtained, if the coil has an even 


number of turns, by inverting the end connections as shown in 
his Fig. 3. It can also be obtained if the coil has an odd number 
of turns provided the current in the lower coil side is in phase with 
that in the upper coil side. Figs. 2 and 3 herewith show how it 
may be accomplished when the coil has three turns and when it 
has five turns. Mr. Summers does not show this type of in- 
version. It will be found, however, in H. W. Taylor’s paper. 
With these same inversions, the losses will be somewhat 
greater for fractional-pitch slots. There is another type of 
inversion, however, that will give more nearly the theoretical 
minimum loss for the case of an odd number of turns and frac- 
tional-pitch slots. In the case of three-phase, fractional-pitch 


slots, the minimum value of L is — = if the coil has three 
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Fig. 3 


turns. The arrangement is the same as shown in my Fig. 2, 
except that the lower conductor of the lower coil side is inverted. 
For three-phase, fractional pitch slots, arranged as shown in 
Fig. 2, Lis zero. If the conductors have a value of q h equal to 
2.0, which is not excessive, the inversion of this bottom conductor 
reduces the circulating-eurrent extra-loss factor from 0.309 to 
0.245 for these fractional-pitch slots. Although fractional piteh 
has certain distinct advantages from the standpoint of flux 
distribution and wave-form of generated e. m. f., it prevents the 
attainment of the minimum copper-loss factor except in the 
single case of a winding having an even number of turns arranged 
as in Mr. Summers’ Fig. 3. 
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There is one more case that is perhaps worth while mentioning. 
A certain large 25-cycle generator has a calculated extra-loss 
factor of 9.9 per cent. If it had been mechanically possible 
to invert the end connections, as in Mr. Summers’ Fig. 3, the 
extra-loss factor would have been 0.6 per cent, a reduction of 
8.5 per cent in the armature copper loss. For the same armature 
heating loss the rating of this generator might have been in- 
creased nearly 2000 kv-a. There might possibly have to be a 
‘slight modification of the field winding to compensate for the 
increased armature reaction. 


TABLE OF APPROXIMATE AND EXACT HYPERBOLIC 
FUNCTIONS 
,— ane _ ahs 
M 45 N 12 
qh Exact Approximate Exact Approximate 
0.4 1.001 1.00058 0.002 0.00213 
0.8 1.008 1.0091 0.034 0.0342 
1.2 1.044 1.0461 0.169 0.173 
1.6 1.137 1.146 0.512 0.546 
2.0 1.309 1.356 1.147 1.333 
2.4 1.566 1.738 2.074 2.766 
2.8 1.874 2.368 3.17 5.12 


H. W. Taylor (communicated after adjournment): When a 
Coil consists of two or more turns, methods of reversing the order 
of laminations of the conductor in different parts of the coil have 
been previously known whereby the circulating-current less may 
be reduced to a minimum, which minimum loss corresponds to 
that of a conductor at the bottom of the slot, consisting of half 
the laminations of the conductor actually used in the coil. 

Sometimes it is found inconvenient, however, to arrange all 
the coil ends so as to change the order of the lamination in the 
top and bottom conductors as frequently as is required to pro- 
vide a minimum loss. The author of this paper is to be con- 
gratulated upon having disclosed in Fig. 6 a method of winding 
multi-turn coils which provides a compromise between facility in 
winding the coil on the one hand and reduction of the circulating 
eddy-current losses on the other. 

In order to consider the merits of the various forms of coil 
windings with laminated conductors, the writer has found it 
convenient to consider the circulating loss only and as if the con- 
ductor were ipfinitely limited. The term in the formula for extra 
loss in an infinitely laminated conductor which involves the posi- 
tion of the conductor in the slot is 

4 _ (H-n) 
45 3 
where p is the position of the conductor counting from the 
bottom of the slot. 

In the following table, particulars have been tabulated for 
two- up to six-turn coils for the ordinary method of winding, for 
the most perfect method, and for Summers’ method as described 
in the paper. In the table, parallel columns give equivalent 
values of p, the value of (p? — p) and the value of the above 


Ordinary Method Most Perfect Method'Compromise Method 


No. of ——— 
turns Fig. of Fig. of Fig. of 
in coil] p |(p?—p)| merit| p |(p?—p)| merit! p |(p?=p)| merit 
2 13; A 61 ( 0 0 4 
3 2 2 136 1/3 or | —2/9 3 
2/3 
4 2% 15/4 | 241 4| -x 1 xor |—3/16 5 
A 
5 3 6 376 11/5 | 6/25 | 59 
6 3% | 35/4 | 691 | | 11/3 | 10/9 | 83` 
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expression (leaving out the denominator of 180 in all cases), as a 
figure of merit. 

It will be seen that the author’ S method is particularly appli- 
cable to two-, three-, and four-turn coils. It provides considerable 
improvement in five- and six-turn coils, but owing to the fact that 
in coils with this larger number of turns, the total depth of con- 
ductor would be relatively shallow, the loss in such coils would in 
practise, be small in any case. 

I. H. Summers: Mr. Rockwood has presented a very inter- 
esting and valuable discussion. His curves should materially 
simplify the computation of extra-loss factors. They will be 
especially valuable in design work where it is highly desirable to 
have a quick and convenient method for checking the efficacy of 
proposed windings. 

Mr. Dunbar has stated that H. B. Dwight experimented with 
transpositions similar to those I have described but gave up the 
idea because of the belief that the reduction in loss was insufficient 
to justify their use. Mr. Alger has answered this statement by 
pointing out that a considerable number of large machines has 
already been built using these transpositions with good success 
and that it is found economical in Schenectady to use the trans- 
position whenever the extra circulating eddy-current loss would 
exceed about 10 per cent without it. It will be noted that some 
of the types of transpositions described are more effective than 
others. Naturally, in any given winding, that method will be 
selected which combines a sufficient reduction of eddy-current 
loss with economy in making the winding. 

With regard to Mr. Newbury’s points about the applicability 
of various types of transpositions to particular classes of windings, 
I may say that there is no gain to be expected from the inverted- 
turn transposition when it is applied to a one-turn coil. For 
machines using a one-turn coil, an effective form of transposition 
is already in extensive use, which completely eliminates the cir- 
culating eddy-current loss. The transposition in this case is 
accomplished within the slot, and a bar winding, consisting of 
half coils, is used. 

H. W. Taylor’s discussion is very interesting. His tabulation 
shows that type IV, Fig. 6, is particularly applicable for two-, 
three-, and four-turn coils, when the winding is full-pitch. I wish 
to remark that type V, Fig. 7, is quite applicable also for two- and 
three-turn coils; in fact it gives a lower loss than type IV if the 
coils are wound with fractional pitch. For coils of four or more 
turns, type IV is preferable in any case. 

I am very much indebted to Prof. Lyon for calling attention 
to an error in the use of the ratio r. The correction for the strand 
insulation was not a part of the original manuscript but was sent 
in as an after-thought. Obviously, it should have been applied to 
the circulating-current loss but not to the strand loss. Perhaps 
the best way to take care of this is to define r simply as the ratio 
between the total width of copper in the slot and the slot width. 
Then, a new factor c should be introduced into the formula for 
circulating-current loss wherever it occurs, where c is the square 
of the ratio between (strand height including strand insulation) 
to (net strand height). 

Prof. Lyon’s remarks concerning the problem of strand loss 
are pertinent and it is interesting to note that his exact results 
lead him to the conclusion that my formulas are sufficiently 
accurate for practical windings. Perhaps it is in place to point 
out that the first duty of the engineer who sets out to provide 
a solution to a problem is to solve it in the most general and 
exact manner that he can devise. Prof. Lyon has done this in a 
neat and logical way. In so doing, he has provided a firm founda- 
tion for anyone who later wishes to apply his results. It is often 
possible in such cases to reduce the general solution to a more 
practical form which will be the simplest possible, consistent with 
the accuracy required. Thus, it may be simplified so that prac- 

tical men will find great use for it. This is what I have attempted 
to show in my paper. 
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Synopsis.—Three papers on the general subject, “Graphical 
Determination of Magnetic Fields,’ are being presented simulta- 
neously to cover three phases of the subject: 1. Theoretical Con- 
siderations, 2. Comparison of Calculations and Tests, by E. E. 
Johnson and C. H. Green, 3. Practical Applications to Salient- 
Pole Synchronous Machine Design, by R. W. Wieseman. In 
the following paper, which is the first of this series, the authors have 
reviewed the history of the subject, have briefly stated the ordinary 
rules for plotting magnetic flux in air and in current-carrying 
copper, have developed additional rules for checking the accuracy 
of field plots, and have given theoretical methods for mathematically 
calculating the distribution of field in certain cases commonly 
encountered in practise. 

The authors have called attention to the great value of the math- 
ematical work by the German engineer, Rogowski, and the graphical 
methods by the French engineer, Lehmann. These German and 
French articles contain the only extensive practical applications of 
the plotting of magnetic fields in current-carrying regions with which 
the present authors are familiar. Since it is much more difficult 
to plot fields in current-carrying regions, and since the majority of 
readers are less familiar with this phase of the subject, the greater 
part of the first paper, ‘‘Theoretical Considerations,” is devoted 
to a study of such fields. As special examples, the mathematical 
solutions for the magnetic field between the poles of a salient-pole 
alternator and the magnetic field in a circular conductor in a circu- 
lar slot are given in Parts I and ITI, respectively, of this first paper. 


HISTORICAL INTRODUCTION 


N the design of electrical apparatus, the accurate 

calculation of the characteristics of a proposed 

design depends on the distribution of magnetic 
flux in the machine. . 


A few shapes lend themselves to rigorous mathe- 
matical analysis. One of the most famous examples of 
this is the calculation of the fringing coefficient due to 
the slots along the periphery of an induction motor 
air-gap, by F. W. Carter*, who used the theory of func- 


tions of a complex variable to obtain a solution of- 


Laplace’s equation. 


The mathematical complications encountered in 
analyzing the magnetic fields surrounding many of the 
irregularly shaped iron boundaries commonly found in 
electrical machinery, however, have led many authors 
to advocate and descrike graphical and experimental 
methods. One of the best bibliographies on this sub- 
ject is given by J. F. H. Douglas in an article? in which 
he reviews the many methods suggested by other 
authors, but especially emphasizes the use of high- 
resistance templets for experimentally plotting a field. 


1. Both of the Engineering General Department, General 
Electric Company, Schenectady, N. Y. 

2. See bibliography, 1. 

3. See bibliography, 5. 

Presented at the Winter Convention of the A.I. E. E., New 
York, N. Y., February 7-11, 1927. 
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Part II of the first paper contains a set of theorems which deal with 
various questions which have arisen while studying this subject— 
such as the proof that there is no refraction of the lines of force ata 
copper-air boundary, but a change of curvature when a line of 
force crosses such a boundary; and a general law for checking 
any field plot by the relation of the magnetic intensity and its rate 
of change to the current density and the radius of curvature of the 
magnetic field. The first two appendixes contain practical rules for 
the free-hand plotting of flux distribution in both air and copper; 
Appendiz C contains an interesting discussion of the conception 
of vector potential, showing how easily it can be applied to the 
solution of practical problems. 

The three papers in this group should be considered as one 
complete whole and the reader will find very interesting a comparison 
between the mathematical plots given in this paper on ‘'Theoretical 
Considerations?” and the experimentally determined plots in the 
second paper on ‘Comparison of Calculations and Tests,” and the 
practical uses for these methods in the design of machinery given in 
‘Practical Applications to Salient-Pole Synchronous Machine 
Design.” 

In the early days of the design of electrical machinery, magnetic 
distributions were largely a maller of guesswork, but in these days of 
more severe competition and closer refinement of design, an accurate 
knowledge of the magnetic distribution is a necessary fundamental 


of the greatest importance in determining the best designs. 
a * * * * 


There are many articles! that describe the graphical 
method of plotting magnetic fields in air, but almost 
none of them give any suggestion of a method for plot- 
ting fields within current-carrying conductors. One 
of the best articles on the subject is “The Free-Hand 
Graphic Method of Determining Stream Lines and 
Equipotentials,”’ by L. F. Richardson®. This author 
makes the statement that in a region occupied by 
current, the difference of successive chequer ratios in a 
direction perpendicular to the lines of force, divided 
by the mean chequer area, is equal to a constant times 
the current density in the region®. But he goes on to 
say: 

“To draw chequers free-hand, so as to satisfy a 
difference relation of this sort between chequer ratios, 
is likely to be toilsome, and we will here consider only the 
case where A? v = 0.” 

The remainder of Richardson’s paper is given up to 
the sketching of various fields, in none of which does he 
take into account the effect of current-carrying conduc- 
tors in the space occupied by the flux. 


The most complete treatise on the free-hand plotting 
of fields of magnetic flux will be found in a series of 
French articles by Lehmann’. The 1909 article con- 


4. See bibliography, 8 and 10. 

5. See bibliography, 2. 

6. See Appendix B for a proof of this statement. 
7. See bibliography, 4, 7 and 9. 
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tans many valuable suggestions for plotting fields in 
air, and the 1923 articles give an elaborate set of rules 
for plotting magnetic fields in regions where the curl 
of the field is not zero—. e., in space occupied by current- 
carrying conductors. 

It has always been said that there are no lines of 
magnetic equipotential in current-carrying space. This 
is true, but Lehmann pointed out that a system of lines 
orthogonal to the lines of force can be drawn. He called 
these lines gradients, and called attention to the fact 
that they all converge to one or more points in the 
copper which he called points of indifference. 

Consider the field in and around a cylindrical conduc- 
tor. The lines of force are circles. The gradients, 
or lines of no work, as the authors prefer to call them, 
are radial lines; and the point of indifference, or kernel, 
is the center of the wire. It is also seen that the lines 
of no work on leaving the copper become lines of 
equipotential. 

This conception of lines of no work radiating from 
one or more kernels greatly facilitates plotting fields 
in copper. In Appendix B, a very brief set of rules 
for plotting the flux in the current-carrying regions is 
given by one of our associates, Mr. Lloyd P. Shildneck, 
using as an illustration the distribution of flux between 
the field poles of an alternator. 


In June, 1918, Messrs. Doherty and Shirley published 
a paper® which made practical use of many sketches 
of magnetic fields in air. Since that time, the company 
with which the authors are associated has made con- 
siderable use of free-hand sketching in the predetermina- 
tion of the air-gap fields of salient-pole machinery. 
Except in a few special cases, however, our attempts 
to sketch magnetic fields in regions occupied by current- 
carrying conductors were rather unsatisfactory. 

In the fall of 1924, not yet having noticed Lehmann’s 
1923 article, we started to investigate this problem 
seriously. The task of sketching is greatly simplified 
when one knows in advance the approximate shape 
which the sketch should have. Not yet having gained 


' the conception of a kernel from which lines of no work 


radiate, we had only vague and incorrect ideas as to 
the detail distribution of flux within the copper coils 
surrounding alternator field poles, which was the 
problem we set ourselves to solve. 


After many attempts to make a reasonable looking 
sketch, we decided that it would be worth while to 
attempt a mathematical analysis of this field, in the 
hope of obtaining a picture which would at least suggest 
the general arrangement of the lines of force in the 
copper. The purpose of this article is to describe this 
mathematical method, the route by which it was 
derived, and the additional suggestions for free-hand 
sketching which resulted from this work. 

Professor V. Karapetoff called our attention to 
a most valuable article by Rogowski? which we im- 


8. See bibliography, 6. 
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mediately adopted as a basis for our work. -Unfor- 
tunately, this is out of print in German and had never 
been translated into English until recently, when a 
partial translation was given in an article by one of the 
present authors”, which it will be necessary to read in 
order to understand Part I of this paper. Rogowski 
mathematically plotted the leakage field in and around 
transformer coils. The pictures shown in Rogowski’s 
article called our attention to the kernels or points of 
indifference. 

The two fundamental.ideas which we obtained from 
Rogowsk1’s work were: 

1. The simultaneous solution of four relatively 
simple differential equations set up to satisfy the 
conditions in four adjacent regions into which the field 
was divided. This simplified the problem greatly 
because each region, taken by itself, could be analyzed 
easily; whereas, the alternative course, a consideration 
of all four regions at once, would have been a very 
difficult task. 

2. This division into regions made it possible to 
represent the current distribution by a Fourier’s series 
of only one of the space coordinates. 


The contribution of the present article consists in 
the extension of Rogowski’s method to more compli- 
cated magnetic shapes. We followed Rogowski by 
dividing the field of a salient-pole alternator into 
several regions which could be solved simultaneously. 
The current-carrying region was represented by an 
infinite series of reflected and re-reflected images, 
while the mathematical expression for the boundary 
region between the pole tips was obtained from a free- 
hand sketch. This combination of a strictly mathe- 
matical method with the theory of images and with free- 
hand sketching in the parts which can easily be sketched 
free-hand, into one consistent system of equations which 
gives mathematical expressions for the lines of force in 
the part of the field which cannot be easily sketched, 
is, we believe, a valuable engineering tool which can be 
applied to many other problems. Illustrations are 
given of its application to a problem with rectangular 
boundaries and also to a problem with circular bounda- 
ries. The method can probably be extended to an even 
wider range of problems by expressing the equations of 
Poisson and Laplace in more complicated systems of 
coordinates. 

It has been our experience that, in certain cases, so 
much sketching and resketching is required before 
the kernel can be found by the free-hand method that 
this mathematical method could actually be worked 
out, by the use of comptometers, more quickly than the 
field could be sketched. 

This theoretical work also led to additional rules 
for guiding the construction and checking the accuracy 
of free-hand sketches. 


9. See bibliography, 3. 
10. See bibliography, 11. 
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The.body of the paper is arranged in three parts: 

PART I. Calculation of the flux leakage between 
poles in an alternator with approximately parallel 
pole sides. ) 

PaRT II. Point conditions in coplanar magnetic 
fields. (New rules for constructing and checking of 
free-hand sketches.) 

PaRT III. Application of the method to polar 
coordinate systems. 

Five appendixes have been included, the first two 


LL Wit 


Y 


merely in the interest of completeness; but the last 


three contain valuable original material. 

APPENDIX A. Rules for plotting flux in air. 

APPENDIX B. Method of plotting two-dimensional 
magnetic fields in space occupied by current-carrying 
conductors. 

APPENDIX C. Vector potential in coplanar magnetic 
fields. 

APPENDIX D. The relation of the scalar potential 


function to the vector potential function in coplanar 
magnetic fields. 

APPENDIX E. Calculation , of inductance from a 
knowledge of vector potential. 


I. CALCULATION OF THE FLUX LEAKAGE BETWEEN 
POLES IN AN ALTERNATOR WITH APPROXIMATELY 
PARALLEL POLE SIDES . 

It is desired to calculate the flux distribution in the 
two-dimensional magnetic circuit of Fig. 1, which is 
supposed to represent a cross-section of an actual 
pair of field poles. The shaded area is intended to 
represent current-carrying copper. It is assumed that 
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the current density is constant over the cross-section 
of the conductors and that the iron is of infinite 
permeability. 

Une step in the solution of the problem in which 
the actual magnetic circuit was replaced by an infinitely 
deep slot, as in Fig. 2, was suggested by one of our 
associates, Mr. C. J. Koch. Under this assumption, 
the complete magnetic circuit may be replaced by a 
double row of images extending to infinity, as shown in 
Fig. 2A. It was found that the solution used by 
Rogowski! for the flux in a transformer with pancake 
coils could be applied to this case, by using a Fourier’s 
series for the infinite string of images. 

The problem may be reduced, in fact, to a considera- 
tion of an infinite series of rectangular conductors 
parallel to an infinite plane of iron, as in Fig. 2B, and 
the solution is the same as Rogowski’s for the case 
u = œ except that, since all the currents are of the 
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same sign, there will be a constant term, ao, in the 
Fourier’s series for the current density, which requires 
an additional term, 2 7 a x’, in the equation for R in 
current-carrying space, and it will also be found that 
the constant terms and coefficients of x will not drop 


` outas they did in the transformer problem. 
The solution for dimensions of coils and slots given 


in Fig. 3, is as follows: 
Region I: 


a0 9 : 
R ae > T Q (1— eno = [e*t —x) + eke +a cosn 0 
1 


(k n)? 
Region IT: 
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R=2ræ(z-a}+ > 
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11. For translation, see bibliography, 11. 
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Fig. 3-A 


replaced by 9 which varies from — m to 7 across the 
total width of the slot. Also, 


2r 


7 where lis the width of the slot. 
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m — (6, + 02) i 


Qto 
T 


a, = = (sin (n 6;) + (— 1)* sin (n 03) ] 


where 7 is the current density in the copper and ð, 
and @, are indicated in Fig. 3. The field distribution 
for this case is given in Fig. 3A. 

In order to extend the solution to include the effect 
of the pole tips and the finite depth of slot, it was 
suggested that the field be calculated by replacing the 
actual magnetic circuit with a closed rectangular 


Fic. 
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magnetic circuit of the same dimensions as though 
the pole faces came together, leaving no air-gap. The 
effect of the air-gap was to be simulated by a narrow 
strip of copper along the surface of the iron, assumed to 
carry a total current equal to the sum of the currents 
in the two field coil sides (see Fig. 4.). 

A better method of solution is provided by first 
estimating one component of the field in the air-gap 
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between the pole faces and using this estimated field 
component as a boundary condition. 

The procedure is as follows: 

The field at the air-gap is first calculated or plotted 
free-hand on the basis of a definite potential between 
the field poles. 

The Y component of the field along the line d d’ 
(Fig. 5) is zero from d to e.. It is approximately 
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inversely proportional to the vertical distance s be- 
tween two lines of torce ın the neighborhood of the 
line dd’ from e to e’ and is again zero from e’ tod’. a, = 


Bn e>" —a) + K, (1 Sn e" —a) 
i e~” l2 +a) _ e—}”2(e =a 


The arrangement is symmetrical with respect to the 1- 7 
x axis. a,’ = d, e7" 

The variation of Y is calculated in this way from 
d to d’, or from @ = — r to ĝ0-= r, and is plotted to Be — K, [1 ae Oa 
any convenient scale. The general character of the b = as a E a Te) =. 
curve is shown in Fig. 6. i 1— eon 

This curve of Y along the upper boundary of Region 
III can be expressed as a Fourier’s series? of the form: Ba "C+D K, [1 — «7h 
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wherein the letters a, b, and c refer to Fig. 7, and 
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Unfortunately, it seems necessary to use about a 
dozen harmonics in using this equation as a boundary 
condition. 

The solution for the vector potential R at any 
point in the three regions is then given by three 
equations: 

Region I: 
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Region IT: 
By assuming that the function of Fig. 6 between 
— aand + 6) may be represented in the form, 
+ b,’ e~" 4 2 K,] cos (n 0) a ee EED 
Region III: the values of 8,, become 
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where the six constants of integration determined 4 [ 


. o . . e . 2 2 
from the original Fourier’s series for current distri- ‘= &§ ™ ` M 7 ™@ 
° . ., © e tA 
bution and the six boundary conditions, one of which Go $ g’ 0o h’ 0 
is another Fourier’s series, are as follows: 2 6 -10 
12. The determination of the Fourier’s series will be simpli- 2 T Qo (b — a) 
fied if the curve (Fig. 6) between — and + 6, is assumed of the ( k n) 


form: Yef+g@+he. 
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Any inaccuracy in the determination of g’ and h’ 
will result in inaccuracy in the field plot only in the 
immediate vicinity of the pole tips. 

In the above equation, @> is the value of 0 at the 
pole face edge, as indicated in Figs. 6 and 7, and k 
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and a, are the same as in the solution for the infinite 
slot. | 
The solution, assuming the current density such that 


2T’ 
figure indicate that portion of the flux distribution 
which was sketched in free-hand. 

Although the problem has been worked out for the 
particular case of the flux distribution between two 
field poles, it is evident that the same method may be 
applied to any problem with rectangular boundaries. 
In case the magnetic circuit or the current distribu- 
tion is not symmetrical about a central axis, it will be 
necessary to express È as a series of sines and cosines. 


Qo is shown in Fig. 8. The dotted lines in the 


II. POINT CONDITIONS IN COPLANAR MAGNETIC 
FIELDS 
‘The theory used in the preceding calculation can 
be made to answer various questions which arise in the 
free—hand sketching of magnetic fields, and also offers 
various criteria for judging the accuracy of the sketch. 
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The question is sometimes asked whether there is 
any refraction of the lines of force at a copper-air 
boundary. It will be proved that there is no such 
refraction, or discontinuity in slope, but that the radius 
of curvature of a line of force may change suddenly 
when the line crosses the boundary of a current-carrying 
region. This change in the curvature of the field at 
the boundary of current-carrying copper is readily 
detected on a correctly drawn field plot, especially 
where the lines emerge from the copper perpendicularly 
and the field intensity is low. 

Theorem I. There is no refraction at a copper-air 
boundary. In studying the possibility of refraction 
at copper-air boundaries where the permeability is 
continuous, the classical problem of refraction at a 
boundary where the permeability is discontinuous will 
be considered, taking into account a flow of current 
on one side of the boundary. 

Fig. 9 indicates the boundary of two regions, I and II, 
of permeabilities u, and u2. The normal and tangential 
components of the magnetic field on either side, but 
immediately adjacent to the boundary, are H,; and 
Has, and H,, and H, respectively. — 

In order that the total flux emanating from the space 
included by the dotted area shall vanish, it is necessary 
that the integral of the outward component of flux 
around the area must vanish. If the flux density is 
everywhere finite, in the limiting case in which the area 


is made vanishingly thin, the flux emanating from the 
ends of the area may be neglected. Therefore 


b b 
S mHndt = S be Andt 


and 


(1) 


From the application of the condition that the line 
integral of the field around the dotted area must equal 
4m times the current included, and the assumption 
that the current density is finite, it follows in the limit- 
ing case, in which the area is made vanishingly thin, 
that the current included, and therefore the complete 
line integral around the boundary, vanishes, that is: 


Mi Hay = Me Ane 
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b a 
S Aydt + SJ Hadt = 0 


Therefore, | 
| Hy = Ay (2) 


From Equations (1) and (2), it is evident that the well- 
known rule that, at any point of a magnetic field, the 
normal component of flux density u H, and the tan- 
gential component of field intensity H, are continuous 
across any boundary, holds even when there is current 
flowing on one side of the boundary, provided that the 
current density is not infinite at the point under 
consideration. 

Since the permeability of copper and air are approxi- 

mately equal, it therefore follows that there can be no 
discontinuity in the normal and tangential components, 
or in the direction of the field at the boundary of the 
copper, even though it be carrying current, provided 
that the current density at the boundary is not infinite. 
Q. E. D. 
Note: In the analysis of practical electrical problems involving 
coplanar fields, it is sometimes convenient to idealize to the ex- 
tent of assuming the exciting currents to be concentrated in a 
ribbon of negligible thickness—that is, to assume that a finite 
amount of current flows into the plane of the field through a 
line drawn in that plane. 

In this case, the current density is infinite for points on the line. 
It will be readily verified that, at a boundary along which a 


linear distribution of current density exists, Equation (2), 
Theorem I, becomes: 


His =~ Ay = 4x7’ 
where 7’ is the linear current density at the point in question. 


In particular, for a linear distribution of current density 
along an iron surface, we have: 


Ha =O 
and thus: 
Hy = 471’ 
That is, the tangential field intensity along an iron surface 
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faced with a distribution of linear current density depends 
only on the value of the linear density at the point in question. 
This relation, which is obvious as soon as appreciated, may be 
seen to necessitate the generally understood rule that equipo- 
tential lines shall enter such a surface at points separated so as 
to mark off sections including equal amounts of current. From 
the point of view that such equipotential lines when continued 
into the copper to form lines of no work shall enclose equal 
amounts of copper, this conclusion might appear to be open to 
question. A further rather obvious point that, however, is some- 
times neglected, is that equipotential lines and lines of force must, 
in general, enter such linear distributions of current at a slant. 
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Theorem II. There will be a change in the normal 
gradient of tangential field intensity at a boundary of 
current-carrying copper. 

At a copper-air boundary the relation, curl H = 4 11, 
may be written in the form, 


oH, DH, 
dn dt 


where the vectors n, t, t form a right-handed system of 
unit vectors, as in Fig. 10, and t and n are respectively 


=-471 


(3) 


Fig. 11 


tangent and normal to the copper-air boundary, 
Since H,, is continuous across the boundary, it follows 
that ò H,„/ðs is continuous across the boundary, 
where the term s refers to distance measured along 
the boundary. But, at any point on the curve, neglect- 
ing infinitesimals of higher order, the arc and the 
tangent coincide. Therefore,0H,/0s = 0H,/dtand 
ò H,/d t is also continuous across the boundary, from 
which it follows that 


( OH, 
J on 
The discontinuity in ò H,/d n across the boundary at 
any point, therefore, is equal to 4 7 times the dis- 
continuity in current density at that point. Q. E. D. 

Theorem III. At any point in the field, the quotient 
of the magnetic density divided by the radius of curva- 
ture of the lines of force, minus the rate of change of 
the magnetic density along a line normal to the lines 
of force, equals 4 7 times the current density in the 
region under consideration. 

Equations (3) and (4) may be used to check the 
accuracy of a field plot sketch, but a somewhat more 
convenient relation, and one which involves the curva- 
ture of the field directly, is available. _ 

Let the curve in Fig. 11 be a line of force within a 
field carrying current. It is desired to investigate its 
curvature at the point 0. Shift the axes of coordinates 
so that the origin coincides with the point in question, 
and rotate them until the x axis is tangent to the curve 
as shown. 


Using these axes, the curve can be expressed by an 
equation, | 


) =4ral (4) 


y = f (x) 
The relation between the curl of the field and the 
current density is 
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And since X and Y are the components of the field 
intensity, the slope of the line of force can be expressed: 


(5) 
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dy Y 
dz =f (x) ae X (6) 
or 
dy 
Y=X dz 
Differentiate this! with respect to z; 
oY d Y dX dy d y 
on dx dx dz +x d x? 


But, since the x axis is tangent to the field at the 
point in question, 


d 
X = Hand =0 
7 x 
Therefore, 
dY _ gË” 
dòz ` dæ 
Substituting in Equation (5), 
dy od, .. | 
d x? i Ò yY =4 Wt (7) 


but the radius of curvature of any curve’y = f (x) is 


[1 + (dy/d x) 
d y/d x? 


and, since d y/d x = 0, at the point in question, 


d y E 1 
d x? p 
Making this substitution, Equation (7) becomes 
H oH 
SS oa 
p oY 


Or, since y is the coordinate normal to the curve, a more’ 
general form would be 


13. At the origin, the slope of the line y = f (x) is zero and 
the partial derivative of Y with respect to z becomes equal to the 
total derivative with respect to z at that point. 
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d H , 
o on Amit 
where the quantities H, n, i form a right-handed system 
of vectors, as in Fig. 12, and the radius of curvature p 
is to be measured to the position of the center of 
curvature on the vector n™. It should be noted that, 
in Equation (8), n is a unit vector normal to the field 


H 
(8) 


rather than a unit vector normal to the copper-air 
intersurface, as in Equations (3) and (4). 

Equation (8) provides a method of checking up 
with tolerable accuracy the shape of lines of force 
which have been sketched in free-hand. 

Numerical Application of Theorem III. In order 
to test its probable accuracy, this method was used to 
check a field plot at a point inside a square conductor 
in the bottom of an infinitely deep slot (see Fig. 13). 
The lines of force had already been plotted from an 
exact formula for this case. Since the current is 
flowing downward perpendicular to the paper, the 
positive directions of H and of the normal are as 
indicated by the arrow heads. 

Assume that the cross-section lines of the figure 
are spaced a centimeter apart. The tube (2215-1214) 
has a width of 1.11 cm. and contains 10 lines of force. 
Therefore, the flux density is 9.0 lines per sq. cm. 
The tube (1214-215) has a width of 1.86 cm., and 
contains 10 lines. Therefore, its flux density is 5.38. 
The flux density at the point P is assumed to be the 
average of these two. 

Therefore, H = 7.19 lines per sq. cm. 

The distance between the center lines of tube 


14. The value of p shown in Fig. 12 is negative because it is 
measured in the negative direction. 
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(2215-1215) and tube (1214-214) is 1.5 em. Since the 
difference in density is — 3.62, the rate of change of 
density with respect to distance measured along the 
normal is 


0H — 38.62 


on 1.5 


The radius of curvature of the 1214 line at the point 
P determined with a pair of dividers is 


= — 2.41 


p = + 3.95 
Substituting these in the left portion of Equation (8), 
Be ae noes 2.41 = 4.23 
p dn Eo aan 
The plot was made with an assumed current density 
in the coil of 1/r abamperes per sq. cm.'%. Therefore, 
1 
reac 
T 
and 
4mi=4 
Substituting these values in Equation (8), 
4.23 = 4.00 


This inequality would indicate an error of about 
5.75 per cent. 


Special Case Where the Field Crosses a Copper-Air 
Boundary Perpendicularly. In the case that the field 
crosses a copper-air boundary perpendicularly, as in 


Line of Force 
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Fig. 14, the term 0 H/d n is identical with the quantity 
ò H;òs, where s refers to distance measured along 
the copper-air boundary, and 04/07 is, therefore, 


15. This value of current density can be checked as follows: 
The area of the conductor is 36 sq. em. Therefore, the total 
current is 
36 
f= 
T 
m.m. f. =4T I = 144 
The width of the slot is 
l = 12cm. 
1m. f. 


H 1 _ 144 
7 l “rga 
Therefore, in the region where the lines of force are straight 
parallel lines, the width of the tubes containing 10 lines should be 
10,12 = 0.835 em. 


= 12 lines per sq. em. 
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continuous across the boundary. The discontinuity 
in H/p across the boundary, therefore, is equal to 4 7 
times the discontinuity in current density across the 
boundary; that is, 


H | 
a(——) =4rai 
p 


Or, since H is not discontinuous, 


( 1 ) 47 ie 
A ae = H 1 

Hence, it follows that near the nucleus, where H is 
small, a discontinuity in current density at a given 


O` 
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point may easily produce a large discontinuity in the 
curvature of the field at that point. 

Special Case Where the Field is Tangent to the Copper- 
Air Intersurface. If the field is tangent to the copper- 
air intersurface, this surface coincides with the x axis 
in Fig. 11. It should be noted that 


H oY 


p òr 

It is equal, therefore, to the rate of change of the normal 
component along the surface of the copper which is 
continuous across the boundary. 

Therefore, in this case, any discontinuity in Equa- 
tion (8) must be written 

AOH dn) =—47 At 

Thus, in the case of an isolated circular wire carrying 
a longitudinal current, the field inside the wire is 
given by | 


H =—2rir 
and differentiating: + 
oH dH Bee 
on Or ey 


If ro is the radius of the wire, the field outside the copper 
is given by 
= 2 (m To) a 


T 


H = 


and differentiating, 


oe 
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>H dH +2771 
on Or r? 
Therefore, at r = To, 
oH shee a 
— a 2 qr îi inside the copper 
= + 272 outside the copper 
d H Ari 4mAli 


as would be expected since the field at the boundary is 
tangent to the copper. 
In the case of an infinitely deep slot partly filled with 


Iron ? 


copper (see Fig. 16), the curvature is zero, and we have 


H =—4rir 
and differentiating, 
oH _dH z; 
— on dx T T?’ 


while outside the copper the field is constant, so that 
© H/dn vanishes. Hence, at this type of copper-air 
intersurface also, 


as would be expected. 


III. APPLICATION OF THE METHOD TO POLAR 


_ COORDINATE SYSTEMS 


One of the authors’ associates, Mr. T. R. Rhea, 
has plotted the flux in and about a round bar'® in a 
round slot, as shown in Fig. 17. 


The tangential component of field intensity He will 
be zero around the iron surface u = œ except at the 
air-gap. Here the value of He will rise abruptly and 
follow some sort of curve to the other side of the air- 
gap. If He, obtained from a free-hand sketch, is 


plotted against 0 around the circumference (at r = ro), 


16. With alternating current flowing in the bar, the current 
distribution would not be uniform, but the problem of skin effect 


is Outside the scope of this present paper and, for purposes of 
illustration, it is here assumed that the current density is uniform. 
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a curve something of the shape shown in Fig. 18A 
would be obtained. 

The sharp peaks on the curve are caused by the 
corners where the slot cuts into the circumference. To 
obtain a boundary condition that would exactly 
represent the boundary conditions of our problem, the 
Fourier’s series for the above curve should be obtained, 
after this curve had been determined from an accurate 
and quantitative field sketch at the air-gap. 


It is assumed, however, that these peaks may be 
neglected and the average value of He across the air- 
gap used. This will greatly simplify the Fourier’s: 
series representing the boundary conditions, and will 
not greatly affect the calculations farther down in the 
regions which are to be investigated. 

With this assumption, the boundary condition curve 
for Ho will be of the form shown in Fig. 18B. 

6, is the angular opening of the slot. 


The total m. m. f. across the slot is 4 r I, where I 
is the total current in abamperes. As the medium 


When one Abampere o 
uniform density flows in 
the copper, there exists 
0277  betweenany two of the lines a 


0277  tubeof force containing flux lines. 
Between line 1.27 ar.d0.87 there 
are 0.40 tines Betsveen 1 27 and 
the Kernel, O, there are 1.27 lines 

The equation of any tine uf 
force in the copper region is 


P 0.67 Si. at Sin SS Cos ne 
O =]|— a in ape Cosa 
057 Rel rð, m lro?) Z 


00 37 r 2 - w] 
00.27 (7) 0.77 


0017 r= Any radius within copper 


© @eAny angle measured 
0.0? from tne Verum 

O Angular ccemr get rap 
T ePadiss tenon 
Ve Radmsct eopper 
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in the slot is air, the field intensity, assumed uniform 
across the gap,’will be 

4nl] 

ro 0, 


Ho, = 


The Fourier’s series expressing such a curve will 
be of the form, 


n = 


Hse =C + % C, cosn 6 


n=1 


(9) 
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The constant Cy is the average vuiue of the curve, 
and has the value 


2r re os 


The value of the general constant C„ may be found 
from the expression: 


17 
Can =— f Hecosn 6d 0 
T 


1 + 4rI 
= ae f -0 cosn 6d @ 
E SI 0 i 
nG sin n 2 (11) 


i ‘ 
pÞ—a —— Bat ae Sea 


Iron ‚4 = 0° 
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condition, it is now necessary to set up expressions 
for the vector potential that will satisfy all the 
conditions. | 

The four conditions are: 

Condition I: Poisson’s equation for the vector 
potential R in Region I, expressed in polar coordinates", 
iS 
oR 
ò 0? 


where 7 is the current density (assumed uniform). 
Condition II: At the boundary between Regions 
I and II, both He and H, are continuous functions 
because there is no change in permeability. 
Condition III: Laplace’s equation for the vector 
potential in Region II, expressed in polar coordinates, is 


>r + 7? = +471 (12) 


1 ƏR SR 1 ƏR B 
r or Or i r dò (13) 
17. See foot-note 25. 
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Condition IV: The outer boundary condition at 
r = f, has already been given in Equation (9). 

A solution which will satisfy these four conditions 
is provided by the form: 

R = R ı + R: 

where R, is the vector potential of an isolated wire in 
space and R: is a function satisfying Equation (13) and 
so adjusted that Equation (9) is satisfied. That this 
solution satisfies the conditions imposed in both 
regions may easily be verified. 

Choosing R, = 0, at r = 0, the function œR, is, 


in Regions I and II, respectively, 
2 


+14) 


Ry t= + 21 [iog (—— 


R! (14) 


w) +2] 


A sufficient form for the function R: in both Regions 
I and II will be found to be: 


(15) 


R = b+ > (= a (ba cosn 0 + ansin n 0) (16) 
n=l i 
In Region I, the total vector potential is 


R! = R: + R! 
where the expression for R, and R,! would be taken from 
Equations (14) and (16). 
In Region II, the total vector potential is 
R! = R: + R H 
From Equations (15) and (16), 


n = oo 


ry ; 
RU = ba + > (=>) (b, cos n 6 + a, sin n 6) 
n=l 
+21 [iog (>) + =] 
Maxwell has shown that 
OR 
He = + ay (17) 
1 OR 
Me 88 us) 


Taking the partial derivative of (AR!) with respect 
to (r), we therefore obtain 


ð R! 
PEES or 
n(—— a Ta] 
n=l 
21I 
ie te (19) 


This must satisfy the terminal conditions imposed 
by Equation (9), when r = rọ Hence, Equation 
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| x 
| (19) must equal Equation (9) when r = ro. Therefore, 
1 ow 21I 
| +- D (bn cos n @ + a, sin n 0) + —— 
nal 


= Co + Ec, cos n 0 
n=l 


A comparison of these series, term by term, gives 


a, = 0 
b, = To Ca 
n 
| And from Equation (10), we already know that 
21 
C 0 = To 


All the constants except bo are now known, and 


the 


| equations for vector potential in Regions I and II are 


| RI “eee i) in eal 


nml 


; . nb, 
ag Go Z) [sin =F] cos n 0 


+21 [iog (=, Tla z] 


R€ = b + 5 


nml 


8 12 
N (NUMBER OF HARMONICS) 


Fie. 19 
where 
To = 1.43 cm. 
I = labampere = total current in conductor 
$ = 0.222 radians 


= 1.27 cm. 


It b not necessary to know bọ in order to plot the 
Make the calculation on the assumption that 
bo = 0. This will make R, = 0 when r = 0. Later, 


field. 


(20) 


(21) 
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bo will be given the proper value to cause R, to be 
zero at the kernel. 

It is well known that curves of constant R are lines 
of force and that unit difference of R is one maxwell.!8 
The field can be plotted, therefore, from the expressions 
for R! and R! in Equations (20) and (21). 

The arithmetical evaluation of ÈR is interesting, and 
a part of this work is therefore included. A number 
of terms of the series are calculated for particular 


values of 0 and r. Unfortunately, for the larger values 
of r, the series does not converge rapidly. Plotting 
the sum of the series against the number of terms n 
was found to be a convenient method of determining 
the value to which the series converged. Several of 
these plots are given in Fig. 19. It is most important 
that the convergence value of the series be determined 
accurately, because it is subtracted from the value 
(r/re)?, which, when r approaches r», is of the same order 
of magnitude. Thus it is a case where small differences 
between the relatively large numbers have to be 
determined accurately. 

After having found the value of R for a sufficient 
number of points, r and 6, a set of curves was drawn 
of R against r, with 0 as a parameter. Also, a set of 
curves was drawn of R against 0, with r as a parameter. 
A sample of these curves is included, Fig. 20. 

With the help of these curves and parameters of 
r and 0, curves for constant values of R could easily be 
plotted as lines of force in the magnetic field. 

Neglect of the constant bo made the flux at the 
center of the figure zero and the flux at the kernel 
+ 0.77. Asit was desired to have the flux at the kernel 
zero, the sign of Equations (20) and (21) was changed 
and a value of + 0.77 assigned to the constant b», in 
order to make the entire flux plot positive. 

The field plot in Fig. 17 is believed to be very accurate 
within the copper, but due to the slow convergence of 
the series it is not so accurate outside the copper in 
Region II. | 


18. See bibliography, 11, or Appendix C. 
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BRIEF RULES FOR PLOTTING FLUX IN AIR 


Although various authors have given rules for 
plotting flux in air, it seems well in the interest of 
completeness to briefly sum up the more important 
principles. 

The method used by Messrs. Doherty and Shirley 
can best be described by reference to a particular 
problem, illustrated in Fig. 21, which represents a couple 
of alternator field poles. 

In attacking a problem of this sort, Mr. Doherty 
and Mr. Shirley made the following assumptions: 

1. That the magnetomotive force is due to an 
infinitely thin coil distributed along the pole”. The 
armature reaction is neglected while plotting the flux 
due to the field m. m. f.; and later, after another sketch 
is made of the field due to the m.m.f. of armature 
reaction, the two are superposed. 

2. The magnetic potential of one pole due to the 
m. m. f. of its own winding was + F. The magnetic 


ipotentias 2 
qero Fuuwibo tiaj “Urlay, 


Zer: Equipotential Surface 
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potential of the other pole due to its own m. m. f. was 
— F. 

3. Assuming infinite permeability, the armature 
and field pole faces are equipotential surfaces. 

4. By symmetry, a zero equipotential surface is 
drawn midway between the two poles. 

5. The armature surface is also assumed to be 
a zero equipotential surface. 

6. At the surface of the left-hand pole, the potential 
is + F. As the air-gap is crossed, this drops to 0 at 
the surface of the armature. In crossing back across 
the gap from the armature surface to the right-hand 
pole, the magnetic potential drops to — F. Therefore, 
the total drop from one pole face to the other is 2 F.. 

7. In any place where the flux lines are known 
to be straight and parallel, as is approximately true in 
the air-gap, the potential drop is a linear function of 
distance. Thus, a line half-way across the gap repre- 
sents one-half potential. 

8. The equipotential planes + F/2 and — F/2 
will curve from the center of the air-gap to the mid- 


19. This approximation is more accurate than neglecting the 
distribution of the eoil entirely, as has been done by some others, 
and apparently does not very much affect the aceuracy of flux 
distribution in the air-gap. 
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points of their respective poles. The beginning and 
ends of the one-quarter potential planes can be simi- 
larly located. In sketching the traces of these planes 
through points known to be at the same potential, there 
must be no discontinuity in the gradual change in shape 
of adjacent potential lines—i. e., when near the pole 
they follow its configuration, but those near the zero 
equipotential line must approach its rectangular shape. 

9. After the equipotential lines have been sketched, 
the lines of force are drawn perpendicular to them. 
The whole surface is thus divided into chequers. If 
enough lines are drawn, these chequers become very 
small rectangles. The sketch is not correct until all the 
angles are right angles. 

10. In space through which no current is flowing, 
all these rectangles must be similar—. e., the spacings of 
lines of force at two different places in the field must be 
proportional to the spacing of equipotential lines at the 
same respective points. It is recommended as a matter 
of convenience that the flux density be represented by 
such a number of lines as will make these rectangles 
curvilinear squares. 

The above method of plotting magnetic fields is 
a cut-and-try method. The first few sketches will 
obviously be wrong, but there are sufficient conditions 
so that the final picture obtained after several readjust- 
ments will be approximately correct. 

The actual flux density can be calculated at any 
point from the picture as follows: 

a. The total m. m. f. per pole, 

F=4rnI (22) 
where n is the number of turns per pole and I is the 
field current in abamperes. | 

b. If there are m equipotential planes drawn 
between the pole and the zero equipotential surface, the 
potential gradient between any two of these surfaces is 


aP 4nrnl 
ds mô 


where 6 is the perpendicular distance measured in 
centimeters between adjacent equipotential surfaces 
at the point in question; t.e., m 6 = air-gap. 

c. Since the permeability of air is unity, the density 
in lines of force per sq. cm. at every point is exactly 
equal to the potential gradient. 


dP AnrnI 
ds m6 


d. But, if the figure has been drawn so that the 
small chequers are square, the lines of force will have 
the same spacing, 6, as the equipotential surfaces. 
Therefore, the flux included in the tube between 
consecutive lines of force is 


(23) 


(24) 


4nrnl 


Ag=B6o= 7 


(25) 


e. At the risk of criticism for repetition, attention 


. Teg. + 


set 
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is called to the fact that if ô is the spacing of lines of 


force, the area of a tube 6 wide and 1 cm. thick is ô, 


and the density at any point is 
B= Ad E 4nnl jg 
~ ô — mô (26) 


Equation (26) is identical, of course, with Equation 
(24), and merely represents another viewpoint. 

In order to check the accuracy of the free-hand 
method, 23 different men determined the effective 
air-gap of a motor by making free-hand sketches of the 
flux. By Carter’s equation, the correct value of the 
effective gap was 0.575. The results of the free-hand 
sketches were as follows: 


Results Between Number 
0 .570-0 .605..... Lanusu eee 8 
0 .605-0 .640..............0008- 6 
O 640-0 675.2... 0... ce ee ee eee 4 
Rejected for gross inaccuracy..... 5 
Total. 0250625632 eek 23 


The above table indicates that the more accurate 
sketches, gave a minimum reluctance. This agrees 


with Arnold’s® statement: “The most nearly correct 
distribution of the flux will be shown by the sketch 
which makes the permeance of the flux tubes a 
maximum.” 

It is probably obvious that the flux will arrange 
itself in such a manner as to follow the path of least 
resistance; but it is interesting to note that a compari- 
son of the reluctances determined from several inde- 
pendent flux plots with the mathematically correct 
permeance confirms this theory so well. 
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METHOD OF PLOTTING TWO-DIMENSIONAL MAGNETIC 
FIELDS IN SPACE OCCUPIED BY CURRENT-CARRYING 
CONDUCTORS 

Consider a section of an infinitely long cylindrical 

conductor, shown in Fig. 22. The work done in 

making a complete circuit about such a conductor 
witha unit pole is 

W=47I 


20. See bibliography, 12. 


(28) 
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The difference of potential between two points 1s 
usually defined as the work done against the field in 
transporting a unit pole from one point to the other 
by any path whatever. 

Let the potential at A be zero. 
at D is 


Then the potential 


Prp=27rI (29) 


But the potential continues to increase as the circle is 
completed. On returning to A after a complete cir- 
cuit, the potential is no longer zero, but 


P, =4rI (30) 


Every time the unit pole is taken around the con- 
ductor, the potential increases by this amount. 


It might be asked, “How does the law of conserva- 
tion of energy apply?” The answer is that in taking 
the unit pole around the conductor, a voltage has been 
induced. The product of this induced voltage multi- 
plied by the current in the conductor represents electri- 
cal power which, integrated for the elapsed time, gives 
electrical energy. Thus the mechanical work done in 
carrying the unit pole about the conductor is converted 
into electrical energy. 


Again referring to Fig. 22, it should be noticed that 
no work would be done in going from A to D by the 
path A BOC D, because this path at all points is 
perpendicular to the lines of force. Such lines, there- 
fore, can be called lines of no work. 


The following are the most important rules to be 
followed in plotting flux in regions containing current- 
carrying conductors: 


1. The equipotential lines in the air space, when 
projected as lines of no work into the copper, must 
divide the copper into equal areas. It is thus seen that 
each particular part of the ampere conductors may be 
regarded as responsible for a particular part of the field. 


2. The work done in carrying a unit pole along 
any line of force from one point to another is pro- 
portional to the current flowing in the area enclosed 
by the line of force and the lines of no work passing 
through the two points. 


3. The spacing of lines of force must be inversely 
proportional to the copper enclosed and proportional 
to the length of the part of the tube enclosing the 
copper.?! 


21. As stated in the Introduction, Mr. L. F. Richardson has 
given a rule for the plotting of fields in current-carrying copper 
to the effect that in a region occupied by current “‘the difference 
of successive chequer ratios in a direction perpendicular to the 
lines of force, divided by the mean chequer area is equal to a 
constant times the current density in the region.” A proof of 
this relation is briefly outlined below. 

Let n and ¢ represent distance measured along lines of no work 
and along lines of force, respectively. Let small quantities of 
the order z be represented by the symbol o (z). Then, referring 
to the adjoining figure (Fig. 23a), if n and ¢ are small enough 
increments so that the field intensity and current density change 
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In Fig. 23: 
Hl=47rC 
It (k) is the number of lines in a tube, the width is 
Bese 
= H ~ 44C 


The spacing between lines of force must be pro- 
portional, therefore, to the ratio l/C, where l is the 
length of the tube under consideration between the 
lines of no work and C is the total current included by 
this length of tube and the boundary lines of no work. 

4. The line of half potential outside the copper, 
when extended as a line of no work into the copper, 
does not necessarily intersect every line of force at a 
point which would divide into two equal halves the 
work done in carrying a unit pole around the line. A 
similar statement can be made, of course, for the other 
potential lines. 


only slightly for points included in their variation, the relations 
exist: 


>< 
Fia. 23-A 
H = o (0) 
n,t = o (1) 
H,t, — Hoto = 4T7in, ti +0 (3) (30a) 
Hit; — Hit; = 4R in:tı + 0 (3) (30b) 
where i 
H,, = field intensity along tn, 
i = current density at any point near nı, nz, ti, ts. 


If n, and n: are chosen so that the flux between t: and ¢, is 
the same as the flux between ¢; and to, then 
(Hı + Ho) nı = (H: + Hi) ni + 0 (3) = 2¢ + 0 (3) 
where 
@ = the flux between ¢, and to, and between t: and 2). 
= o (1). 
Also, nz — 1M, = 0 (2) 
Nna t; = n, ty + o (3) = nt + o (3) 
Adding (30a) and (30b), there results: 
(Ha + Hi) t2 — H: (ta — ti) — (Hı + Ho) th + Ho (ti — to) 
= 8 Tint +o (3) 
But Ho (ti — to) — H, (ta — ti) = (Ho — Ai) (ti — to) 
— H, (ts + to — 2t;) = o (3) 
Therefore, 30c becomes 
(Hı + Ai) ts — (Hi + Ho) ti = 8 Tint + 0 (3) 
Substituting (4) in the above, there results 


ts tı 
(4t 


Nə? Ny 


(30c) 


)=4rint+o(3) 


Thus, omitting second order terms, we obtain a relation in- 
volving quantities of the first order on either side: 


ta ty 
Na ny 4 T 
nt $ 
which is the rule stated by Richardson. 
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BRIEF RULES FOR CONSTRUCTION OF FIELD FLUX 
PLOTS INSIDE THE COPPER 


(BY L. P. SHILDNECK) 


The following directions have proved very helpful in 
making flux plots of the fields of salient-pole machines. 

Consider the case of a copper and iron distribution 
as given by a field pole (Fig. 24), with lines of no work 
oa, 0b, oc, od, oe, etc., drawn so as to divide the 
current into equal areas. Then the work done in 
transporting a unit pole from a to b is equal to the 
work done in transporting a unit pole around the 
patha boa. 


Work (a b) = work (a b o a) 
= work (6c) = work (b c o b) 
= work (c d) = work (c d o ¢), ete. 


for work = ( a o) work (b o) = work (co) = 0. 
That is, the work done in going from one equipotential 
line such as a to another such as b, is equal to the m. m. f. 
between these two lines, or 4 m times the current en- 
closed by the lines a b, bo, and oa. Consequently, 
work a b equals work a’ b’; but work c d is greater than 
work c’ d’, for more current is enclosed by cd. It is 
well to remember that the m. m. f. between any two 
points in the copper, such as c’ and d’, is proportional to 
the amount of current enclosed by the line of flux c’ d’ 
and the lines of-no work c’o and d'o. Therefore, if a 
tube of flux is desired along a’ b’ c’ d', so that it may 
enclose the same flux at all points of the tube, the 


a ge 
a A) Z 
A SG 
ZA, 


reluctance must vary in direct proportion to the 
m.m.f. And since the m.m.f. varies in direct 
proportion to the amount of current enclosed, the 
ratio l/a? for the curvilinear rectangles must vary in 
direct proportion to the amount of current enclosed. 
This relation makes it possible to extend the plot into 
the copper. _ l 


22. The reluctance is proportional to the length I of the 
path and inversely proportional to the area a of the path. Since 
unit thickness is chosen for the plot, the width of a tube represents 
its area. 
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The subsequent rules will aid materially in shorten- 
ing the time necessary to obtain an accurate field plot. 
The reasons for following the directions in the order 
given will be obvious. 

1. Draw bisectors of the angles at the points a, b, c, 
d, e, f, as shown in Fig. 25. Theseare thedirectionsof the 
lines of flux at these points. Continue them wherever 
it is possible to do so with any degree of accuracy, as at 
a, b, c, d, entering the opposite side at right angles. 

2. Divide the current into eight equal regions, as 


Fia. 25 


shown in Fig. 25. The reason for the peculiar division 
is that later the lines of no work will roughly coincide 
with the construction lines, thereby providing an easy 
method of sketching the lines of no work’so that they 
will divide the current into equal parts. If it is found 


| wa 
GAS: 


later that some of the construction lines are not placed 
to best advantage, of course others may be drawn. 

3. Draw a trial set of seven lines of no work (see 
Fig. 26), crossing the lines of flux a, b, c, d at right 
angles, hugging the sharp projections closely, as at 
b and c, and keeping away from the inverted corners as 
at a and d. This trial set must divide the current 
region into eight equal portions. Arbitrarily choose 
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some point P down in the corner closest to the iron, 
for the kernel. If no iron were present, it would lie in 
the center of the copper; if iron were touching the 
copper along one surface, the kernel would be at the 
copper-iron boundary; if iron were touching the copper 
along two surfaces, the kernel would be on both copper- 
iron boundaries, at the corner. Obviously, the kernel, 
in all practical cases, would lie somewhere between the 
center of the copper and the lower corner near the iron. 
Line No. 4 must divide the current into two equal 
regions. The advantage of the straight construction 
line between Regions 4 and 5, dividing the current into 
two equal portions, is evident. The other construction 
lines are also located so as to be most useful in enabling 
an accurate division of the current to be made by 
judging only small differences in area with the eye. 

4, Starting from some line of flux cc’ (Fig. 27), 
draw lines of flux, making curvilinear squares along 
the line ac’ f in the region where there is no current. 


Then extend the lines of force into the current region 
orthogonal! to the lines of no work. 

5. The correctness of the plot may now be tested as 
follows: 

a. Lines of flux must cross lines of no work at 
right angles. 

b. Lines of flux must enter the iron at right 
angles (assuming infinite permeability). 

e. All rectangles outside the current must be 
curvilinear squares (ratio l/a = unity). 

d. Within the current region, the rectangles 
must have a ratio l;a less than unity and equal to 
the ratio between the current enclosed and the 
one-eighth portion of the total current. Thusata 
point g (Fig. 27), if the flux line, and the two lines 
of no work intersected by it, enclose one-half of the 
eighth portion of current, then the length of the 
rectangle at this point should be one-half of the 
width. l 

6. If the ratios l/a are not proportional to the 
current enclosed, then the plot must be redrawn, either 
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changing the position of the kernel or else shifting the 
position of the lines of no work, and making the corre- 
sponding necessary changes in the lines of flux. 

It is well to use tracing paper, for then each previous 
trial may be used for a guide. 

Fig. 28 is the final plot. Any required accuracy may 
be obtained by continuing the process indefinitely. 
By this method, however, a large portion of the cut- 
and-try is eliminated because as many of the required 
conditions as possible are fulfilled in the first part of the 
construction, and after three or four trials a surprisingly 
accurate sketch can be obtained. 


Appendix C 

VECTOR POTENTIAL IN COPLANAR MAGNETIC FIELDS 

Neither the problems nor the general methods in this 
appendix are new but it is believed that the application 
of the little used conception of vector potential to a 
group of familiar problems will be of interest. 

In problems where the flux distribution can be 
represented by a two-dimensional sketch,” the vector 


potentials are all perpendicular to the plane of the 
paper and consequently can be added and subtracted 
exactly like scalar quantities. This makes the con- 
struction of field plots by lines of equi-vector potential 
very much easier than by the more usual method which 
employs the two components of the vector field 
intensity. 

Let X and Y be the x and y components of the field. 
Then, integration around any small area in the zy 
plane will show that* 


oY 
or 


dX 
d yY 


=471 (27) 
where ïi is positive when directed upward out of the 
plane of the paper. 

23. Such fields are said to be coplanar in the plane of the 


paper. 
24. See bibliography, 11. 
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Let R be a function% such that 


OR 
X =- ay (28) 
d R 
Y =+ -53 (29) 
Then 
oR oR , 
> x = oe VET (30) 


The function R is known as the vector potential of 
the field. In a coplanar magnetic field a line of force 
is characterized by the equation R = 0 = a constant, 
because 


R oR 
d R = az oer tv Se (31) 
and solving for the slope of the line R = a constant: 
dy OR/ox _ Y 
dx oR/doy X (32) 


which shows that this line has the same direction as 
the magnetic field. 


Also, Ad = ¢; = ¢2 is equal to the flux included © 
between the lines of force R = ¢, and R = ġ,, for 


2 2 
Ag= SadR= f Y¥dzr—Xdy (33) 
may be seen to give the flux included between the 
points 1 and 2 whatever the path of integration 
employed. 

In any problem in which the only sources of m. m. f., 
are currents within the regions under consideration, the 
boundary conditions imposed consist in variations of 
permeability from the region under consideration to the 
adjoining regions and in general from the adjoining 
regions to other regions. 

This type of boundary condition may be recognized 
to consist of a sum of terms containing constants and 
partial derivatives operating on R. 

It is then clear that if two solutions R, and R: satisfy 
these boundary conditions and the point Equation (30) 
for current densities 7; and t: separately, their sum 
must also satisfy these boundary conditions and the 
point Equation (30) for a current density 7; + 73. 

It is possible, therefore, to superpose solutions for 
vector potential due to two distributions of current 


density and the result may be extended to any number 


25. In the above, it has been found convenient, in order to 
make the sign of R positive, to define it by the relations: 
OR OR 
Y = >=—, X = =- -— 
Ò Oy 
instead of 
OR OR 
da Ox’ mens Oy 


as in Rogowski’s work. 
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of superpositions; and thus from a knowledge of the 
vector potential of an element we may by integration 
determine the vector potential of a complicated 
distribution of current density. 

I. The Vector Potential of an Isolated Straight Wire 
of Circular Section. Let the radius of the wire be a 
and let the total current through the wire be I. 

Then inside the wire the field intensity” is 

2Ir 


H = a? (34) 


and outside the wire: 
21I 
r 


H = (35) 


If we choose R = 0 at r = 0, then inside the wire: 


7 ep 


R= f Har = (36) 

r =0 

and outside the wire: 
R= f Har [og (—-) + 5] en 


rag 


II. The Vector Potential of Two Isolated Straight 
Wires of Circular Section. Let r, and re be the radii 
vector from wires.1 and 2, respectively, and let a, and 
a, be the respective radii o the conductors. Then 
inside conductor 1: 


R = 21 [ios (3) +9] + ar (38) 
Inside conductor 2: 
R=21, [loge (=) + >] + 1L— (39) 


Outside both conductors: 
)+5] +21, [loge (4 
(40) 


a. In the special case where the currents are in 
opposite. directions, L=- = I, and a, = Qa, the 
vector potential outside the conductors is 


R=21, [iog (2 


R = 2 I loge : (41) 


and the equation of a line of force, R = a constant, is 


= eR 


a (42) 
The well-known fact follows that the lines of force 
outside the conductors are circles. 

In particular, if the centers of the wires are located 
at x = — b, and z = b, respectively, Equation (42) 
becomes 

2%. Asx v X+ Y% 
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[z + bcoth (R/2) F + y= (43) 


ewes cee 
sinh? (R/2 1) 


b. In the special case where the currents are in the 
same direction, I, = I, = I, and a; = a; = 4, 


R = 21 [iog ( ==) +1] 


The equation of the line of force in this case is of the 
fourth degree. 
III. The Vector Potential of a Straight Wire Near the 


(44) 


om om”. 
(Jere wrnw wren eroeecce'! } 
` 


Corner of two Infinitely Permeable Planes. The wire 
and images for this case are shown in Fig. 29. Out- 
side the wire 
R olog Ca og EOOH ter 
| e a? tioge a? 


b 2 2s 2 b 24 C 2 
pog EEDU- EDU EON y 


(45) 
Equations of the type of (45) may be solved by. 


Fig. 30 


plotting since only the real roots are desired. In the 
case under consideration, R/I should be plotted as a 
function of x with y as a parameter. Points on a line 
of force are then determined by the intersections of the 
curves along lines of R/I = a constant. 

IV. The Vector Potential of an Isolated Wire of 
Any Cross-Section in Air. Referring to Fig. 30, the 
vector potential of an element of the wire is, in general, 

d R = îi (loger?) da + a constant (46) 
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where r is the distance from the point at which R is 
determined to the element under consideration, ¢ is the 
current density, and d a the area of the element. The 
value of R for the whole wire is, then, 

R = J? (loge 7?) da + a constant (47) 
the integral being taken over the whole surface of the 
wire. If the current density over the cross-section is 
constant, we have 


R 
ae =s (loge r?) da + a constant?’ (48) 


Fic. 31 


a. For the special case of an isolated wire of rec- 
tangular section we have, referring to Fig. 31, 


R q=y+tb p=x +a 
7 = S S loge +@)dpdgq (49) 
qg=y—b p=x-a 


Integrating and adding the constant terms, 


b 
—4a bloge (a?+b)—6 a b—4 a? tan —-4b*tan™ ; 


R 
In order to make T a 0 at the origin, Equation (49) 


can be reduced to the symmetrical form: 


R (x + a)? + (y +b} 
4 = (z + a) (y + b) loge | a? + b? ] 


r (r — 2 + b)2 
— (x — a) (y + b) loge [ “= 9 wt *] 


+ a)? + (y— 6) 
— (x + a) (y — b) loge [a] 
i Seta ek 


+ (za) (y — b) loge | a? tb 


27. This result may be expressed in the form = = log D? 


-+ a constant, where D equals the geometric mean distance of the 
point at which R is to be computed from the area of the section 
of the conductor. 
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„Y+b RE A 

+ (æ + ay [tan = - tant 2 
S PERNE PO atat 
- (œ a) [tant ES - EPT 

x+a _, 2-a 

+ (w +b [tan 2 — tant D> 


z+a z— a 
— (w — b) [tan= y— b ane re 


~ 4a? tan- 2 -4b tani (50) 

The field in and around a rectangular conductor of 
dimensions two units by four units, carrying a current 
of 80 amperes, i. e. a = 2, b = 1, i = 1, has been 
plotted from Equation (50) by one of our associates, 
Mr. R. S. Arthur, and is shown in Figs. 32 and 33. 
Figs. 34 and 35, showing R as a function of z and y, 
were used in plotting Figs. 32 and 33. 


b. Special Case. Infinitely thin ribbon. 


. For. sufficiently small values of b, that is, if the 
rectangle degenerates into a ribbon, putting 261 = 1’ 
= current per unit length of the ribbon and adding 


4.76 
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R 
terms such that — 7 = 0 atz = y = 0, Equation (50) 


can be written ; 
(a + z) +y? 
a? 


= (a + x) loge 

28. Thevariable terms in (50) and (51) may bechecked against 
those given by Maxwell, ‘‘Electricity and Magnetism,” para- 
graph 692, for the mean geometric distance of a point from 
a rectangle and a straight line, respectively. 
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| a— z} +y 
+ (a — x) loge ' o) y 
a+r a— zr 
+2y [tan- 7 + tan a] (51)* 
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Equation (51) corresponds precisely to the case of a 


vanishingly thin isolated conductor, or to a narrow 
strip of conductor on an infinite iron surface. 


In the case of a ribbon conductor two units long, 
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carrying a current of 20 amperes, the expression for 
vector potential is 
R=(1+2) loge [((14+2)*-+y*]+(1-2) loge [(1-2)*+9'] 


+2y [tan- (=) + tan (==) (52) 


The field for this case as plotted by one of the authors 
is shown in Fig. 36. The curves of R as a function 
of x and y which were used in plotting Fig. 36 are 
shown in Figs. 37 and 38. 


Appendix D 


THE RELATION OF THE SCALAR POTENTIAL FUNCTION 
TO THE VECTOR POTENTIAL FUNCTION IN COPLANAR 
MAGNETIC FIELDS 

For points outside of regions in which current 
density exists, it is legitimate to construct a potential 
function V having the property: 


peg 
==. (53) 


where H, is the field intensity in a direction n and 
where n is distance measured in any direction from 
the point at which H, exists. 
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Then, in particular, 


d V ò V 
T deta dy 


=H dz+H dy 


dV = 


2 
Vi-Vi= SH.dz+ Hydy (54) 
where x and y form any convenient set of coordinate 
axes. The path of integration must be arranged so 
that it does not traverse regions in which current 
density exists. At the same time, it is necessary to 
construct arbitrary boundary surfaces, one beginning 
at some point of each current-carrying region and 
dividing the field into arbitrary sections such that 
within any section it is impossible to enclose current 
by any path of integration outside the zone of current 
density. Equipotential lines may be carried through 
these regions by joining lines which differ by an amount 
4 7 times the current enclosed by any circuit which 
does not cut through any boundaries, and starting at 
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one side of the boundary and ending at the other side 
at the same point. 
If the vector potential of the field is known, we may 


use Equation (54) in the form: 
2 
d R re) 
V- V, = > x dy Dy %* (55) 


Solutions of scalar potential due to particular 
distributions of current density will be superposable in 
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the same way and subject to the same limitations as 
apply to solutions of vector potential. 

In the following, the scalar potential functions which 
obtain in the various examples of magnetic fields given 
in other parts of the paper will be worked out briefly. 

I. Field Pole, or Slot. Referring to Fig. 8, it will 
be convenient to divide Region II into a and b parts, 
the a part being between the current-carrying zones 
and the b part between the current-carrying zones and 
the iron, and_to choose the line z = a from 0 = r — 6, 


7 
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to 6 = r, and from r = 6,— r to 6 = — r as the 
arbitrary boundary surface previously referred to. 
Then, choosing V = Oat z = y = 0, and remember- 


, 0 
ingy = y> 
6,2 
oR 1 OR 
V = fryqar T EPI 0 
0 
1 dR 
-fF 37,79 (56) 
Thus, for Region I: 
d R ü 
EVI as > kn [an g*r —2) —a,,’ ed cos n @ 
z 1 
Vi = >> (a, €*"@ —*) — an e] sin n 0 (57) 
1 


For Region IT: 
d R 


= _ 5 ~kn(b —2) 
zz TAT a(t a) + X nibe 


— b,’ €*"**- ] cos n 0 
Vie = 4r a(x- ajy ++ > (b, 7°" -*) 
1 


— b,’ €***—9] sin n 0 (58) 


by superposition. 
section is 


Feb. 1927 


In order to obtain the scalar potential for Region 
IIb, it is convenient to subtract from the known 
potential at the iron surface, the potential difference 
from the point in question referred to that surface. 
Thus: 


Yu = 4x as—0)4— f Eao 
6 
- 41a [6-«) > — (2 — a) (5-4) ] 


+ È [b, en? -> — b,’ e7" J sinn 0 
1 


= Vita + 2r &ol(b— 2) (59) 
For Region III: 
oR 00 
ry = 47 Qo (b — a) + a [Cr e*l —2) 
a 1 
as Cy’ een —b) ] cos n 6 
which gives: 
Vin = 47 a (b— a)y + x [en e~" E 
— Ca’ E7" ‘sin nO (60) 


The solution for an infinitely deep slot may be 
obtained by inserting c = œ. 
II. Circular Slot. In polar coordinates, Equations 


(54) and (55) become 
2 
V.—V,= Sf H,dr+ Hord 6 (61) 
1 
2 
1 dR d R 
-J-+ ag 41t"? (62) 
Taking V = Oat 0 = 0, there results: 
> OR 
V=fr5, ee (63) 
For Region II: 
OR a n T 21I 
T -> . E >= [bn cos n 6] + a 
1 
which gives: 
if r 2 
Vn = X (+) b,sinn@ +210 (64) 


1 
III. Scalar Potential of a Wire of Any Section. 


Evidently, for an isolated circular wire, 


V=210 
The solution for several circular wires is obtained 
The solution for a wire of any 


A (65) 


the integral to be extended over the whole section in 
which 7 exists. 
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It may be found more convenient, however, to 
obtain V indirectly through (47) and (55). 


Appendix E 


CALCULATION OF INDUCTANCE FROM A KNOWLEDGE OF 
VECTOR POTENTIAL 


In general, in order that it shall be permissible to 
employ the conception of inductance to a conductor of 
large section, it is necessary that the conductor consist 
of a bundle of smaller conductors, all of these conductors 
supposedly connected in series, or in such a way that the 
same current flows in each. If there is a sufficient 
number of small conductors, it is permissible as an 
approximation to calculate the inductance of the sys- 
tem as the average inductance of a continuous distri- 
bution of small current filaments, the density of the 
filaments being in proportion to the density of small 
conductors. It will further be assumed that the current 
distribution may be regarded as continuous within the 
section of the large conductor.” 

Let ġ» be the total flux outside some particular line 
of force R = R, and between that line and the line 
with respect to which induced voltage is to be com- 
puted, where R is the vector potential function of the 
field. 


Then 
po + Ro— R 
will be the flux outside any line R. 
Let 


n = the density of small conductors. 
The average flux linkages per conductor are 


+ Ro— R)nda Rnda 


where 
N=(/fnda 
S 


= the total number of small conductors in the 
section. 
If I is the total current through the section, the 
component of average inductance due to flux úp to 
the point that ¢o is computed, is 


L (24 ) Rnda 
~ I TJ NI 
But 
I= fida 
S 


29. From the restricted point of view that stored magnetio 
energy equals 14 X inductance X current squared, it is permissi- 
ble to apply the conception of inductance to conductors which 
are not subdivided. 

30. If desired, this approximation may be corrected. A 
correction of this type is given by Maxwell, ‘‘Electricity and 
Magnetism,” par. 693. 
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or 
go + Ro Rida 
L-(>~)- f ic ai 
Equation (66) may be put in the form, 
L = 4r (Po — P) (67) 
where P, and P are permeance factors; 
go + Ro 
Po = 4rI (68) 
SRida 
S 
i Arif ida] (69) 


In (68) and (69), the quantity P, is the permeance 
factor that would obtain if the flux ġo + Ro linked 
all of the conductors, while the factor P takes into 
account the effect of partial linkages. 

It is interesting that in the foregoing equation, 
the vector potential R need not be computed so that 
the minimum value of R = 0. Thus it is not neces- 
sary to calculate the value of R at the kernel. If the 


kernel is known to exist on some line such that one | 


coordinate x or y, or r or 6, for example, is fixed, the 
calculation of the value of R at the kernel is compara- 
tively easy. If, as in the field pole problem, however, 
the value of neither coordinate is known, then on 
account of the unsatisfactory convergence which 
usually obtains at the kernel, the calculation of the 
position and value of R at the kernel is a task of con- 
siderable difficulty. It is fortunate, therefore, that 
this calculation is not required. 


Inductance of Two Parallel Cylindrical Conductors. 
As a simple example of formula (66), consider the 
case of two straight conductors of circular section 
carrying currents I and — I, respectively. From 
Formula (38), the vector potential at a point inside 


one wire is 
R= =- 21 [log (2 2) 41/2] 
where 
a = the radius of the section. 
Let 
rT; =f 


l = distance between centers of the conductors. 


The component of inductance due to half the flux 
will be calculated. Thus ġo will be chosen equal to 0 
for rı =r. But also, from (41), R= R,=0 at 
Tı = r2 Thus, (66) gives 

Rida 


L-~ {a 


which may be put in the form: 


a 2r 


ffp-2 


L= 


5, 
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P +r? — 2lrcos @ 
+ log ( a Lent) |rdoar cw 
2 f r ig 
a? S [:- a? -p rar 
A E E 71 
= 2log—_ +- (71) 


which is the usual expression for one-half the inductance 
of a circuit formed by two parallel Wires. 

Application to Field Pole Problem. The use of 
formula (69) is illustrated below by applying it to the 


field pole problem. In this case, and considering all the 
copper as comprising a single coil side, there is 
z — 62 
21 f Sf RUdady 
P ==" (72) 


4m [Qo (b = a) l]? 
This integral evaluates to the expression: 


b—a 
6l 


P= — P’ 


where 


: > Tex ag (ba apm tb) ee} 


+2K,kn (b + a)] (73) 
Thus, for the field pole shown in Fig. 8, 
P’ = 0.0045 
For the case of an infinite slot, c = œ, (73) becomes 


erpumty; 
l 
8 7? -E J jc) [ l 


t e—ckna + e—Fn(d +a) ) (1 E e~” =a 
o kn (b — a) ] (14) 
Thus, for the “infinite” slot shown in Fig. 3A, 
P’ = 0.0037 


In the case of an infinitely deep slot, it may be 
verified that the factor P’ provides a correction which 
gives the increase of inductance due to concentration 
of current above the inductance which would be cal- 
culated on the assumption that the lines of force were 
everywhere perpendicular to the slot sides. 

Circular Conductors in a Circular Slot. The expres- 
sion for P’ in the case of a circular conductor is very 
simple because for b, chosen = 0, the integral over the 
area of the copper of the term which involves the.effect 
of the slot is zero and there remains only the term 
which would exist were the conductor isolated in space. 

Thus, with b, = 


i Rida 1 FR 
l = —— a e Tane aS 4 
j AT y% (frida)? er 
S 


(75) 
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1 
ars (76) 
Conductors in Air. The calculation of the inductance 


of conductors in air permits the development of special 
formulas involving the conception of geometric mean 
distance. Thus, for a system of positive currents with 
return currents within a finite distance, the vector 
potential calculated from (47) will be zero at any point 
which is an infinite distance from the system in ques- 


tion, if the constant term is taken equal to zero. Thus, - 


if the voltage due to flux between the system of positive 
currents and infinity is to be calculated, and if the 
system of currents fulfills the requirements permitting 
the calculation of inductance, then: 


Rida 


T (77) 


where S, refers to the area of the sections of conductors 


carrying positive currents and 
R= Sf tlogrda 
(S1 +52) 
h Ts 
u 


—1 
Lı =- fi f tlogr?dalida (78) 
1 SitS2 


The voltage due to flux from infinity to the return is 


si , 
L, = T fi f tlogr?dajida (79) 
S2 Si +52 
` The total inductance of the circuit is 
ne ey ha s tlogrdaida 
I SitSe Si +52 
| (80) 
which may be put in the symmetrical form®!: 
S tilogrdaida 
L = oo 2 Sı +S2 Sı +S2 (81) 


[f ida][ Sf ida] 
Sı S3 


For uniform current density, remembering that 
the current density is negative over the section of the 
return conductors, (81) becomes: 


-S S- S Jlogrda}da 
S1 Sı S2 


A, A: (82) 


— 2 
31. It is understood that, subject to the conditions imposed, 
S iida = — S ida 

S S3 


1 
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[S Slogrdada—-2s f logrda da 
Sp Sı S2? S? 


+f Sf loøgrdada) 
Se Se 


= —2 
A, Ag 
Ri? 
= 2 log R. Ra (83) 
where 
R,, = geometrical mean distance of section 1 from 
itself. 
R = geometrical mean distance of section 2 from 
itself. l 
Ri: = geometrical mean distance of section 1 from 
section 2.33 
A, = area of section 1. 
A; = area of section 2. 
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Graphical Determination of Magnetic Fields 


Comparison of Calculations and Tests 


BY E. E. JOHNSON! 


Associate, A. I. E. E. 


Synopsis.—This paper, which deals with the experimental 
determination of magnetic fields, is presented as a verification of 
same of the results described by Messrs. A. R. Stevenson, Jr., anà 
R. H. Park in a companion paper, ‘‘Graphical Determination of 
Magnetic Fields—Theoretical Considerations,” and to introduce new 


TEST METHODS AND RESULTS 


INCE this investigation involves a large number of 
determinations of direction and intensity of mag- 
netic flux in fields of intensity varying from, say, 

50 to 40,000 lines per sq. in., it was essential to have a 
simple, reasonably accurate, and reliable device for the 
explorations. In deciding upon the methods to be 


Fie. 1—FLvux MEASURING APPARATUS 


This instrument consists of a small coil rotating at high speed which is 
inserted in the magnetic field to be measured. Connections are made 
from the coil to a commutator whose brushes are connected to an indicating 
meter. The revolving parts are enclosed in a non-magnetic casing. The 
entire instrument is about 6 in. long. The winding consists of two coils 
234 in. long, of 175 turns each. The rotating parte are driven through a 
flexible shaft by a 3600-rev. per min. synchronous'motor. See Appendix 
A for further details 


employed in measuring magnetic fields, due considera- 
tion was given to those which have been used by various 
investigators. Finally two devices were chosen for 
use. One, due to Professor Dellenbaugh,‘ and devel- 
oped by C. H. Green, measures the intensity by means 
of a revolving search coil equipped with a collecting 
device or commutator, and operating at a high and 


1. General Electric Company, Schenectady, N. Y. 

2. Raytheon Manufacturing Co., Cambridge, Mass.; formerly 
of the General Electric Co., Schenectady, N. Y. 

3. Bibliography, 1, 2, 3, 4, 5. 

4. Bibliography, 6. 

Presented at the Winter Convention of the A. I. E. E., New 
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and convenient methods of determining the flux distributions in air 
spaces and in regions occupied by current carrying media. The 
particular case dealt with is the determination of the leakage fluz 
about the field poles of an alternator at no load, bothin the copper and 
tn the surrounding air spaces. 


constant speed. The direction of the field is determined 
by that position of the brush axis which gives either 
maximum or zero reading of the instrument. This 
device is shown in Fig. 1 and described in Appendix A. 
The other device used in this investigation measures the 
intensity of the magnetic field by the angular deflection 
of a small current carrying coil, the direction being 
determined by noting the position of the coil axis for 
zero deflection of the coil. This device is shown in 
Fig. 2. 

In order to get an experimental check of the plot of 


Fia. 2—Compass FLUXMETER 


This device consists of a current-carrying coil which is inserted in the 
magnetic field to be plotted. The movement of the coil is opposed by a 
spring and flux direction is determined by the position of the coil axis for 
zero defiection. The coil and its shaft are enclosed in a non-magnetic case. 
The dimensions are as follows: 

Length of hollow shaft, 6 in.; diameter of hollow shaft (outside), % in.: 
diameter of hollow shaft (inside), 3/16 in., length of armature coil (inside the 
shaft), 13 in.; diameter of armature coil, 5/32 in.; number of turns in 
armature coil, 20 


field flux determined mathematically by Messrs. Steven- 
son and Park, aspecial polestructure having the required 
dimensions was constructed of laminated iron. This is 
shown in Fig. 3. 


5. A similar device employing a bar magnet in place of the 
coil was first used. It indicated the direction exactly as does a 
compass, the field strength being determined by offsetting the 
needle from its position of rest in the field and counting the 
oscillations resulting. The instrument had the objection that 
the bar magnet became saturated at high field intensities, thus 
changing its strength. 
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The following description of the experimental 
methods employed and the results obtained is divided 
into two parts: first, the Flux Distribution in Air Spaces; 
and second, the Flux Distribution in Current Carrying 
Regions. 


I. FLUX DISTRIBUTION IN AIR SPACES 


The flux fields in the air spaces between the poles and 
between the poles and armature were explored by both 
types of measuring instruments and checked by the 


Fig. 3—EXPERIMENTAL SET-UP OF ALTERNATOR FIELD POLES 


iron filing method. Fig. 4 isa reproduction of an actual 
photograph of the iron filing plot. The plot obtained 
by use of the instruments is shown and discussed in 
Part II. 

The leakage flux at the end of the field poles of a 
generator is shown in Fig. 5A and B. The lines in 
Fig. 5B indicate the direction taken by iron filings and 
the arrows show the directions as indicated by the mea- 


Fic. 4—FLux FIELD IN THE INTERPOLAR SPACE OF THE 
SET-UP SHOWN IN Fia. 3, As DETERMINED BY THE [RON FILING 
METHOD 


suring instruments. Lines of constant magnetic inten- 
sity® of the end leakage flux are shown in Fig. 6. 


II. CURRENT CARRYING 


FLUX DISTRIBUTION IN 
REGIONS 
Although a knowledge of the flux distribution within 
the current carrying regions of a field pole was made 
available by the mathematical method described in 
in the paper by Messrs. Stevenson and Park, no experi- 
mental determination had been made, as far as is known, 
until the present one. 


6. These lines are lines along which the magnetic intensity is 
constant. They were useful in studying the effects of the rotat- 
ing stray fields on the end structure of machines. 
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It was thought that the practical difficulty of explor- 
ing the field within the copper might be overcome by 
the substitution of a liquid conductor such as mercury, 
in the place of the copper, thus, of course, reducing the 
winding to one turn. The idea worked out successfully, 
the method of doing it in the case of the field poles being 
perhaps best explained by reference to Fig. 7. 

As indicated in Fig. 7, the field winding consists of one 


Fia. 5—Maanetic LEAKAGE Fiux at ONE END oF A POLE OF A 
6-PoLeE, 435-Kv-a., 1200 Rev. rer Mın., 4000-VoL_t ALTERNATOR 


A. As shown by iron filing method 
B. As determined by use of the instrument, shown in Fig. i 


turn per pole. That part of the winding about pole 
S, which is labeled A, is a non-magnetic tank containing 
mercury. At the top of this tank is a copper plate 
perforated with !4-in. holes, the plate being in electrical 
contact with the mercury. The holes in the copper 
plate are for the purpose of giving access to the inside of 
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the conductor. The armature structure has been 
purposely omitted from this figure in order to afford a 
view of the set-up. With the current flowing through 
the one turn field coils, the conditions as existing in an 
alternator at no load are practically duplicated, except 
that due to the high losses in the mercury it is impossible 
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Fig. 6—LINES oF CONSTANT INTENSITY OF THE MAGNETIC 
FIELD SHOWN IN Fia. 5 


to obtain conveniently the flux densities which exist in 
an alternator.’ 

The insertion of the measuring device displaces some 
of the mercury and hence some of the current. This 
involves an error the magnitude of which varies over 
the field but which, for the present investigation, is 
negligible except in places where the flux to be measured 
is of low intensity. In any event, the error is readily 
calculated and the necessary corrections made. A 
discussion of this point is given in Appendix A. 

The exploring coil element of the measuring instru- 


Fig. 7—ExXPERIMENTAL SET-UP FOR DETERMINING THE FLUX 
DISTRIBUTION WITHIN THE FIELD WINDING OF AN ALTERNATOR 


ment must necessarily carry a current, the effect of 
which is to distort the field. This field distortion is 
practically negligible in most magnetic fields about 
electrical machinery. This point is discussed in 
Appendix B. 


7. The actual current employed in the single turn was 1000 
amperes, thus producing an m. m. f. of 1000 ampere-turns per 
pole, which is considerably less than that which exists in an actual 
alternator. 


The plot obtained by the free hand method is shown Loren 
in Fig. 8a, the plot obtained by the mathematical s 
method outlined in the paper by Stevenson and Park is 1 
shown in Fig. 8B, and the experimental plot isshownin __ | 
Fig. 8c. It may be of considerable interest to know . ` 
that the free hand plot was done first, the mathematical 

plot second, and the experimental plot third, each 
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Fia. 8—FLux DISTRIBUTION IN THE AIR-GAaP AND INTERPOLA . 
SPACES OF THE SET-UP SHOWN IN FIGS. 3 AND 7 = 


A. As determined by the free hand graphical method ~ 
B. As determined by mathematical method se 
©. As determined experimentally -i 


independently of the other, the theory preceding t E 
experiment. 
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| Appendix A 
DESCRIPTION OF THE FLUX-MEASURING DEVICE SHOWN 
IN FIG. 1 


Complete investigation of both the useful and leakage 
flux distributions in the air spaces about an alternator 
requires the measurement of direction and densities in 
fields varying from, say, 50 to 40,000 lines per sq. in. 
The idea of using for this purpose a revolving search 
coil equipped with collecting device for commutator, is 
due to Mr. F. S. Dellenbaugh (Bibliography, 6). ` 

. The instrument developed by C. H. Green is designed 
to be simple and reasonably accurate, as well as portable 
and sturdy, for shop use. Fig. 1 shows the device, 
which is about 6 in. long overall, and therefore easily 
manipulated with one hand. The miniature armature 
runs within a protective stationary sleeve and is 
operated through a pair of small beveled gears driven in 
turn by detachable flexible drive shafts, from a gth- 
h. p., 3600-r. p. m. synchronous motor. A dial gradu- 
ated in degrees may be slipped over the knurled sleeve 
at the head end. 

To obtain a maximum reading on an output meter, 
the brush position on the miniature commutator is 
varied by turning this friction sleeve between the 
fingers so that the direction of the flux being cut may be 
read off the dial. | 

The complete device is made of non-magnetic metal, 
with the exception of Bakelite where required for insula- 
tion. Brass is used for the casing, while aluminum 
monel, a stainless non-magnetic alloy of extremely high 
resistance, is used for the miniature armature spindle 
and commutator segments. 

The spindle is four inches long, supported. by a bearing 
at its outer end, and is 0.094 inch diameter. The 
winding consists of two coils each 21% inches long, 
confined to the outer end of the spindle. Each coil 
is wound of 175 turns 0.002 inch enameled copper 
wire separated from each other and retained to the 
spindle with silk floss. 

The completed armature is impregnated in lacquer to 
resist oil that might issue from bearings. Connections 
are made to the four-segment commutator, 3% inch 
diameter. The radio clearance of the armature 
within the 14 inch outside diameter sleeve is 0.015 
inch. 

The miniature armature is calibrated in a magnetic 
field of predetermined intensity, so that a factor between 
milli voltage output and flux density may be applied 
to subsequent meter readings when the instrument is 
used in the shop. 

Appendix B 
INVESTIGATION OF THE ERROR INVOLVED DUE TO THE 
DISPLACEMENT OF CURRENT CARRYING MERCURY BY 
THE MEASURING INSTRUMENTS 

It seems that in order to explore the magnetic field 
inside of a liquid conductor, such as mercury, it is 

necessary to displace some of the mercury. If the 
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measuring instruments were infinitesimally small, there 
would be no appreciable displacement of the mercury 
and hence no error due to that source would be involved 
in the field plot so obtained. The instruments used in 
this investigation, however, have a diameter of 4 
inch and an error of some magnitude is to be expected. 

The effect of the displacement of current carrying 
mercury is to remove a portion of the current. The 
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Fie. 9—FLux DistrisuTion wHicH Wourop Exist rras 
Space OCCUPIED BY THE MEASURING INSTRUMENT SHOWN WAS 
FILLED WITH A CURRENT FLOWING IN A DIRECTION PERPENDI- 
CULAR TO THE PLANE OF THE PAPER, AND NOT NEAR ANY OTHER 
ELECTRIC or Maanetic CIRCUITS 


Fie. 1O—F Lux DistrisuTion Wuicu Exists IN AN INFINITELY 
Derr Iron Stot Havinea a Liquip CONDUCTOR IN 1Ts BOTTOM 


A. Without the measuring instrument 
B. Due to a reverse current in the space occupied by the measuring 
instrument after insertion 


removal of this current is equivalent to superposing 
upon the preexisting current in that portion a current of 
opposite direction and of the same density in that 
portion.? The magnetic field which results from the 
effect of the normal current distribution and of the 
superposed current is the same as that produced by 
the removal of the portion of current carrying mercury 
in the actual case.’ 

8. The instrument is properly insulated with varnish to pre- 


vent a flow of current through it. 
9. Neglecting saturation, of course. 
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The problem, then, is to determine what effect the 
current in a cylindrical conductor has on an exploring 
coil placed in the magnetic field within that conductor 
for various configurations of the surrounding magnetic 
circuit. 

If the lines of force in the conductor due to its own 
current are concentric with that conductor, there is no 
effect on the exploring coil, as may be seen by reference 
to Fig. 9. If, however, the lines of force are not con- 
centric ‘with the conductor, as when the conductor is 
brought very near an iron surface, there will be an 
an effect upon the exploring coil. 

As an extreme example of the above, consider the 
case, shown in Fig. 10, of an infinitely deep slot extend- 
ing infinitely in the direction perpendicular to the 
paper, the bottom of which is filled with a liquid 


© 
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Fig. 11—IMAGE OF THE CURRENTS IN THE MEASURING INSTRU- 
MENTS WHEN NEAR A PLANE IRON SURFACE 


conductor, as indicated. A measuring instrument of 
the sort used in this investigation is inserted in the 
conductor and in contact with the iron. 

The field around the exploring coil is the equivalent of 
the superposition of the two fields shown in Fig. 10, 
the first (Fig. 10A) being due to normal current distri- 
bution before the instrument was inserted, the second 
(Fig. 10B) being due to a reverse current in the space 
occupied by the measuring instrument after insertion. 

The error in the magnitude and direction of the mag- 
netic field in the space occupied by the measuring 
instrument is less than one per cent for the case shown 
in Fig. 10. The error will be the greatest where the 
field to be measured is the weakest, which, in the case 
shown in Fig. 10, is at the bottom of the slot. The 
error there is about 30 per cent, but this error does not 
render the method useless because it can always be 
calculated so that the field plot obtained experimentally 
may be corrected. 


Appendix C 


ERROR DUE TO THE MAGNETIC REACTION OF THE 
MEASURING INSTRUMENTS UPON THE MAGNETIC FIELD 
TO BE MEASURED 


The error due to this cause may be determined 
readily by making a plot of the magnetic field, which is 


caused by the current in the instruments and finding 
the magnitude and direction of the flux at the place 
occupied by the measuring instrument. If the instru- 
ment is near a particular plane iron surface, the mag- 
netic field due to current in the instrument may be 
determined by the method of images; that is, the iron 
surface may be considered to be removed and another 
set of currents similar to those in the instrument placed 
at an equal distance from the iron surface and in the 
same direction, as shown in Fig. 11. 


The error due to the cause encountered in this investi- 
gation is less than one per cent, except very near the 
kernel where the flux density of the field to be measured 
is zero. : 
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Graphical Determination of Magnetic Fields 


Practical Applications to Salient-Pole Synchronous Machine Design 
BY ROBERT W. WIESEMAN: 


Member, A. I. E. E. 


Synopsis.—There are three methods of obtaining the flux dis- 
tribution in a magnetic field. 

First: By test.: Templets or models can be made of the field 
to be explored and the flux distribution can be obtained by test as 
described in a companion paper ‘‘Graphical Determination of 
Magnetic Fields—Comparison of Calculations and Tests” by 
Messrs. E. E. Johnson and C. H. Green. 

Second: By mathematical analysis. This method is accurate 
and consistent results can be obtained. If the problem is very 
complicated, however, the mathematical solution is very laborious 


and sometimes impossible. 
Third: By the graphical method. This method is quite accurate 


INTRODUCTION 


HE distribution of magnetic flux is a very important 
factor in the design of electrical apparatus. In 
order to predetermine the characteristics of an 
electrical device, it is necessary in many cases to plot 
the flux distribution around the several parts. This 
is especially so with salient-pole synchronous machines. 

Carter, Rogowski, Lehmann, and others have plotted 
magnetic fields graphically by drawing the potential 
and flux lines at right angles and by arranging the tubes 
of flux so that they form approximate squares with the 
potential lines. This is naturally a cut-and-try method, 
but usually the symmetry of the figure and the known 
conditions enable one to arrive at a correct or balanced 
plot with only a few trials. 

As a rule, it is not difficult to determine if the plot is 
correct because, with a little practise, the eye can be 
trained to detect any irregularity in the squares formed 
by the flux and potential lines. The results obtained 
by some of the graphical flux plots were found to be in 
very close agreement with similar results obtained 
mathematically. Furthermore, the flux distribution 
data given in this paper have been used very success- 
fully in the design calculations of synchronous machin- 
ery by a large manufacturing company for nearly ten 
years. 

I. MAGNETIC FLUX DISTRIBUTION IN A SLOT 


The first practical application of magnetic flux 
plotting to dynamo design was done by F. W. Carter 
in 19012. Carter determined the value of the air-gap 
coefficient by introducing a fringing coefficient which 
assumes that all of the fringing flux is confined to a 
limited area instead of to the entire region over the slot. 


1. A-c. Engineering Dept., General Electric Company. l 

2. It is claimed that A. Potier in 1889 derived the permeance 
between a slotted and a plain surface in his study of the electrom- 
eter. It can be found in Vol. 2, page 563, of Potier’s trans- 
lation of Maxwell’s treatise. 
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and itcan be used for design calculations. Itis comparatively easy 
and it is the quickest method of the three. The graphical method of 
plotting magnetic fields used in this paper is described in a compan- 
ton paper, ‘‘Graphical Determination of Magnetic Fields— 
Theoretical Considerations” by Messrs. A. R. Stevenson, Jr. and 
R. H. Park. 

This paper shows how the graphical flux plots can be used very 
successfully in design calculations. In fact, the performance 
characteristic of a salient-pole synchronous machine can not be 
predetermined accurately without the use of flux distribution 


coefficients. 


Carter found this fringing coefficient mainly by the use 
of the theory of functions of a complex variable to 
obtain a solution of La Place’s equation. In this 
solution, Carter assumed that the depth of the slot 
and the width of the tooth were infinite’. 


Fig. 1—FLux DISTRIBUTION IN A SLOT 


Slot width Slot width 
Slot pitch 705 Airgap 998 
AreaA BDEF 
Gap Co-efficient = = 1.26 


AreaACDEF 


Fi _BC_ 
ux pulsation = AF ~" 0.493 


Calculation of Air-Gap Coefficients from Graphic 
Flux Plots. Fig. 1 shows the flux distribution_in the 


3. A mathematical solution for the finite depth of tooth by 
Hadamard can be found in the Annales de Chimie et de Physique, 
1909, Vol. 16, Second Series, page 403. 
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air-gap over one slot pitch. The line A CD shows 
how the flux density varies in the air-gap at the surface 
of a pole. It is evident that the area A B DC repre- 
sents the amount of flux which is lost due to the slot. 
In other words, the effective air-gap is increased by the 
introduction of a slot and thus the air-gap coefficient 
(Fig. 1) is equal to the area A B DE F divided by the 
area AC DE F. 


Fie. 2—Arr-Gap COEFFICIENT OBTAINED BY PLOTTING 
GRAPHICALLY THE FLux DISTRIBUTION AROUND A Toot WITH 
FiniTE,WIDTHs AND Depts as UsED IN Present Day MACHINES 


Forty graphical plots were made similar to Fig. 1 
with various ratios of slot width to air-gap, slot width 
to tooth width, and with a ratio of slot depth to slot 
width equal to four. The air-gap coefficients obtained 
by these plots are shown in Fig. 2. These curves check 
Carter’s work very closely and thus there is practically 
no difference between the finite and the infinite tooth 
width and slot depth for open slots which are used 
in present-day synchronous machines. 


Fic. 3—-Maaq@nitupE or FLUx PULSATION OBTAINED BY 
PLOTTING GRAPHICALLY THB FLUX DISTRIBUTION IN A SLOT 
Wits a Finirs Wipts and Depts as USED IN PRESENT Day 
MACHINES 


Flux Pulsation Due to Armature Slots. The vari- 
ation in the flux density or the flux pulsation 


(a> Fig. 1) was obtained from the flux plots 


where the tooth width equaled the slot width and the 
results are shown in Fig. 3. This curve also checks 


Carter’s work for the case of the infinite tooth width 
and slot depth. The flux pulsation caused by the 
armature slots produces a loss in the pole face. This 
loss is part of the open circuit core loss, and it can be 
calculated when the magnitude of the flux pulsation 
is known. 
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Fia. 4—FLux DISTRIBUTION at No LOAD IN THE Arr-Gap 
oF A SALIENT POLE SYNCHRONOUS MACHINE FOR THE MAXIMUM 
AND MINIMUM PBERMEANCE Positions. 10 Per Cent FLUX 
PULSATION 


If the number of teeth spanned by a pole varies when 
the pole moves through a tooth pitch, the pole flux 
will pulsate if the pole has no low impedance damper 
winding, etc. Fig. 4 shows a 10 per cent flux pulsation 
from the maximum to the minimum permeance posi- 
tions in a machine which has a small number of wide 
stator slots and a small air-gap. This flux pulsation, 


Fria. 5—Maanetic Fiux DISTRIBUTION IN Atr-GaP oF 
INDUCTOR ALTERNATOR PoLe WiptTH For Maximum EFFECTIVE 
VoLTAGB aT No-Loap 


if excessive, will increase the open circuit core loss and 
it may produce a magnetic noise. If the teeth are not 
spiralled, therefore, it is always desirable to have the 
number of teeth over the pole a constant, especially 
if a smal] number of teeth per pole is used. 
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[Inductor Alternator Pole Width Which Gives the Mazi- 
mum Effective Voltage. There seems to be an increasing 
demand for high frequency generators for supplying 
power to induction furnaces, and high-speed tools, for 
testing, and for experimental work. Usually if the 
frequency is above 2500 cycles per second, the induc- 
tor type alternator is used. ; . 
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Air-Ga 
Bole Bitch 
Fia. 6—Inpuctor ALTERNATOR Poue WipTH FoR MAXIMUM 
EFFECTIVE VOLTAGE aT No Loap 


The voltage induced in an armature coil of an induc- 
tor alternator depends upon the flux pulsation, as shown 
in Fig. 5. If the pole width is 100 per cent of the pole 
pitch, and if the air-gap is uniform, the flux wave will 
be a rectangle, and, obviously, the flux pulsation and the 
induced voltage will be zero. As the pole width is 
decreased, Fig. 5, the flux pulsation increases. The 
effective value of the induced voltage, however, in- 
creases until it reaches a maximum, and as the pole 
width is further decreased, the effective voltage de- 
creases. Thus it is very desirable to shape the pole of 
an inductor alternator so that the voltage induced in 
the armature coil is a maximum. ' The insert in Fig. 5 
shows how the effective voltage varies with the pole 
width when the air-gap is five per cent of the pole pitch. 
In this case the maximum effective voltage at no load 
occurs when the pole width is 38 per cent of the pole 
pitch. A number of these flux plots were made for 
various ratios of air-gap to pole pitch and the cor- 
responding maximum effective voltages were obtained 
and plotted in Fig. 6. It can be seen that a pole width 
equal to half of the pole pitch should be used only when 
the air-gap is infinitely small. For a 10 per cent 
air-gap, the pole width should be 0.35 of the pole pitch 
to give the maximum effective voltage at no load. 
Under load the maximum effective voltage should 
occur when the pole pitch is a little less than given by 
the curve in Fig. 6. 


II. 


excited by its field coil. 
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MAGNETIC FLUX DISTRIBUTION IN THE AIR-GAP 
OF A SALIENT-POLE SYNCHRONOUS MACHINE AT 
NO LOAD WHEN EXCITED ONLY BY THE FIELD COILS 


Fig. 7 shows the flux distribution around the pole at 
no load when a salient-pole synchronous machine is 
The full line flux wave was 
calculated from the flux plot at the surface of the arma- 
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ture and the dotted flux wave was obtained by test 
with an exploring conductor placed on the surface of 
the armature. The flux wave fundamental is 1.11 
times the maximum value of the flux wave and the flux 
wave third harmonic is 0.085 times the maximum value 
of the fundamental. 

Fundamental and Third Harmonic in the Air-Gap 
Flux Wave at No Load. Seventy-five hypothetical 
flux plots at no load were made of poles used in present- 
day machines whose pole faces were arcs of circles. 
The pole shapes used are included in the limits of the 
following three variables: 

Minium fei 6.00 06008 


Pole Pitch 
Pole Arc 
— Pole Pitch from 0.50 to 0.75 
Maxi Ga 
o from 1 to 3 


Minimum Gap 
The flux waves were analyzed for their fundamentals 
and third harmonics, the values of which are shown in 


Figs. 8 and 9. In Fig. 8, the fundamental A, of the 
flux wave is expressed as a decimal fraction of the maxi- 


Fie. 7—Maenetic FLux DISTRIBUTION AROUND A PoLe 
AT No Loan WHEN A BALIENT-POLE SYNCHRONOUS MACHINE 
18 EXCITED BY ITs Fisup WINDING 


mum value of the flux wave which is taken as unity. 
In Fig. 9, the third harmonic A, of the flux wave is 
expressed as a decimal fraction of the fundamental 
which is taken as unity. The polarity of the third 
harmonic is also given and it ig considered minus 
when it is as shown in the insert of Fig. 9. The pole 
shape, which will have a flux wave with a zero third 
harmonic, can also be obtained from Fig. 9. For 
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example, if the ratio of the minimum gap to the pole 
pitch is 0.02, and if the ratio of the maximum to the 
minimum gap is 1.5, then the ratio of the pole arc to 
the pole pitch should be 0.67 to obtain a flux wave at 
no load which has no third harmonic. 

Calculation of the Open Delta Voltage and the Delta 
Circulating Current of a Synchronous Machine at No 
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Minimum Gap 


Pole Pitch 


. Fig. 8—FUNDAMENTAL OF THE No-Loap Fiux WAVE IN 
THE ArrR-Gap oF A SALIENT-POLE SYNCHRONOUS MACHINE 


Maximum value of actual flux wave equals unity 
Fundamental A, = A X B 


Fie. 9—TxHIRD Harmonic OF THE No-Loap FLuox WAVE IN 
THE AirR-GaP oF SALIENT-POLE SYNCHRONOUS MACHINE 


Maximum value of fundamental equals unity 
Third harmonic A; = A X B — 0.6 


Load. A very interesting application of the flux wave 
third harmonic curves, Fig. 9, is the calculation of the 
voltage which appears at no load at the open corner of a 
delta-connected armature winding whose coils do not 
have a two-thirds pitch. It is well known that only 
the third harmonic or multiples of the third harmonic 
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voltage can appear at the open delta. Since the multi- 

ples of the third harmonic flux wave are usually small, 

and since both the armature coil pitch and distribution 

further decrease the voltage produced by these flux 

multiple third harmonics, the multiple third harmonic 

voltages can be neglected. Thus, the calculation of the 

third harmonic voltage at the open corner of a delta- 

connected armature winding is very simple, if the 

amplitude of the flux third harmonic is known. 

Let 

E = Normal phase voltage of the armature winding 
at no load 

A; = Amplitude of the flux wave third harmonic 
expressed as a decimal fraction of its funda- 
mental Fig. 9 

k, = Armature coil. pitch coefficient for the funda- 
mental 

ka = Armature coil distribution coefficient for the 
fundamental 

kz, = Armature coil pitch coefficient for the third 
harmonic 

ksz = Armature coil distribution coefficient for the 
third harmonic 

E, = Open delta voltage (third harmonic) 

then 


ksp ksa 
kp ka 


This method of calculating the third harmonic delta 
voltage assumes that there is no saturation in the mag- 
netic circuit and it ignores the effect of the stator 
and the rotor slots. These factors, however, are quite 
small in most machines. The three-phase machine 
whose pole shape is shown in Fig. 7 had 18 slots per 
pole, armature coil pitch 0.777, ratio of minimum gap 
to pole pitch 0.037, ratio of pole arc to pole pitch 
0.674, ratio of maximum to minimum air-gap 1.22, 
and phase voltage of 3810 volts. 


Thus 


E, = SEA; 


k», = 0.939 ka = 0.955 


ksp = 0.49 k34 = 0.646 
From 


Fig. 9, A; = 1.44 x 0.475 — 0.6 = 0.084 
therefore 
0.49 x 0.646 
0.955 x 0.939 


E, by test = 300 Volts 
The delta circulating current at no load is 


E; 
Third harmonic synchronous impedance 


Calculation of Air-Gap Ampere-Turns, Using the 
Flux Distribution Coefficients Ke and K,. In order to 
predetermine the no-load air-gap ampere-turns accu- 
rately for a pole whose pole arc radius is less than the 
radius of the armature. face, two flux distribution co- 


E, = 3 X 0.084 x 3810 = 339 Volts 


I; = 


| 
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efficients must be obtained. It is well known that if 
the flux wave has a flat top, more flux (lines per pole) 
is required to give a certain effective voltage at the 
terminals of the armature winding than for a peaked 
flux wave. In order to obtain the flux per pole ac- 
curately, therefore, it is necessary to modify the flux 
equation which assumes a sinusoidal flux distribution 
and to introduce the flux distribution coefficient‘ 
Ke which is the ratio of the area of the actual no load 
flux wave to the area of its fundamental. 

Messrs. Doherty and Shirley introduced this flux 
coefficient Ks in 1918‘, and they obtained the values of 
Ke from flux distribution plots (see Fig. 36 of Messrs. 
Doherty and Shirley’s paper) which assumed that the 
flux density varied inversely as the distance (ina 
straight line) from the pole face to the armature core. 
This, of course, is an approximate solution of the 
problem. Fig. 10 gives the values of Ks which were 
obtained from the 75 hypothetical flux plots similar 
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Fig. 10—FLux DISTRIBUTION COEFFICIENT Kọ 


to Fig. 7 where the flux distribution was obtained by 
actually plotting the tubes of flux. These values of Ks 
practically check the values of Kọ given in Messrs. 
Doherty and Shirley’s paper. 

The introduction of Ke thus gives the actual flux per 
pole for any flux wave. The next step is to find the 
average air-gap density over the pole face in order to 
find the necessary ampere turns to force this flux across 
the air-gap. It is very convenient to know the flux 
which passes directly out from the pole and into the 
armature, as shown by the shaded area, in the insert of 
Fig. 11. This flux is equal to A, times the flux per 
pole where K, is the ratio of the area G B C D F to 
the area ABC DE in Fig. 11. The average air-gap 


density over the pole (Region G F, Fig. 11) is K, times 


the flux per pole divided by the area of pole face. The 
air-gap ampere turns can now be obtained accurately 
since the air-gap coefficient, Fig. 2, and the reluctance 
of the air-gap are known. 


4. BReactance of Synchronous Machines and Its Application, 


Doherty and Shirléy, A. I. E. E., Trans. Vol. XX XVII, p. 1209. 
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The two flux distribution coefficients Kẹ and>K,, 
calculated from the predetermined flux wave, made 
it possible to predetermine very closely the performance 
characteristics of a two-speed salient-pole synchronous 
motor’. This two-speed motor had irregular shaped 
poles arranged in pairs whose flux waves deviated ap- 
preciably from a sine wave at either speed. 
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Fia. 12—Maanetic FLux DISTRIBUTION IN THE ’’AIR-GaP 
WHEN A SALIENT PoLE SyNcHRONOUS MACHINE 18 EXCITED 
ONLY BY A SINE Wave ArmaTuRE M. M. F. Wuose Axis 
COINCIDES WITH THE POLE CENTER 


Calculation of the Leakage Flux of a Salient-Pole 
Synchronous Machine. The flux distribution curve of 
the leakage flux between poles is shown in Fig. 7. 

5. A Two-Speed, Salient-Pole Synchronous Motor, R. W. 


Wieseman, A. I. E. E., Trans. Vol. XLIV, p. 436, 1924, Figs. 15, 
16, 17, 18. 
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This curve is plotted on the interpolar center line and it 
neglects the small amount of leakage flux in the lower 
corner of the pole. The ratio of the area under the 
leakage flux distribution curve to the area under the 
main flux distribution curve in Fig. 7 plus 1 gives the 
leakage coefficient which is 1.16 for this pole. This 
coefficient should be increased slightly to allow for the 
small end leakage flux. 


III. MAGNETIC FLUX DISTRIBUTION IN THE AIR-GAP 

WHEN A _ SALIENT-POLE SYNCHRONOUS MACHINE 

IS EXCITED ONLY BY A SINE WAVE ARMATURE 

MAGNETOMOTIVE FORCE WHOSE AXIS' COINCIDES 
WITH THE POLE CENTER 


Fig. 12 shows the flux distribution in the air-gap 
when a salient-pole synchronous machine is excited 
only by a sine wave armature magnetomotive force 


Fig. 13—FUNDAMENTAL OF THE Arn-Gap FLux Wava WHEN 
A SALIENT POLE SYNCHRONOUS MACHINE 18 EXCITED BY ONLY 
A SINE Wave ARMATURE M. M. F. Wuose Axis CoIncinDEsS 
WITH THE POLE CENTER 


Maximum value of actual flux wave equals unity 
Fundamental Ay, = A X B 


whose axis coincides with the pole center. The abrupt 
break in the spacing of the flux lines is simply a change 
in scale for convenience in plotting and for allowing 
more flux lines to be drawn in the interpolar space. 
The armature flux wave in Fig. 12 is peaked while the 
field flux wave, Fig. 7, for the same machine is decidedly 
flat topped. The peaked flux wave in Fig. 12 is the 
flux wave which balanced polyphase armature currents 
tend to produce at zero power factor. The flux wave 
fundamental, Fig. 12, is 0.94 times the maximum 
value of the flux wave and the flux wave third harmonic 
is 0.092 times the maximum value of the fundamental. 

Calculation of the Fundamental and the Third Har- 
monic in the Flux Wave Which Polyphase Armature 
Currents Tend to Produce at Sustained Short Circuit. 
Seventy-five hypothetical flux plots were made similar 
to Fig. 12 for the same range of pole shapes as previously 


described. These armature flux waves were analyzed 
for their fundamentals and third harmonics, the values 
of which are shown in Figs. 13 and 14. In Fig. 13, 
the fundamental Á 4: is expressed as a decimal fraction 
of the maximum value of the flux wave which is taken 
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Fia. 14—Tuirp Harmonic or THE AIR-Gap Fiux Wava 
WHEN A SALIENT-POLE SyNcHRONOUsS MacHINE 18 ExXCITEÐ 
ONLY BY A SINE Wave ArRmaTuRE M. M. F. Wuooss Axis 
COINCIDES WITH THB POLE CENTER 


Maximum value of fundamental equals unity 
Third harmonic Az, = -~-A XB 
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Fig. 15—Vo.ttacs INnpucED 1N ExpLorinag CONDUCTOR 
PLACED IN THE AiIR-Gap or SALIENT-PoLp MaAcHINB at Sus- 
TAINED POLYPHASEB SHORT CIRCUIT. 


as unity. In Fig. 14, the third harmonic A,; is ex- 
pressed as a decimal fraction of the fundamental which 
is taken as unity. 

Predetermination of the Flux Wave in the Air-Gap of 
a Saltent-Pole Synchronous Machine at Sustained 
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Polyphase Short Circuit. When a polyphase salient- 
pole generator is short-circuited, the armature m. m. f. 
is in opposition to the field m.m.f. If the armature 
resistance is neglected, the sustained air-gap short- 
circuit flux, which travels in synchronism with the pole, 
can be obtained readily by subtracting the armature 
flux wave in Fig. 12 from the field flux wave, Fig.7. This 
short-circuit wave is shown in Fig. 15. Fig. 16 shows 


Fic. 16—VoLTaGeE INDUCED IN EXPLORING CONDUCTOR 
PLACED IN THE ÅIR-GAP OF A SALIENT-POLE MACHINE AT 
SUSTAINING POLYPHASE SHORT CIRCUIT 


the actual short-circuit flux wave obtained with an 
exploring conductor placed on the armature surface 
and this wave is also plotted in Fig. 15. The flux 
wave, Fig. 16, must include such flux waves which are 
not in synchronism with the pole and, therefore, this 
wave must be slightly different from the calculated 
flux wave in Fig. 15. 

Calculation of the Stray Core Loss in the Armature 
Teeth of a Salient-Pole Synchronous Machine at Sus- 
tained Polyphase Short Circuit. The short-circuit 
flux wave can be predetermined approximately by 
combining the fundamentals and third harmonics of 
the field flux waves, Figs. 7, 8, and 9, with the armature 
flux waves, Figs. 12, 18, and 14. Fig. 15 shows the 
short-circuit flux wave obtained by this method. 
The stray core loss in the armature teeth of a salient- 
pole machine at sustained polyphase short circuit 
can now be predetermined. The problem can be simpli- 
fied by neglecting the fundamental which is usually 
small and using only the resultant third harmonic 
flux. 

The full-load flux wave of a synchronous condenser 
at zero power factor either over or under excited can 
also be predetermined by this method. 


IV.. MAGNETIC FLUX DISTRIBUTION IN THE AIR-GAP 

WHEN A SALIENT-POLE SYNCHRONOUS MACHINE 

IS EXCITED ONLY BY A _ SINE-WAVE ARMATURE 

MAGNETOMOTIVE FORCE WHOSE AXIS IS IN QUADRA- 
TURE WITH THE POLE CENTER 


Fig. 17 shows the flux distribution in the air-gap 
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when a salient-pole machine is excited only by a 
sine wave armature m. mi. f. whose axis is in quadrature 
with the pole center. The effect of saturation and of 
the stator and rotor slots is neglected. The armature 
flux wave is made up principally of a fundamental 
and a large third harmonic. The flux wave funda- 
mental is 0.54 times the maximum value of the armature 
m. m. f., and the flux wave third harmonic is 0.48 times 
the maximum value of the fundamental. 

Seventy-five hypothetical flux plots similar to Fig. 17 
were made of the air-gap flux which the armature 
currents tend to produce when the armature m. m. f. 
is in quadrature with the pole center. These flux 
waves were analyzed for their fundamentals and third 
harmonics, the values of which are shown in Figs. 18 
and 19. In Fig. 18, the armature flux fundamental 


Fig. 17—Magenetic FLUx DISTRIBUTION IN THE A1R-GapP 
WHEN A SALIENT-PoLE SYNCHRONOUS MACHINE 18 EXCITED 
BY ONLY A SINE-WavE ARMATURE M. M. F. WHOSE Axis Is IN 
QUADRATURE WITH THE POLE CENTER 


A, is expressed as a decimal fraction of the armature 
sine wave m.m.f., which is taken as unity. This 
method of evaluating the armature flux fundamental 
is done for convenience in design calculations. In 
Fig. 19, the armature flux third harmonic A,; is ex- 
pressed as a decimal fraction of the armature flux 
fundamental which is taken as unity. 

Calculation of Displacement Angle of a Salient-Pole 
Synchronous Machine. It is well known that an a-c. 
generator rotor leads its voltage, and a synchronous 
motor rotor lags behind the line voltage. The power or 
displacement angle of lead or lag is caused by the 
armature flux distorting the field flux. The fundamen- 
tal A,, which can be obtained from Fig. 18 is thus a 
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measure of this distortional effect’. The harmonics of 
the armature flux have no distortional effect on the 
field flux fundamental, and since the harmonies of the 
field flux are usually small, the displacement angle can 
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Fra. 18—FUNDAMENTAL OF THE ArR-Gap Fiux Waves 
WHEN 4 SALIENT-PoLeE SYNCHRONOUS MACHINE 18s EXCITED 
BY ONLY A SINE Wave ARMATURE M. M. F. WaHoseE AXIs 18 
IN QUADRATURE WITH THE POLE CENTER 


Maximum value of armature m. m. f. equals unity 
Fundamental Az; = A XB 
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Fie. 19—Tuirp HARMONIC OF THE ArR-GaP FLtux Wave 
WHEN A SALIENT-PoLE SYNCHRONOUS MACHINE 18 EXCITED 
BY ONLY A SINE Wave ARMATURE M. M. F. WHOSE AXIS 18 IN 
QUADRATURE WITH THE POLE CENTER 


Maximum value of armature flux fundamental equals unity 
Third harmonic Ag = A XB l 


be obtained by combining properly the armature flux 

fundamental A ,ı with the field flux fundamental 4A.. 
Furthermore, by combining the fundamentals and 

third harmonics A,, Ás, Aa, Aas, Agi, and Ags, which 


6. Synchronous Machines, Part I, An Extension of Blondel’s 
Two-Reaction Theory, by Messrs. Doherty and Nickle, A.I. E. E. 
October JouRNAL, 1926, p. 974. 
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can be readily obtained from Figs. 8, 9, 13, 14, 18, and 
19, the air-gap flux wave of a salient-pole synchronous 
machine can be approximated for any load condition. 

Additional practical applications of plotting magnetic 
flux distribution curves will be given in a future 
paper. 

The author gratefully acknowledges the assistance of 
Mr. L. P. Shildneck in plotting some of the flux dis- 
tribution curves. 


Discussion 
PAPERS ON GRAPHICAL DETERMINATION OF 
MAGNETIC FIELDS 


(STEVENSON AND PARK, JOHNSON AND GREEN, WIESEMAN) 
New York, N. Y., FEBRUARY 8, 1927 


C. H. Linder: Any simple experimental method of magnetie 
field plotting is very useful in connection with a mathematical 
investigation of flux distribution. The accompanying Figs. 1 to9 
demonstrate the efficacy of the iron-filing method for determining 
the general form of a magnetic field. 


Fia. 1 


This is a four-pole induction motor with the rotor removed and the 
stator windings excited with three-phase currents for a particular instant 
of balanced operation. The iron filings are aligned to indicate the 4 poles 
of the stator winding. The tuft of the filings around the circumference 
of the stator is due to the presence of the stator teeth. 


Fic. 2 


The calculation of slot reactance is usually madc on the assumption that a 
horizontal element of current in the slot produccs no flux between"the 
element and the bottom of the slot. The only flux produced by the hort- 
zontal element of current must cross the slot above the element, assuming 
no saturation. In these three cases the current is confined to a horizontal 
copper strip. Intense magnetic field exists above the element, whereas 
below no field is indicated by the filings. 
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Fia. 3 


The strip of current carrying copper along the side of the slot in the right 
hand figure represents, after a manner, the current in the field winding of a 
salient pole machine. The flux indicated by the iron filings is equivalent 
to the field pole leakage flux. Evidently, the flux density increases from 
zero at the bottom of the slot to a maximum at the top of the current ele- 
ment. The center and left hand exposures have no practical application, 
but merely indicate flux distributions with the current element in two 


positions. 


Fig. 4 


By superposing the magnetic flelds produced by a current carrying 
conductor located at a number of positions in the slot, the resultant mag- 
netic field due to a current carrying armature coil can be obtained. Super- 
Position of fluxes is only allowable where saturation does not exist. 
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A number of theoretical magnetic circuits have been studied, the magnetic 
Such 
a circuit of rectangular form is shown here. The coils on the perpendicular 
legs are magnetized to send flux upward. Full potential, therefore, exists 
between the top and bottom horizontal arms. This accounts for the large 


field being plotted mathematically, graphically and experimentally. 


amount of leakage flux in the perpendicular g ap between the coils. 
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Fig. 6 


This/circuit is identical with No. 5 except for the air-gaps inserted in the 


horizontal ‘arms. 
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Fig. 7 


This is similar to No. 6 except that the coils on the perpendicular arms are 
magnetized in the same direction; that is, with magnetomotive forces 
adding. The resultant flux around the circuit is the sum of that which 
would beJproduced by considering each coil alone, neglecting saturation. 
The flux density in the gap is very great, indicated by the tufting of the flux 
at the gaps. i 
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Fia. 8 


The air-gaps are situated under the excited coils. Before this ‘field 
was photographed extreme difficulty was experienced in an attempt to 
construct the field graphically. The difficulty was one of magnetomotive 
force distribution. 


= 1 
L) q 


150 


C. M. Laffoon: The graphical method of mapping electric 
and magnetic fields has been used by designing engineers for a 
large number of years to determine the physical dimensions and 
performance characteristics of electrical machines. In most 
instances, no particular effort was made to insure that the flux 
distribution satisfied all of the theoretical conditions, yet very 
accurate and reliable results were obtained. This was particu- 
larly true in calculating the magnitude and shape of the e. m. f. 

_ waves of rotating electrical machinery. 


Fia. 9 


The stator and a portion of two field poles of a synchronous machine with 
a fifth harmonic cosine of magnetomotive force impressed along the stator 
periphery. The flux distribution shown is the result. This particular 
circuit was employed in certain studies made in conjunction with the prep- 
aration of the paper ‘Synchronous Machines—Part I" by Messrs. Doherty 
and Nickle. 


It has only been during the last two or three years that special 
consideration has been given to the problem of determining the 
distribution of the magnetic field in the space occupied by and 
adjacent to the electric conductors, with greater accuracy and 
refinement, by means of both mathematical and graphical 
methods of analysis. There can hardly be any question but that 
the mathematical method of analysis is the most rigorous and 
scientific, yet in most cases the graphical method is simpler 
and more convenient to use, and gives equally reliable results. 
It is for this reason that our own efforts have been confined to the 
use of the graphical method. . 

In Mr. Wieseman’s paper, the graphical determination of 
magnetic fields has been applied to salient pole synchronous 
machines for the case in which the magnetization is produced by 
either the stator or rotor windings alone. The flux distribution 
for these cases are also given in the paper on Additional Losses 
in Synchronous Machines, by Mr. Calvert and myself. It is 
interesting to note that the results are essentially the same in the 
two papers. We have also applied the graphical method of 
determining magnetic fields to turbine-generators in connection 
with studies on additional losses and leakage reactances. In 
this connection, the distribution of the magnetic field in the 
following parts of the magnetic circuit of a turbine generator 
have been determined: 

1. Air-gap space for the following load conditions: 

a. No load with rotor excited to give normal voltage, 
b. No load with the stator excited to give normal voltage, 
c. Full load at power factors of zero, 80, and 100 per cent. 

2. End-bell space under the same load conditions as for No. 1. 

3. Rotor and stator core at no load with the rotor excited 
to give normal voltage. 

Part of these results are given in our paper on Additional 
Losses in Synchronous Machines. Some of the remaining cases 
will be referred to in a discussion by Mr. J. F. Calvert. 

J. F. Calvert: In making flux plots, the greatest assistance 
that one can have is another drawing of a similar field. If a 
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sufficient number of type cases can be solved then the solution of 
any particular problem becomes quite easy. It is probable that 
twenty or thirty of these reference solutions would cover practi- 
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Fig. 10—Arr-GAP ANp INTBRPOLAR FLUX FoR A TEN-POLE 
MACHINE 
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Fig. 11—Fxiux DISTRIBUTION IN THE CORE OF A TWO-POLE 
TURBINE GENERATOR ON THE ASSUMPTION OF UNIFORM 
PERMEABILITY 
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Fır. 12—FLux DISTRIBUTION IN THE RorToR or a Two-PoLg 
TURBINE GENERATOR 


cally all of the special types of problems which could be found in 
making the two dimensional figures for rotating apparatus. 
In electrical machines the arrangement of the magnetomotive 
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forces and the iron surfaces are usually such as to render a 
mathematical solution either very difficult or in many cases 
wholly impossible at the present time. Therefore, it would seem 
that a good procedure would be to project the work by graphical 
solutions which should later be verified or corrected by mathe- 
matical solutions whenever possible. 

Somewhat recently we have been doing work along similar 


Fie. 13—FLux Disrrisution Across 4 Rounp Stor WHEN 
THB CONDUCTOR IS IN Contact WITH THE IRON 


Fra. 14—FLux DISTRIBUTION Across A RECTANGULAR SLOT 
WHEN THE CONDUCTOR 18 IN Contact WITH THE [RON 


lines to establish graphical solutions, but our work was done 
primarily in connection with loss studies. The theoretical basis 
of our work is described in the latter part of a paper on Additional 
Losses of Synchronous Machines. Examples are shown there of 
the application of the theoretical principles for plotting fields in 
the interpolar space on salient pole machines, and in the air-gap 
and end-bell zones of non-salient pole machines. In the latter 
solutions for non-salient pole machines, both the stator and the 
rotor windings are assumed to be carrying currents. 


In Figs. 10 to 15 accompanying this discussion are shown graphi- 
cal solutions to some other magnetic problems of interest. In the 
figures showing the flux distribution inside of the damper bars 
under steady conditions, the exact location of the kernel or center 
is rather difficult. The location of this point makes a consider- 
able difference in the appearance of the picture, but usually 
makes very little difference in the total amount of flux and much 
less difference in the flux turn interlinkages. Mathematical 
solution, however, should locate these points beyond a doubt. 


Fic. 15—F.Lux DISTRIBUTION Across A RECTANGULAR SLOT 
WHEN THE CONDUCTOR 18 NOT IN ConrTacT WITH THE IRON 


J. S. Woodward (contributed after adjournment): In 
discussion of the paper by Messrs. Stevenson and Park,{Mr. 
J. F. Calvert presented two figures showing the flux distribution 
in a slot containing a conductor carrying current. The correct- 
ness of these two flux plots presented was questioned, and Messrs. 
Stevenson and Park asked me to calculate the distributions 
by the mathematical theory, outlined in their paper. The 
result of such calculation is shown in Figs. 16 and 17 herewith. 


Fig. 16 shows the flux distribution in a slot where the copper 
and iron are in contact with each other. Here, the calculations 
show there are two kernels, or foci, of the lines of no work, 
located in the lower corners of the slot. 

Fig. 17 shows the flux distribution for the case of copper and 
iron insulated from each other, and here, there is but one kernel 
located on the vertical center line slightly above the bottom edge 
of the copper. 

In both cases the flux lines at any appreciable distance from 
the kernel are very nearly flat, and the lines of no work are nearly 
vertical as they approach the bottom of the slot. Near the 
bottom, they turn sharply toward the kernel and are crowded 
together in the bottom of the slot. An enlarged view of the flux 
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in the bottom of the slot is shown in the accompanying Figs. 18 
and 19, which refer to Figs. 16 and 17, respectively. The sharp 
curvature of the lines of flux and also of the lines of no work is 
of particular interest as it illustrates the general statement made 
in Part II of the paper as to the action of these lines in the 
vicinity of the kernel. 

The two cases under discussion are of interest, as they bring up 
the question of the location of the kernel. In free-hand plotting, 
the location of this point is important as it furnishes a basis for 


drawing in the lines of no work. The location of the kernel is 
determined by the boundary conditions of the copper. 

In Fig. 16, were the slot of infinite depth and not partly closed 
at the top, the flux would go straight across the copper and the 
kernel would become the line at the bottom of the slot. If the 
slot were open at the top and not of infinite depth, the flux would 
be concave downward and there would be one kernel located on 
the vertical center line of the slot. 

In Fig. 16, where the top of the slot is partially closed, the flux 
fs concave upward, and this condition, carried to the bottom of 
the slot, causes the flux leaving the sides of the slot near the 
bottom to enter the iron before reaching the vertical center line 
and as a result there are two kernels, one in each lower corner of 
the slot. 


In Fig. 17, if the slot were not partially closed at the top there 
would still be but one kernel, located on the vertical center line, 
but this kernel would be farther from the bottom edge of the 
copper than is the case in the figure. Partially closing the slot 
causes the flux near the top of the slot to have a curvature that 
is concavé upward, thus tending to depress the kernel. 

In Fig. 17, it may be observed that the curvature of the flux 
lines reverses approximately at the line marked 100. From 
there down, the curvature is concave downward; hence the effect 
of the insulation predominates and we have but one kernel, 
located as shown. It is possible to obtain two kernels in the 
general case of a partially closed slot, when the conductor is 
insulated from the iron, by making the insulation thinner or by 


making the depth of the slot smaller in comparision with the 
width. 

In locating the kernel from a plot made by the mathematical 
formula, where the flux lines close to the kernel are very flat, 
two considerations may be followed. First, the general location 
of the kernel will be clearly indicated, as it is known to be in the 
region of lowest flux density, the density at the kernel being 
zero. Secondly, the flux lines surround the kernel, and the 
rate of change of flux, along any line passing through the kernel 
will change from positive to negative as the kernel is passed. 


Hence, by taking Or/Oz = O for a value of (y) known to lie 
near the kernel, the (x) coordinate of the kernel will be obtained 
to a high degree of approximation. Then, taking Ò R/O y =O 
along this (x) coordinate will be determined to good accuracy. 
The accuracy can be made as great as desired by repeating this 
process. 

Th. Lehmann (communicated after adjournment): By their 
ingenious extension of Professor Rogowski’s method of calculation 
to interpolar fields, Messrs. Stevenson and Park have shown that 
in certain cases the Fourier method has some advantages over the 
method of conformal representation, even though the latter 
method can be used to solve Poisson’s equation, as has already 
been shown by E. B. Christoffel!. 

But I maintain that Messrs. Stevenson and Park have fur- 
nished by their work a very welcome check on the graphical 
method of determining lines of force. The result of this com- 
parison is satisfactory, and the same is true of the very cleverly 
arranged experimental check by Messrs. Johnson and Green, 
which corroborates perfectly the sketches of the lines of force 
plotted by Messrs. Wieseman and Shildneck. 

The fact that it was possible for Mr. Wieseman to obtain by the 
graphical method values which check within 1 per cent with 
Mr. Carter’s equation for air-gap reluctance of infinite teeth, 
shows eloquently the great accuracy which can be obtained by 
the graphical method if it is used methodically and with 
judgment, 


Further, the charts and functional curves given in these 
papers for air-gap reluctance, tooth harmonics, reactances, etc., 
will be of service to practical engineers, and will save them a 
great deal of work, for which much credit should be given to the 
authors. 

One might perhaps think that the assumption of infinite per- 
meability in the iron would reduce somewhat the practical use 
of the sketches of lines of force given by the authors. 

I am of the opinion that, in spite of this, these sketches are 
still interesting and valuable, even in the case where the poles 
are saturated, for the following two reasons. First, the satura- 
tion of the poles does not seem to have more than a slight in- 
fluence on the interpolar flux for a given useful armature flux, 
even though the body of the pole absorbs as much as 30 per cent 
of the total ampere-turns. Further, even if one desires to take 
account of the influence of saturation, the sketches of the lines of 
forcefor u = © can still be used asa basis. 

I will later show how, with the aid of a sketch of lines of force 
obtained on the assumption of infinite permeability, one can 
deduce rigorously the actual distribution of the field when the 
circuit is saturated. 

The sketches of lines of force given by the authors are, there- 
fore, still of actual practical interest, even when there is consider- 
able saturation in the iron, and it has seemed worth while to me 
to emphasize this fact. 

J. F. H. Douglas: In one of the three papers a preference is 
expressed for graphical methods and I wish to say that with this 
new development of a means of treating the interior of copper, 
locating the flux and lines of zero work in that way, we have per- 
haps the most valuable contribution that has been made to the 
subject for many years. 


1. E. B. Christoffel, Annali di Mathematica, 1867, ser. II, Vol. I, fasc. 1°, 
p. 89. 
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The test methods which I have used—namely, the use of high- 
resistance templets—are inadequate for such cases . Neverthe- 
less, I cannot quite pass the matter without protesting that the 
difficulty attached to making tests with templets is somewhat 
exaggerated. It is a very speedy method, both for determining 
total reactance and also for determining fiux densities to any 
point of the boundary. 


I have used all three methods and templets, and I find the 
labor with templets somewhat less than in the case of using 
graphical distribution, and decidedly less than that using the 
functions of complex variable. 


I do not think that the possibilities of the functions of complex 
variable, however, have been fully appreciated. Generally the 
writers feel it incumbent to evaluate the whole field of force. 
Where problems of boundary densities are concerned, which alone 
would be of interest in loss calculations, and where problems of the 
total reactance or permeance of the field is in question, then 
there is a very neat way of handling Schwartz’s and Christophel’s 
theorem, which I don’t recall having seen in print. That is a 
method of graphical integration around the boundary. 
Schwartz’s and Christophel’s theorem is a very simple matter of 
formulating, provided the boundaries are straight line houndaries, 
but extremely difficult to integrate, except for the simplest 
cases. Nevertheless, on the boundary, the functions are wholly 
real and a graphical integration is easily possible. 


I ask Mr. Wieseman one or two specific questions. I should 
like, either now or in the written closure, information as to 
whether Fig. 2 cheeks my 1915 work? and whether Fig. 3 checks? 
my 1924 work.’ 

I should like also to make one or two detailed comments. 
In Mr. Wieseman’s paper is the statement: ‘‘If the number of 
teeth spanned by a pole varies, a certain amount of flux pulsa- 
tion is necessary.” 

There is one shape of pole which will avoid all pulsations when 
used with armatures of any amount of slotting and every amount 
of slotting; namely that pole shape which gives a perfect sine 
wave on the equivalent armature circuit. Such a punching could 
be used with any amount of slotting opposite, without pulsation. 
The proof of this proposition was given in the appendix of the 
paper read by Douglas and Kane in Chicago two years this com- 
ing June. 

A rough calculation of Mr. Wieseman’s coefficient as A q 1 
and as A D1 for complete range of pole pitches, air-gaps, and 
pole-face curvatures used seems to lie within the range of 40 to 
60 per cent. It seems that the problem of obtaining extremely 
high pull-out torque (I mean pull-out torques greatly in excess 
of present ratings) is not yet possible without a radical change of 
pole design. 

It may be that there are some particular combinations of pole 
pitch, air-gap, and pole curvature which will give smaller ratios of 
the transverse coefficient, but it should now be clear that in order 
to develop extremely sturdy synchronous motors, it is needful 
that the ratios of A q1 to A dl should be brought very much less. 

Vladimir Karapetoff: (communicated after adjournment) 
The mathematical treatment in Appendix C may be given also in 
the language of vector analysis. While the authors are justified 
in using ordinary partial derivatives, so as to make the theory 

comprehensible to a larger circle of engineers, yet, with an ever 
increasing interest in vector analysis among younger engineers 
and physicists, the alternative abbreviated treatment, added 
below, may not, for the sake of completeness, be out of place. 
Several elementary works on vector analysis are now available, 
so that the exposition is given without proofs or definitions. The 
great advantage of this new “‘short-hand” language is that no 
axes of coordinates are used (crutches or scaffolding, as some 


2. Potential Gradient and Flux Density, by J. F. H. Douglas and E. W. 
Kane, Trans. A.J. E. E., 1924, p. 982. 

3. The Reluctance of Some Irregulur Magnetic Fields, by J. F. H. Douglas, 
TRANS. A. I. E. E., 1915, p. 1067. 
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vector analysis enthusiasts call them), and the quantities con- 

cerned are dealt with directly in their magnitude and direction in 

space, thus bringing out more clearly the physical relationships. 
By theedefinition of vector potential 


H=-vVxXR (1) 
According to the magnetic-circuitation law 
4v7i=VXH (2) 
Substituting H from (1) in (2), gives 
—471=VX(V XR) (3) 


Since the vector potential is defined through its curl only, 
an additional condition may be imposed; namely, that R is a 
solenoidal vector (V . R = 0). 

Hence 
Vx(v XR) =V(V.R)-R(V.V) =- VR (4) 
Consequently, Eq. (3) becomes 
4Ti=V?R (5) 
which is identical with Eq. (30) in the paper, V? being the 
Laplacian operator. If, in Eq. (2), H were expressed in 
rational units, the factor 4 m would be entirely absent from the 
equations, thus still further simplifying the result. 

In a two-dimensional field, according to Eq. (1), if the 
component of H in a certain direction is zero, R must be constant 
in the perpendicular direction. This follows directly from the 
definition of the curl as a line integral. Consequently, the 
equation of a line of force is R = const. 

At a point in the two-dimensional field, consider the direction 
n in which R varies most rapidly. We then have from Eq. (1), 
for the absolute value of H: 

H=OR/On (6) 
so that 

dR=Hdn (7) 
This result indicates that an increment of R is equal to the flux 
between two lines of force to which the two values of R refer; 
Eq. (33) in the paper. 

R. W. Wieseman: Perhaps the most interesting, as well as 
the most important, application of graphical flux plotting at the 
present time is the calculation of the quadrature synchronous 
reactance of a salient-pole machine. As a matter of fact, the 
value of the quadrature synchronous reactance can be pre- 
determined only by a field plot. This quadrature synchronous 
reactance is one of the several coefficients which appear in the 
paper Synchronous Machines, Part II, 1926, by Messrs. Doherty 
and Nickle. 

In a polyphase machine, the armature currents produce a 
sine wave of flux which travels in synchronism with the poles. 
When the armature m.m.f. axis coincides with the pole axis 
(for example, at zero power factor), the flux which the armature 
currents tend to produce is much more than the armature flux 
when the armature m. m. f. axis is in quadrature with the pole. 
Thus, the direct synchronous reactance is more than quadrature 
synchronous reactance. 

Let the normal] fundamental flux per pole = ¢ and let the nor- 
mal armature currents produce a flux ¢, in the quadrature axis. 

Let the fundamental of this armature flux = qı 

Let Xi_ equal the armature leakage reactance (expressed as a 
decimal fraction) in the quadrature axis. 


Then the quadrature synchronous reactance X 1 = r + Xig. 


The values of ¢,1, as well as many other coefficients, are given in 
this paper. 

With reference to the Laffoon and Calvert discussion: I note 
that they also prefer the graphical method of obtaining the flux 
distribution and the flux distribution coefficients for design 
calculations. 

Mr. Douglas stated that the templet method is very speedy, 
and that the labor involved with templets is somewhat less 
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than in the case of using the graphical method. There are a 
few simple cases of magnetic-flux distribution where the templet 
method can be used to advantage, especially in illustrating flux 
fringing to students. When, however, the flux distribution is to 
be obtained in the many different magnetic parts of dynamo 
machinery, I prefer the graphical method, and I have found that 
the results obtained by this method are quite accurate. 

Mr. Douglas requested information as to whether Figs. 2 
and 3 checked his work. In Mr. Douglas’ 1915 paper, the ratio 
of the slot width to the tooth width is very much larger than is 
used in Fig. 2 of my paper. Consequently, no check can be 
made. Fig. 6 in the article by Messrs. Douglas and Kane, in 
1924, practically checks my Fig. 3. 

Mr. Douglas stated that the flux pulsations can be avoided 
with armatures having any number of teeth, if the pole gives a 
perfect sine wave of flux on the equivalent armature circuit. 

Salient-pole machines practically never have perfect sine flux 
waves and, therefore, this method of eliminating flux pulsations 
cannot be used. 

A. R. Stevenson: Messrs. Laffoon and Calvert are right in 
saying that the graphical method is the most convenient one for 
use in the everyday designing of electrical machinery, but the 
mathematical method is of importance in the preparation of 
the 20 or 30 typical flux plots which Mr. Calvert mentioned as 
being of great assistance in sketching similar fields. Although 
these typical flux plots can be determined to any degree of ac- 
curacy by the graphical method, in some cases it takes a great 
deal of experimental sketching before the general outline of the 
distribution can be determined; whereas, in such cases, the 
mathematical method will sometimes give a more accurate answer 
with less work, in less time. 

The best articles on graphical plotting are contained in the 
long series of articles by Lehmann, mentioned in the bibliography 
of our paper. He carried the graphical method of plotting 
much farther than we did, including in the problem tho saturation 
in the iron. If anyone desires to study the graphical method 
further, he could not do better than to refer to Lehmann’s work. 

Mr. Calvert, in his discussion, has submitted six pictures of 
flux distributions sketched by the graphical method. The two 
showing the flux distribution in & square bar in a square slot 
did not look quite right to us. They are sufficiently accurate for 
all practical purposes; but we do not agree with the location of 
the kernels, and Mr. Woodward has submitting a discussion in 
which he shows the flux distribution in these same square bars 
in square slots, as determined by the mathematical method 
described in our paper. 

Professor Douglas’ discussion is of special interest because of 
the articles he has already published on this subject, especially 
with regard to the templet method of determining flux distribu- 
tion and also because of his remarks about the use of the theory 


4. “The Magnetic Field of the Dynamo-Electric Machine,” 
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of functions of a complex variable in connection with these 
problems. The valuable work of Dr. Carter in this connection 
is well known, and is especially interesting because of the recent 
publication of another paper in which he applies the method 
to many new distributions which had not been attempted before.‘ 
The application of the Schwarz and Christoffel transformation is 
very difficult when it is necessary to integrate around more than 
four angles, and the suggestion by Professor Douglas of a graphi- 
cal method of integration should be of great assistance in the 
application of the theory of functions of a complex variable 
to these problems. 


The authors are very grateful to Dr. Lehmann for emphasizing 
that their sketches of magnetic lines of force are of actual practi- 
cal value, in spite of the fact that saturation was neglected. 
The article by E. B. Christoffel, which he mentions, we think will 
be a valuable addition to the bibliography, although his discus- 
sion came in so late that we have not had a chance yet to look 
it up. The use of conformal representation for the solution of 
Poisson’s equation has been done by St. Venat in the solution of 
the torsion of rods; see, for example, Love’s “Theory of Elas- 
ticity.” Herr M. Strutt, in the Archiv fur Elektrotechnik, 
April 7, 1927, has applied this method to the approximate solution 
of the case of a current-carrying rectangular iron conductor 
of constant (high) permeability. 


Mr. E. E. Johnson: While the iron-filing method gives 
excellent indications of the form of the magnetic field, the field 
plots so determined must not be interpreted too strictly as re- 
gards field intensities. When making the iron-filing dis- 
tributions, the filings, which are preferably of cast iron, are first 
distributed on some suitable plain surface, such as white paper. 
The m. m. fs. are then applied and the whole structure is gently 
tapped to allow the filings to take their proper conformations. 

In the process of tapping, the iron filings in the near vicinity 
of highly magnetized iron surfaces have a tendency to skip 
along the paper and gather in clusters on those surfaces. Also, 
even in uniform magnetic fields of high intensity the filings cluster 
together in strings. This clustering leaves free open spaces, 
from which it might be inferred, on superficial examination, 
that the flux density is low at these points. 


Mr. Green and I are very grateful for the comments of Mr. 
Laffoon and Mr. Calvert. The experimental method which we 
have used for determining the field distribution inside of current- 
carrying regions is not always convenient although there may be 
cases where it might with profit be employed. The method was 
used in the particular case of the alternator field poles as a check 
upon the work which Mr. Stevenson and Mr. Park did in their 
paper. 
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Design of Reactances and Transformers 
Which Carry Direct Current 


BY C. R. 


HANNA: 
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Synopsis.—It is usually necessary to place an air-gap in the 
core of a reactance or transformer which carries direct current 
tn order to secure the greatest inductance. The work here reported 


INTRODUCTION 


HE design of reactances or transformers in which 

considerable direct current flows is a problem of 

increasing importance. Interstage and output 
transformers for vacuum tube amplifiers, modulator 
chokes for radio-telephone transmitters, and reactances 
for rectifier filter circuits are examples. In all of these 
a high value of a-c. inductance is required, but the 
saturating effect of the direct current always causes the 
inductance to be lower than if it were not flowing. 
It is well known that in every such case an increase of 
inductance will result if an air-gap is introduced in the 
magnetic circuit. Where the steady m. m. f. is high, 
the best air-gap will be large; where it is low the best 
air-gap will be small, sometimes small enough so that 
the air spaces in the stacking of the core laminations 
are sufficient. 


So far as the writer is aware, no direct method of pre- 


determining this best air-gap has been presented. 
The usual method is to assemble a reactance or trans- 
former and determine experimentally the best gap. 
The inductance for this best gap usually does not come 
to the required value, and a re-design is necessary. 
After several attempts, of course, the correct design can 
be determined, but a direct method of design is greatly 
to be desired. 

The purpose of this paper is to set forth a straight- 
forward method of solving this problem. 


METHOD OF CALCULATION 


Use is made of the permeability curves, both normal 
and incremental, for the core material used. As an 
example, the calculation will be carried through for 
four per cent silicon steel. Curves of Fig. 1 show the 
normal and incremental permeability for different 
values of B. Incremental permeability values are for 
very small minor loops, and were calculated from 
information given in a paper by Spooner?. Values 
for very small loops are used because in many cases 
the requirements are that the inductance shall be equal 
to, or greater than, a certain value for any applied 
alternating voltage, no matter how small, and it is well 


1. Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

2. T. Spooner, “Effect of a Superposed Alternating Field 
on Apparent Magnetic Permeability and Hysteresis Loss,” 
Physical Review, 1925. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 7-11,1927. 


points oul a direct method of designing such reactances or trans- 


Jormers including the determination of the best value of the air-gap. 
* * 2 g + 


known that the incremental permeability (and there- 


_ fore the inductance), is smallest when the flux variations 


are small. Examples are the modulator choke in a 
radio-telephone transmitter, interstage and output 
transformers in audio amplifiers, ete. In the case of 
reactors for filter circuits where the pulsations are 
always large, advantage can be taken of the larger 
incremental permeability corresponding to the greater 
flux variations. The calculations here given do not 
include this case, but may serve as a guide in the design 
of such reactances. The magnitude of the flux varia- 
tions must be known or determinable for such 
calculations. 
The following notation will he used: 


B = Steady flux density in iron and air-gap, gausses. 
N = Number of turns in winding. 

I = Direct current, amperes. 

A = Area of core section and air-gap, cm.? 

l = Length of iron path, cm. 

a = Air-gap length, cm. 

L = A-c. inductance, henries. 

u = Normal permeability = -E 


A B 
a = Incremental permeability = AH where AB 


and A H are the increments from tip to tip 
of a minor hysteresis loop. 


We have 
04arNI 
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B (1) 
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L = (2) 
From (1) 


(3) 
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Fig. 2—4 Per CENT SILICON STEEL 


Letting! A = V, the volume of iron in the core, 


Also from (1) 
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Fie. 3—4 Per CENT SILICON STEEL 


and pa corresponding to B obtained from curves of 
Fig. 1. These values are substituted in equations 
(5) and (6) to determine corresponding values of 
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-7y and ar a U represents the steady ampere 
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Fia. 4—NORMAL AND INCREMENTAL PERMEABILITY CURBES 


FOR HYPERNIK 


a quantity which if divided by the square of the current 
gives the inductance per cm.’ of core. 


The family of curves, each for a different value of 


= 4 Ts NI.. 
te shown in Fig. 2. It is seen that if -y is in- 


LI 
creased, by increasing N or I or by reducing l, -= 
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is greater for larger values of T° Evidently the en- 


velope of the family of curves gives the relation be- 
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Fia. 5—HYPERNIK 


NI 
envelope shows the value of Ba that requires this 


Hence along the envelope curve may be plotted a 


T 
scale which shows the proper value of ` Fig. 3 


a 
shows the envelope curve with the T scale along it. 
Using this curve, it is quite simple to design re- 
actances. Suppose a certain core size is chosen and a 
winding and air-gap are to be determined such that 
when a direct current I flows in the winding, the a-c. 


LI 
inductance will be L. The value of y is thus de- 


NI 
termined, and the corresponding value of 7 can be 


obtained from the curve. The core length } and the 
current I being known, N is determined. The value of 


can also be read from the curve, and thus the proper 


é 


air-gap is determined. 
To illustrate with a specific example, suppose 
l = 14cm. 
A 5.5 cm.? 
L 12 henrys 
I 0.05 amperes 


ERDEI 
= 
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then | 
LI? 12 x 0.05? 
v “axs 7 29 x 10" 
From curve 
NI. 
i 8.43 
8.43 X 14 
N 0.05 = 2860 
Also 
7 = 0.0012 a = 0.0168 cm. 


It may be that to obtain the 2360 turns in the given 
winding space the resistance will be too high. Where 
this is the case, a larger sized punching or perhaps more 
punchings of the same size should be used, so as to 
increase the iron section. The calculation should be 
carried through again in the same way, a few trials 
usually being sufficient. 

It frequently happens that the greatest inductance 
possible is desired for a given core size. If I has a 
definite value as before, it is readily seen from the curve 
that the greater the number of turns the greater the 
inductance for a given volume of iron, provided the air- 
gap is increased as shown by the curve. Hence a 
coil with the greatest possible number of turns as de- 
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termined by the permissible resistance or capacity of 
the winding should be employed. 

For example, suppose with the core given in‘the first 
example, 4000 turns could be wound without exceeding 
the limiting value of resistance. If the current is as 


before 
N I 4000 x 0.05 
ar ak | S 14.3 
From the curve 
LI? : 
Pre ie 8.2 X 10-4 
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from which 


8.2 X 10-* x 14 x 5.5 , 
L = (0.05)? = 25.2 henries. 
The value of to obtain this is 0.0018. Therefore 
a = 0.0018 x 14 = 0.025 cm. 

The same calculation has been carried through for 
50 per cent nickle iron. Curves of Fig. 4 show the 
norma] and incremental permeability, the latter having 
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been calculated as before. The family of curves of 


LI N I 
y against -y for different percentages of air- 


gap is shown in Fig. 5. Fig. 6 shows the envelope of 


this family with the scale of best r values plotted 


along it. 

The curves for both silicon and nickle iron have been 
used in the design of reactances and transformers and 
have been found accurate to a surprising degree when 
annealed punchings were employed. Inductance values 
were within 15 per cent of the calculated values. The 
best air-gap, not being critical, was always close enough 
so that no change from the calculated value was 


necessary. 
ALTERNATE METHOD OF DETERMINING CURVES 
It is seen readily that the curves may be determined 

from experimental data instead of by computation. 


LP? 
Each curve of the family is the relation of y 


, N I ; a 
against =r for a given value of T° If a core of 
uniform section is secured and a winding placed on it, 
its a-c. inductance for different values of direct current 
may be measured by means of an a-c. bridge as shown 
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in Fig. 7. Holding the air-gap fixed, the data for one 


f LI 
curve of —; 


NI 
against z can be determined. - The 
air-gap may then be changed and another set of data 
obtained, and so on until the whole family of curveszis 
determined. Then the envelope with its a scale may 
be drawn. 

Fig. 8 shows two curves of the family for 50 per cent 
nickle steel that were determined in this way. The 


FE 


Fig. 8—EXPERIMENTAL CURVE FOR HYPERNIK 


envelope is also shown and is found to agree fairly 
closely with the calculated envelope of Fig. 6. 

In using the bridge, the direct current in the choke 
or transformer is varied by the resistance in series with 
the supply. A reversing switch is used to make sure 
that the induction in the core is that corresponding to 
the normal B-H curve. Small values of a-c. voltage 
are employed. 

This method is best adapted to cases where the 
normal and incremental permeability values for the 
material are not available. 


Discussion 


D. C. Prince: The first question that came into my mind- 
was, what is the real measure cf these reactances? The reason- 
ing that I went through is something like this: if we have a 
certain small variable current that is produced by a ripple voltage 
in the case of a rectifier or by whatever the alternating impulse is, 
and then we have a steady direct current that must be carried, 
the function of the reactor is to keep the ratio of the Incremental 
current, the variable current to the direct current, as small as 
possible. 

Or, looking at it the other way, we want to make the ratio of 
the direct current carried to the incremental current as large as 
possible. The incremental current will be inversely proportional 
to the reactance. So if we simply put a constant representing 
27 F L, we find that we can consider that the measure of the 
performance of our piece of apparatus is proportional to the 
product of current and inductance. 

Mr. Hanna has considered that the current should be squared, 
and I will be interested in hearing why he squared it, but while 
I am about it, I might as well carry the story on, upon the basis 
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that we used, which was taking the first power of current instead 
of the square as our measure. 

Referring to the accompanying Fig. 1, the product of inductance 
and current is taken vertically; the current is horizontal. Then 
for any particular air-gap we will get a curve of the sort, shown 
rising to a peak and then falling again. For the larger air-gap, 
the curve rises to a higher value at a higher current, and if we 
secure a number of such curves and then proceed to draw a curve 
that includes them, you will find that as the air-gap increases, the 
effectiveness of our inductance also increases, and it appears 
to approach a constant value somewhere in the neighborhood of 
corresponding to an air-gap of approximately 4 per cent of the 
total mean magnetic path. 
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That leads then to the question, ‘‘Why don’t we always make 
the air-gap at least 4 per cent or more as long as the curve seems 
to be steadily climbing upward?” 
less suggested in Mr. Hanna’s paper, although no direct attention 
was drawn to it. This small air-gap reactor giving its maximum 
inductance at a low value of current, when you design it is made 
almost wholly of iron, has hardly any copper in it. As you go 
in the direction of greater and greater air-gaps, you get larger and 
larger ratios of copper to iron, and if you are making a large piece 
of apparatus such as the reactor to smooth out the current from 
the rectifier, it becomes very important to strike a balance he- 
tween the copper and iron. For very small pieces of apparatus 
of course that is less important, but for the larger things such as 
the chokes for radio transmitters and the filter reactor for recti- 
fiers, the dominant thing is to strike a balance between copper 
and iron so as to get the most economical structure. 

To that end we arrived at a plot slightly different from the one 
which Mr. Hanna has used. We plot inductance for the unit 
volume and air-gap, and then we have another plot giving the 
relation between the air gap and the ampere-turns as shown in 
Fig. 2 herewith. Taking sueh a plot as that, you simply assume 
a series of air-gaps for each one of which you can design a reactor 
immediately, and then having such a series the most economical 
one may be chosen, and the actual reactor built from it. 

There is just one other point about the paper. Mr. Hanna has 
been dealing with very small increment of current, and as the 
alternating components increase, the effective reactance also 
increases, and we have thought it necessary, therefore, to have 
not one curve for the minimum variation in current but a group 
of curves so that we can design for what the demanded current 
pulsations are. 

C. R. Hanna: I have converted one of the curves given in 
Mr. Prince's Fig. 2 to which he has called attention. The best 
air-gap is along the abscissas, one curve representing ampere- 


turns and the other These two curves could be properly 


N? 


converted into one if the scale of ampere-turns were plotted along 


curve. 
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I took the lowest curve, interchanged air-gap with ampere- 
turns and multiplied ordinates by the square of the abscissas, 
converting his curves into the same form that I have given in my 
paper. 

As has been brought out, he considered much greater values of 
steady magnetization or steady ampere-turns per centimeter than 
I did. 

The lowest of the several curves was chosen because it repre- 
sents the smallest percentage variation in current. That corre- 
sponds more closely to mine than any other because I considered 
very small minor hysteresis loops. 

The derived curve when extrapolated came slightly lower than 
mine all the way. Of course, the difference in material might 
account for this, but I was wondering if it might not be in the way 
his maxima were arrived at. l 

D. C. Prince: As I understand it, Mr. Hanna has struck the 
one real difference in the fundamentals. The question is whether 
the curve in Fig. 1 goes through a series of peaks or is a curve that 
is tangent. Mr. Hanna has made his curve tangent to the family 
and not through the peaks, and his method is undoubtedly cor- 
rect. That is, the two give slightly different values and in his 
terms you get slightly higher values if you take your curve 
tangent to the family than you do if you go through the peaks. 
However, he is dealing with small values of air-gap and the 
reactors that we actually build usually run more than 1 per cent 
air gap, and when you get more than 1 per cent air-gap, the tan- 
gent and the peak come so close together that the choice is 
immaterial. 

C. R. Hanna: As Mr. Prince has pointed out, the envelope 
curve rather than the curve through the maxima should be used. 
Mr. Prince raises the question as to why L 1? was used instead of 
L I as in his work. I had no particular preference in the matter, 
but when the results are obtained by employing values of ua 
corresponding to very small changes in magneto-motive-force 


, the re- 


instead of those which correspond to a constant 


sults will inevitably be in terms of 1° instead of J. 
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Fig. 2—Curve SwHowina Errect or Atr-Gap on In- 
DUCTANCE OF Unit Reactor, (1-IN. cuBE) Wiru n TuRNS 
PER INCH AND EFFECT ON AMPERE-TURNS FOR Least PULSA- 
TION FACTOR 


J. F. H. Douglas: My interest in this topie is chiefly from 
the standpoint of Heising modulation choke coils. I wish to 
state that I think this paper is an important theoretical advance 
in the design of transformers and chokes carrying direct current. 
It gives a better gap for maximum inductance. However, I must 
point out that it is still a trial-and-error method for evaluating 
the necessary volume in the iron core. 

The values of L I?/ V, which are roughly proportional to the 
energy storage per unit volume, indicate flux densities in the gap 
by rough calculations that I have made of only 24,000 lines per 
sq. in., or roughly 4000 gausses and represent an inefficient use 
of the iron material. 
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It is true in radio receiving apparatus that material cost is not 
such an important item, and the problem is economically handled 
in this particular case since the size of wire which is used though 
not stated here can hardly be much larger than No. 30 B & S 
gage, and the use of any smaller iron core would result in an 
impossible winding problem and an unworkable air-gap. 

One of my senior students, Herbert Wareing, has designed and 
built and installed a Heising radio choke rated for an ultimate of 
10,000 volts, 2 amperes and 60 henrys. The method that he 
used was one which, with slight modifications, I have taught for 
five years for low-frequency chokes and one which was derived 
from Professor Karapetoff. 

I wish to say that I am opposed to empirical methods of design 
whenever rational foundation can be found. The rational 
foundation in Professor Karapetoff’s method in the design of 
transformers and, I believe, chokes, is that of economical, specific, 
magnetic, and electric loadings and it should be gratifying to note 
its wide range of application. 

There are other very important factors in the design of a 
Heising choke besides that of securing maximum inductance for a 
given core. Mr. Wareing reported to me that one important 
factor was leakage flux from the poles of the iron parts. Another 
was the distributed capacity between windings, and a third was 
the saturation which occurred when modulating low-pitched 
sounds of perhaps 20 or 30 cycles frequency. 

The choke coil which he replaced resembled one of the old 
Edison bipolar dynamos, and it showed more inductance when 
the Keeper was entirely removed than when it was in place. 
The leakage flux alone saturated the legs at the corner point 
where they joined the yoke. 

The choke that Mr. Wareing designed had a core weighing 
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220 lb. and copper coils of about 200 lb. The value of L J?/ V was 
74 X 107$, some six times greater than the maximum value 
recorded by Mr. Hanna’s graph. The direct-current density 
was in the neighborhood of 60,000 lines per sq. in., roughly 
10,000 gausses, the double air-gap 1) in., roughly 3 cm. the core 
6 in. square, the length of the magnetic circuit, exclusive of air 
46 in., and the ratio of air-gap to the mean magnetic path 2.7 per 
cent. 

Obviously in Heising chokes of this rating we must use material 
efficiently, and a cut-and-try method for securing the iron core 
would not be entirely satisfactory. Since the installation of the 
choke coil, the music, by station W K A F where it is in use is 
reported to have much better quality of modulation than 
previously. 

I would be interested to know whether the ratio of air gap to 
mean magnetic path for these higher magnetic densities checked 
the values that Mr. Hanna advocates, or whether it more closely 
checks those that Mr. Prince advocates. 

Mr. Wareing intends to publish his results in one of the radio 
publications. 

C. R. Hanna: In regard to Professor Douglas’s discussion, 
I want to say first that the value of L J?/ V does not represent the 
energy storage per unit volume because L is the incremental 
inductance of the winding while 7 is the steady magnetizing 
current. So his calculation of the flux density from that figure is 
not correct. He mentioned about 4000 gausses as the density he 
determined in this way. The actual densities for the range of 
ampere-turns per centimeter given in the paper are about 6000 
or 7000 gausses. Of course the density is greater for larger values 
of N I/l. The scope of the paper was limited, however, to 
reactors and transformers having small steady m. m. fs. 
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Voltage Standardization of A-C. Systems 


From the Viewpoint of the Electrical Manufacturer 


BY F. C. HANKER! 
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Synopsis.—In outlining the history of voltage standardization, 
tis observed that there has been separate standardization of voltages 
of various types of apparatus, rather than standardization of a 
complete operating system. The results of a questionnaire answered 
by 22 operating companies are analyzed and the conclusion is drawn 
that the use of the old standard transformer voltages involved, in 
many cases, over-exciting the transformers or generators in order to 
maintain satisfactory voltage at ‘the consumers’ terminals. The 
reason is that the existing transformer voltage standards do not 
compensate for the line drop in transmission lines and feeders. 
The voltage standards of the International Electrotechnical Commis- 
sion are set forth, indicating a partial agreement as to maximum 
system voltages with the proposed standards, although arrived at by a 
different method. The I. E. C. standardization, however, is not 80 
complete as the proposed system. 

In describing the proposed standards, certain basic principles are 
laid down as the conditions which must be fulfilled. 


The proposed system of voltage standards starts with already 
standardized utilization voltages at the low end of the scale and 
suggests tranformer voltage ratings and ratios which will allow 
proper voltage to be supplied to the consumers without over-exciting 
any of the transformers or generators in the system, and ties in the 
transformer and apparatus voltages with system voltages, based on 
the A. I. E. E. definition of rated circuit voltages. The proposed 
standards thus cover the whole field of voltages of a-c. apparatus of all 
kinds and harmonize them with system voltages in such a way that all 
reasonable operating requirements may be met. 

The salient features of the proposed standardization are as follows: 

The system voltage is the same as the highest rated voltage of 
transformers supplying the system; it thus corresponds to the 
A.I. E. E. rated circuit voltage and fixes test voltage on all apparatus 
used on the system. 

Step-down transformer secondary voltages from 116 volts up to 
69,000 volts will be multiples of 11.5, excepting transformers supply- 
ing 2400-volt systems, which will be rated 2400 volts. Thus, typical 
step-down transformers will deliver 

460 volts 
6,900 volts 
23,000 volts 
69,000 volts 


INTRODUCTION 
HE lack of a logical and coordinated voltage 
standardization of apparatus extending from the 
initial supply to the utilization device has resulted 


in an unnecessary expense to the industry. Standardi- 
zation up to this time has been largely a matter of 
individual efforts on segregated types of apparatus. 
The result has been that while standards have been 
developed for the several types of apparatus, it is gen- 
erally conceded that these do not harmonize in such a 
manner that standard apparatus can be coordinated 


1. Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
2. General Electric Co., Schenectady, N. Y. 
Presented at the Winter Convention of the A. I. E. E., New 


York, N. Y., February 7-11, 1927. 


H. R. SUMMERHAYES:? 


Member, A. I. E. E. 


For higher voltages, step-down transformers will have secondary 
voltages in multiples of 11, thus: 
88,000 volts 
110,000 volts 
182,000 volts 
154,000 volts 
complying with well established practise. 
In order to enable the step-down transformers to deliver these 
voltages, their primaries will be rated in multiples of 11, thus: 
6,600, 
22,000, etc., up to 66,000 and above that 
multiples of 1014, thus: 
l 105,000 
126,000 
210,000, etc. 
Step-up transformers, excepting the 2400-volt class, will have their 
high-tension windings rated in multiples of 1114 up to 69,000, and 
multiples of 11 above that, whereas their low-tension winding will be 
rated five per cent lower than the system voltages or generator voltages. 
Thus, step-up and step-down transformers will not be inter- 
changeable, but each will have the proper ratio for its purpose. To 
make them interchangeable would require 25-per cent range, which 
would involve too great an expense if applied to all transformers. 
Transformers of 26-per cent range may be required in many cases 
where power flows in either direction but such transformers should be 
of special design and this extra cost should not involve the whole line 
of transformers. The tabulation of voltages gives also the present 
manufacturers, standards for apparatus voltages, such as oil circutt 
breakers, disconnecting switches, etc. These standards for 88,000 
volts and above correspond to the system voltages of multiples of 11. 
Below 88,000 volts they are somewhat higher than the recognized 
system voltages given in the tabulation in order to meet existing 
conditions in these lower voltages. The tabulation also gives motor 
voltages in multiples of 11, while the generator voltages, in order to 
allow for line drop, are multiples of 12 up to 2400 volts, and multi- 
ples of 111% from 6900 volts up. 
The last section of the paper gives a discussion of the economic 
advantages of voltage standardization, indicates the magnitude of the 
investments involved, and gives a general idea of the savings which 


may be made by standardization. 
* * 2 + * 


readily into a complete operating system. For this 
reason there has been a considerable tendency for the 
users of apparatus to buy equipment of special voltage 
ratings to suit their own particular conditions. Since 
these conditions would naturally vary somewhat from 
operator to operator, the special apparatus ordered by 
them does not constitute a new but unofficial line of 
standards, but a truly special line of apparatus for each 
operating company. 

Considerable attention has been given to this ten- 
dency to deviate from the established standards recog- 
nized by the A. I. E. E., N. E. L. A., and Electric 
Power Club, since although the use of special apparatus 
might be advantageous from the point of view of the 
individual operator, it nevertheless places a burden on 
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the industry as a whole, including those purchasers 
who believe they are being supplied with special 
apparatus at standard price. Users of standard ap- 
paratus help to bear this as well as the users of special 
apparatus, since the development costs and extra super- 
vision and manufacturing costs caused by the produc- 
tion of specials tend to raise the cost of standard 
apparatus. The special tools often required for the 
production of specials also raise the investment in 
manufacturing plant, and this extra cost is usually 
borne by the standard as well as by the special product. 
Furthermore, special apparatus entails longer deliveries 
both on the initial apparatus and on renewal and repair 
parts. 

There is no need to elaborate further on the nature 
of the disadvantages coincident with the widespread 
use of specials, for these are generally well known. The 
importance of these disadvantages, however, is perhaps 
not so well known, and it is in the interests of a wider 
appreciation of the advantages to be gained through 
complete and acceptable standardization that various 
official bodies have been working the last few years. 
This is all the more important in view of the fact that the 
N. E. L. A. has recommended system interconnection. 
A more or less detailed review of the history of voltage 
standardization follows in a later section. 


PURPOSE 


This paper is to present the viewpoint of the manu- 
facturers on voltage standardization, and its purpose 
in greater detail is: 

1. To outline the history of voltage standardization, 
pointing out that it has been separate standardization of 
various types of apparatus rather than standardization 
of a complete operating system. 

2. To show by the results of a questionnaire how rep- 
resentative operating practise lines up with the existing 
standards. 

3. To discuss the need for standardization of the 
complete system and the conditions which such a 
standardization must meet. 

4. To present what is believed to be a workable set 
of standards which meet these conditions and to demon- 
strate their application to a typical system. 

5. To discuss the advantages of standardization 
from the manufacturer’s viewpoint and to indicate the 
benefits accruing to the industry as a whole. 


HISTORY 


As indicated in the introductory matter, progress 
in the voltage standardization of the complete a-c. 
electrical operating system, including generation, trans- 
mission, distribution, and utilization, has been largely 
a matter of the standardization of the several divisions 
of apparatus rather than a concerted standardization of 
the whole operating system. 

High voltage standardization dates back to 1899, 
when the Standardization Rules of the A. I. E. E. 
recommended that the rated circuit voltage should be 
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measured at the receiving end and that the recom- 
mended values should be 1000, 2000, 3000, 6000, 10,000, 
15,000, and 20,000 volts. In order to take care of line 
drop, generators were to be rated at 1150, 2300, and 
3450 volts, thus allowing a total transmission regula- 
tion of 15 per cent. 

The recommended voltages were extended in the 
1902 Standardization Rules to include 30,000, 40,000, 
and 60,000 volts in order to keep up with progress in 
high voltage transmission, the voltage still being 
measured at the receiving end. 

The 1911 Standardization Rules made a sweeping 
revision in that it was decided to measure the circuit 
voltage at the sending end. The recommended voltages 
were no longer based on multiples of 10, but on multiples 
of 11, and the list was extended to include 88,000 and 
110,000 volts. It was also recommended that trans- 
formers should transform between the listed voltages 
and that their ratios should be exact multiples of five. 
Since that time high voltages have always been mea- 
sured at the secondary of the sending end transformers 
and have remained on a basis of multiples of 11, al- 
though extensions and additions have been made to the 
recommended list. 

In 1914 the manufacturers of a-c. motors reached an 
Electric Power Club agreement whereby motor voltages 
became standardized at 110, 220, 440, 550, and 2200 
volts, these standards representating the voltages at 
which the performance guarantees would be made and 
checked. It was recognized that it would be necessary 
to allow for variations in the supply voltage, and the 
apparatus was designed for successful operation at 10 
per cent above and below the rated voltage although 
the performance would be affected where the voltage 
makes these allowable variations from normal. 

Standardization of lamp voltages came later, due 
to the fact that in the manufacture of carbon lamps it 
was impractical to predetermine the voltage rating of 
units. This had to be determined by test after the 
product was made, and the various operating com- 
panies were encouraged to standardize on different 
service voltages in order to provide a market for all 
the lamps which the rating test showed to fall into 
classes suitable for these service voltages. 

The tungsten filament lamp, however, proved not to 
be subject to these limitations, for its voltage rating 
can be predetermined with considerable accuracy before 
manufacture. With the rapid displacement of the 
carbon lamp by the tungsten lamp, therefore, there was 
an increasing tendency to standardize lamp voltage, 
since it was possible and highly desirable to standardize 
the factory output of tungsten lamps. 

The Lamp Committee of the N. E. L. A., along with 
the lamp manufacturers, became increasingly interested 
in this standardization and urged the member operating” 
companies of the N. E. L. A. to converge where possible © 
upon whichever of three proposed lamp standards, 
namely 110, 115, or 120 volts, they could adopt most 
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economically. For the last twelve years the percentage 
demand for 115-volt lamps has steadily risen from 13.5 
per cent to 44.6 per cent; and for 120-volt lamps, from 
9 per cent to 31.3 per cent; while the percentage demand 
for 110-volt lamps varied between 20 per cent and 30 
per cenz during the period from 1913 to 1924 but is 
showing a gradual decline which reduced it to 16.5 per cent 
in 1925. The point of great significance, however, is 
that in those twelve years the percentage demand for 
odd voltage lamps has declined from 51.5 per cent to 
7.6 per cent. Eighty per cent of this 7.6 per cent con- 
sists of 125-volt lamps which are probably used prin- 
cipally on d-c. systems. 

Thus the trend in a-c. systems is quite definitely 
toward the use of 115-volt lamps, ms 120-volt lamps a 
close second. 

The tendency in the electric heating and household 
appliance field has been to express the voltage rating in 
terms of a voltage range rather than as a definite volt- 
age. Actual examples of this method of rating are 
100-114, 105-115, 111-120, and 115-120 volts taken 
from nameplates of well known appliances. This short 
list suffices to show that these voltage ratings cover 
ranges varying from 5 to 14 volts, and that little stand- 
ardization has been attempted among the appliance 
manufacturers either as to the extent of the range or its 
location in the voltage scale. 

The preceding outline gave a brief deseninin of the 
situation which has developed with respect to utiliza- 
tion voltages during the past 10 or 15 years. 

The operating companies are really interested in the 
standardization of service voltage rather than standardi- 
zation of the utilization voltage, since their contract 
responsibility is to maintain a specified voltage at the 
service switch. The one depends on the other, of course, 
but it is natural that the power company should be 
interested in the supply and maintenance of its own 
definite commodity, which is voltage at the service 

switch rather than voltage at the lamp socket or motor 
terminals. In the interest of standardization of service 
voltage, the N. E. L. A. Subcommittee on the Stand- 
dardization of Service Voltage undertook in 1920 to 
make an investigation of this question leading up to the 
recommendation of suitable standards, and preferably a 
single standard. ` 
The factors which had to be taken into consideration 
in this investigation were: 

1. Existing utilization voltage standards, 


2. Existing distribution transformer voltage 
standards, 

3. Regulation between transformer and service 
switch, 


4. Regulation between service switch and lamp 
socket, 

5. Economic advisability of oditi 1 or 2 or both. 

What utilization voltage standardization had been 
accomplished by 1921 has been reviewed above, and 
may be summarized by: 
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Motors: Multiples of 110 volts, but will operate suc- 
cessfully on variations of + 10 per cent in the supply. 

Lamps: 110-, 115-, and 120-volt, the 115-volt 
predominating. 

Appliances: No standardization. 

The existing distribution transformer voltage stand- 
ard was the triple rated 110, 115, 120 volt secondary. 
The great majority of these distribution transformers 
were of the 20:1 ratio, 2800-volt class, without taps in 
the primary, giving 240/230/220-120/115/110 on 
the secondary when suitably excited on the primary. 

The average regulation between the transformer 
secondary and the service switch was found to be two 
per cent, and between the service switch and the 
utilization device one per cent for lamps and possibly 
double that for motors. 

After considerable discussion between the Subcom- 
mittee, the Lamp Committee, and the member operat- 
ing companies, it was tentatively recommended in the 
1921 and 1922 Reports of the N. E. L. A. Electrical 
Apparatus Committee that the standard service voltage 
be such that the proper average voltage would be sup- 
plied to 115-volt lamps, with recognized departures for 
supplying the proper average voltage to 110-volt and 
120-volt lamps, the latter being for only existing systems 
of that voltage. With any of these average service 
voltages it was intended to use 110-volt motors and 
electric household appliances having a voltage rating 
covering a range of from 110 to 120 volts, since these two 
classes of apparatus do not require the close correspond- 
ence between impressed voltage and normal rated 
voltage which lamps require for economical operation. 

The “recognized departure” of service voltage corre- 
sponding to 110 volts at the lamp socket was admitted 
due to the number of companies that could not increase 
their delivered service voltage without exceeding the 
safe operating voltage of their generators; and the 
recognized departure of service voltage corresponding 
to 120 volts at the lamp socket was admitted due to the 
number of companies that felt they could not reduce 
their service voltage without losing considerable revenue 
on account of the reduced voltage running of lamps 
which their customers would be reluctant to replace 
before they were worn out. Furthermore, the lamp 
manufacturers were desirous of continuing the triple 
lamp standard which they had been at some pains to 
establish. 

This scheme fitted in fairly well with existing dis- 
tribution transformer voltages, except that on systems 
requiring 120 volts at the lamp socket the voltage at the 
transformer secondary must be between 123 and 124 
volts to allow for the drop between transformer and 
lamp, and hence the excitation voltage impressed on the 
primary must be of the order of 2500 volts. This 
would work the iron rather heavily. 

There was also some question raised as to the suc- 
cessful operation of 110-volt motors when the average 
service voltage was such that the average impressed 
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voltage was 120 volts, since this average feature im- 
plied that at times the impressed voltage might be two 
or tnree volts above 120 and thus exceed the 10 per cent 
tolerance allowed in the Electric Power Club rule. 
Operating companies stated they had never experienced 
any trouble of this nature, however, and the report 
remained on the basis of 110-volt motors. 

It was recognized that the standardization of service 
voltage would be possible and of value only if it could 
be coordinated with the rest of the system all the way 
back to the generator. Accordingly, the final disposi- 
tion of the Subcommittee report was that it was recom- 
mended in 1923 to be brought to the joint attention of 
the A. I. E. E., Electric Power Club, and N. E. L. A., 
with the idea that these agencies might cooperate in the 
future toward the voltage standardization of the electri- 
cal system from generator to utilization device. 

Such a sweeping standardization of the complete 
system was evidently needed, since it was stated in the 
N. E. L. A. Electrical Apparatus Committee Report 
for 1924 that a recent investigation showed that less 
than 50 per cent of the transformers 200 kv-a. 
and above, being bought by the operating companies, 
conformed to the transformer voltage standards adopted 
jointly by the N. E. L. A. and Electric Power Club as 
formulated in 1919 and amended in 1922. This in- 
vestigation was prompted by several operating com- 
panies that communicated to the N. E. L. A. their 
feeling that systems should be so arranged and appara- 
tus so rated that a higher voltage should be obtainable 
at transformer secondaries than was now possible. The 
results of the investigation indicated that the standards 
as adopted were not ideally suited to operating con- 
ditions, since the operating companies were finding it 
to their advantage to purchase transformers which 
varied from the recommended standards. 

The causes which produced these conditions became 
the object of an investigation by the Transformer 
Subcommittee of the N. E. L. A. Electrical Apparatus 
Committee in 1925. By means of a questionnaire to 
representative operating companies they inquired into 
the actual operating voltage at each point in a complete 
system, in an effort to find out what apparatus ratings 
would be best suited to operating conditions, to what 
degree existing apparatus standards would suffice, 
and what changes would be necessary in order that 
operating companies would find it to their advantage to 
buy apparatus conforming to a new set of standards 
rather than to buy special apparatus. The question- 
naire inquired specifically into the voltage ratings 
of all generators and transformers on the system, the 
tap voltage rating used on the transformers, the actual 
operating voltage at the generators and on the primary 
and secondaries of all transformer banks and at the 
service switch, for conditions of light and maximum 
load and on the longest feeder and the shortest feeder, and 
the range of feeder induction voltage regulators, if used. 

Replies were received from 22 power companies, 
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representing the two cases: (a) systems where the 
feeders were fed directly off the generator bus at genera- 
tor voltage and the stepping down to service voltage 
accomplished through two or more transformations, and 
(b) systems where transmission at high voltage inter- 
venes between the generator bus and the distribution 
system. While there were several discrepancies in the 
figures submitted, it was felt nevertheless that in the main 
they were reliable and representative of general practise. 

The salient points which the questionnaire developed 
were as follows: 

1. Eleven of the twenty-two companies had trans- 
formers on their system over-excited by more than 
five per cent above the connected tap rating. In 
five cases this over-induction was 10 per cent or more 
above the connected tap rating. 

2. Three companies reported their generators to be 
operating at more than five per cent above their normal 
rating, the maximum being nine per cent above normal. 
Thirteen of the remaining companies operate their 
generators above normal but not more than five per 
cent above the normal voltage rating. 

3. Whereas feeder induction voltage regulators 
were required to operate at greater buck than boost 
in five cases in order to maintain satisfactory service 
voltage, and to operate at equal buck and boost in 
seven cases, there were twelve cases where they were 
required to operate at greater boost than buck. 

The evidence was plain that the existing voltage 
standards did not allow the maintaining of voltage at 
the point of utilization under load conditions unless 
the voltage at the various generation and transforma- 
tion points was maintained above normal. The ex- 
planation of this was that whereas the existing trans- 
former voltage standards provide for the regulation 
in the transformer itself by means of taps inthe primary, 
insufficient provision is made for compensating for the 
line drop in the transmission line and feeders, for, 
according to the standards, the rated secondary voltage 
of each transformer is equal to the rated primary volt- 
age of the transformer at the receiving end of the line 
which the former supplies. Since induction regulators 
are generally used at only one point in the network, 
it is often impossible to keep the voltage at all trans- 
formation points within the desired limits. 

In order to remedy this situation, the Transformer 
Subcommittee suggested to the Electrical Apparatus 
Committee as a basis for criticism and discussion, 
a system of standards where the rated secondary 
voltage of each sending-end transformer would be 
five per cent higher than the rated primary voltage 
of the corresponding receiving-end transformer, in 
order to allow partially, at least, for the drop in the 
line. The proposed standards included voltage ratings 
for generators, synchronous condensers, induction 
motors, and switching, control, and protective appara- 
tus, in addition to transformer ratings, since the idea of 
coordinating all of the apparatus on the system 
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had been kept well in view from the beginning. 
The Transformer Subcommittee had now reached the 
point at which the Subcommittee on Standardization 
ot Service Voltage had arrived in 1923, namely, at the 
limit of 1ts scope; and it was in order to refer the ques- 
tion to bodies in a position to come to authoritative 
agreements on the whole voltage question. Ac- 
cordingly, action was commenced for making a very 
complete presentation of the entire problem to the 
industry as a whole, in order that concerted and general 
action might result after all interested parties had been 
thoroughly informed and afforded ample opportunity 
for presenting their views. The broadest vehicle 
for this presentation was considered to be a group of 
papers submitted before a convention of the American 
Institute of Electrical Engineers, these papers to be 
prepared by representatives of the operating companies, 
holding companies, consulting engineers, European 
engineers, and the manufacturers. From the discus- 
sion following these papers it was hoped that conclusive 
results would be obtained. 

This paper is based on a memorandum which resulted 
from the cooperative action of the manufacturers. This 
memorandum will be quoted in full except for some 
introductory matter which has already been covered in 
the preceding paragraphs. 

Before the presentation and discussion of the mem- 
orandum is taken up, however, some attention should 
be paid to the relation existing between American 
practise and the standards recommended at the 1926 
meeting of the International Electrotechnical Com- 
mission, which took place in New York during April. 
These recommendations are summarized as follows: 

I. Definition of “nominal high voltage”: The nom- 
inal high voltage shall be the mean voltage at the 
consumers’ terminals and shall be called nominal 
I. E. C. voltage of the network of that voltage range. 

II. The maximum voltages at the generators and 

secondary terminals of transformers shall be considered 
as to be about 10 per cent higher than the mean voltages 
at the consumers’ terminals. The values of the 
recommended nominal I. E. C. voltages and maximum 
voltages are included in the following table, the pre- 
ferred voltages being in heavy type. 

Nominal LE.C. Voltages 


Mean Value at 


Consumers’ Terminals Maximum Voltages 


1000 1100 
3000 3300 
6000 6600 
10000 11000 
15000 16500 
20000 - 22000 
30000 33000 
45000 50000 
60000 66000 
80000 SS000 
100000 110000 
150000 165000 
200000 220000 
300000 330000 
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It will be noted that these recommendations do not 
line up with present American practise, either as to the 
point at which the rated voltage of the circuit is 
measured, or as to the actual values of the voltage 
rating. The interested organizations and persons in 
America were at that time engaged in the consideration 
of a thorough revision of the whole subject of the voltage 
standardization of transmission and distribution circuits 
and of machinery and apparatus for those circuits. 
At the April meeting of the I. E. C. these studies had 
not arrived, however, at the stage where the American 
Committee had a definite program to offer. Neither 
did the American Committee feel justified in opposing 
progress on the part of other nations. It was believed 
that this situation was appreciated by the representa- 
tives of other nations and that the American Committee 
would on some later occasion be presenting before the 
I. E. C. the recommendations at which it would be 
arriving as the results of these studies. 


PROPOSED SYSTEM OF VOLTAGE STANDARDS 


The electrical manufacturers are interested in 
voltage standardization of apparatus to a perhaps even 
greater degree than the operators. While the latter 
are interested in the low prices, rapid shipments, and 
effective replacement and repair service made possible 
by standardization, nevertheless it is but natural they 
should be primarily interested in apparatus which will 
most perfectly meet their own particular requirements. 
Thus there is an inherent tendency for individual 
operating companies to set up standards of their own 
which might or might not agree with the practise of 
other operating companies. 

The manufacturers, on the other hand, are desirous 
of a set of standards which will be universal for all 
customers, in order that their entire output might 
consist of standard lines of apparatus. The number 
of types could then be cut to a minimum, develop- 
ment costs reduced, and if proper standards were set up 
it would be possible to select standard equipment with 
the assurance that it could be incorporated into a 
system and form an operative whole. 

With these interests in mind, the manufacturing 
companies which the authors represent have been at 
some pains to formulate a new set of voltage standards 
which are believed to be workable and possible of 
universal application. These will now be discussed in 
detail. The proposed standards were drawn up to 
meet the following five conditions: 

(a) The new standards must provide apparatus 
capable of meeting most of the service requirements of a 
well designed and operated system. 

(b) The voltages selected must closely resemble 
those now in use to permit a reasonable degree of 
interchangeability of new and old apparatus. 

(c) The changes involved must not necessitate too 
great an expense in the development of new apparatus. 

(d) Admittedly, universality of use is an essential 
end to be sought in-all standardization. Usually 
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Its complete attainment involves an excessive ex- 
penditure, and so is not economically desirable. It 
should be sought in so far as it can be obtained without 
burdening the cost of standard apparatus to obtain 
characteristics which will be used rarely. 

(e) The new standards must provide apparatus that 
will meet, in spirit as well as in letter, all requirements as 
set forth in the standards of the American Institute of 
Electrical Engineers. The apparatus should not only 
be capable of meeting the test requirements of the 
A. I. E. E. Standards, but should readily lend itself to 
operation within the limits as defined by them. The 
design of electrical systems contemplating the use of 
apparatus under conditions more severe than sanc- 
tioned by the A. I. E. E. Standards should be 
discouraged. 

The first four of the foregoing principles are self- 
explanatory but the last will permit of further elabora- 
tion. We have to deal here primarily with the test 
voltage to which apparatus is subjected and its relation 
to the normal operating voltage of the apparatus. 
In general, the A. I. E. E. Standards specify a potential 
test of twice the rated voltage of the apparatus plus 
1000 volts in the case of rotating apparatus and trans- 
formers (excepting current transformers) and 214 times 
rated voltage plus 2000 volts in the case of switching 
equipment, bus supports and current transformers. 
Except where specific mention is made to the contrary 
apparatus Is designed to be operated at substantially its 
rated voltage, certainly not materially above it. The 
ratio of test to rated voltage has been selected to 
introduce a reasonable factor of safety, presumably as 
the result of theoretical consideration and operating 
experience. To operate normally above rated voltage 
is to decrease the recommended factor of safety, and 
to decrease the factor of safety is to introduce a hazard 
to life and property not sanctioned by the A. I. E. E. 
Standards. Or, to put it another way, those who 
operate apparatus above its rated voltage, operate it 
with a factor of safety less than the engineers respon- 
sible for the A. I. E. E. Standards deem advisable. 
Can any other conclusion be drawn? It can probably 
be said, without fear of contradiction, that the practise 
of encroaching on the universally accepted factors of 
safety is more prevalent in the electrical arts than in 
others. Who would contemplate normally operating 
a steam boiler above its rated pressure? Simply to ask 
the question is to answer it. The present system of 
voltage standards has in no small degree contributed to 
the present undesirable practise. In the case of an 
average system composed of generators, transformers 
and motors, rated in accordance with the present 
voltage standards, either the generators and trans- 
formers must be operated above their rated voltages or 
a sub-normal voltage will prevail at the motor when 
the system is loaded. 

In addition to encroaching on the factor of safety 
relating to test voltage, the operation of generators and 
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transformers for considerable periods of time at pres- 
sures exceeding their rated voltage may result in over- 
heating and tends towards reduced life and lower 
reliability. Such operation may also distort the 
voltage wave and lead to interference with communica- 
tion circuits. The operation of oil circuit breakers at 
pressures materially exceeding their rated voltage may 
involve marked reduction in their interrupting capacity. 

As individual pieces of apparatus are interconnected 
electrically to form any operative system, it is incum- 
bent upon the designers to determine the maximum 
voltage at which the system will be normally operated 
and to be certain that this will not materially exceed the 
accepted factors of safety for the individual pieces of 
apparatus of which it is composed. At present the 
most important rule—if not the only rule—in the 
A. I. E. E. Standards defining ‘‘Rated Circuit Voltage” 
appears in the Transformer Section (13-119). It has 
been suggested in the Standards Committee to issue a 
new general rule, resembling the present one, reading 
substantially as follows: 

Rated Circuit Voltage: For the purpose of fixing a 
value to be used in designing and testing electrical 
apparatus, the rated voltage of a circuit (or system) is 
defined as the highest rated voltage of the apparatus 
supplying it. By “circuit voltage?” is meant the 
voltage from line to line as distinguished from line to 
neutral. This voltage rating applies to all parts of the 
circuit. The actual operating voltage of the circuit 
may vary from the rated circuit but should not exceed it. 

Such a rule as this and those pertaining to the 
individual pieces of apparatus would definitely set the 
rated voltages of apparatus, their test voltages and 
maximum operating voltage if they are to be operated 
as parts of a common system. 

The present voltage standards, excepting apparatus 
rated 2300 volts and below, call for apparatus whose 
voltage ratings are expressed in even multiples of 11; 
for example, 6600-volt, 13,200-volt, 44,000-volt, ete. 
These voltages apply to motors, transformers (both 
their primary and secondary windings) and generators, 
with the exception that in some cases transformers are 
given a double rating. The second transformer rating 
simply permits their use at approximately five per cent 
over-voltage without any change in their voltage ratio. 
The transformer ratios referred to, of course, are no 
load or turn ratios. It is usual practise to equip step- 
down transformers, whose voltage rating exceeds 2300 
volts, with four 214 per cent primary taps below rated 
voltage. A simple system, employing the present 
voltage standards, is shown ìn Fig. 1. 

In this elementary but representative system, the 
voltage ratings of generators, motors, and step-up and 
step-down transformers are shown as multiples of 11, 
excepting that the substation transformers supplying 
the 2300-volt distribution lines are rated 2300 volts, 
and the distribution transformers are given the usual 
triple rating of 2400-2300-2200 volts. 
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The voltage drops assumed are as follows: 
182-kv. line............... 10 per cent approx. 


66-kv. line..........0.0... 716 per cent approx. 
13.2-kv. line............... 5 per cent approx. 
2300-volt line.............. 5 per cent approx. 
230-115 mains............. 3 per cent to lamps 
and services........... 6 percent to motors 
Power transformers......... 5 percent 
Distribution transformers.. 2 pər cent 


This diagram shows that with the generator operated 
at rated voltage the voltage at the 115-volt lamps 
would be only 102 volts at full load on the system, and 
the voltage at motors 10 per cent low, even if each 
transformer is operated on its lowest high-tension tap 
and a regulator boosting 10 per cent is allowed for. The 
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generators, will be equipped with the equivalent of two 
2% per cent taps in the primary windings below rated 
voltage to provide additional range for compensating 
for the voltage regulation of the transformers and to 
avoid over-excitation of generators. A cursory study 
of the simple principles of voltage standardization as 
illustrated in Fig. 2 will show that the deficiencies of the 
present standards have been eliminated. Here, the 
windings from which power flows have voltage ratings 
approximately five per cent greater than those at which 
power is received. It is believed that ample provision 
has been made in the voltage ratings of apparatus, ratios 
of transformation, and transformer taps to meet most 
normal conditions of system design and operation. It 
will be noted that in Fig. 2, while the generators are 
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alternative at present is to over-excite the generating 
end of the system. It is this that is now so commonly 
done. If we assume motor and lamp voltages as fixed, 
it would seem obvious that the principal faults with 
the present system are that transformer ratios (ratios 
of primary to secondary) are too high and generator 
potentials too low. 

The new system of standard voltages here proposed 
contemplates a change in the principle of the present 
system. An example of the new system is shown in 
Fig. 2. Here, as in the present system, step-down 
transformers (in fact all used at the receiving ends of 
lines) will be equipped with the equivalent of four 214 
per cent taps in the primary windings below rated 
voltage. Step-up transformers, for location adjacent to 
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operated at rated voltage, and rated voltage is supplied 
to lamps and motors, there are still remaining taps in 
reserve in the transformer banks, and only half the 
boost in the regulator is used. So much for the prin- 
ciple involved in the proposed system —now let us 
consider the actual voltage values it is proposed to as- 
sign to the several voltage classes. These are shown in 
the accompanying tabulation. They are admittedly a 
compromise with the present standards. The motor 
voltages now in use have been retained. In the 
lower voltage range generator voltages will not be 
changed; in the upper they will be increased approxi- 
mately five per cent. Step-down transformers having 
primaries rated 2300 volts, in which class fall the 
millions of kv-a. capacity now in use for lighting service, 


168 


will not be changed. It is proposed to change the ratios 
ot all others so that they will readily conform to the new 
system. Even here it has been possible to retain ratios 
(when using tap connections) that will permit parallel- 
ing new with old units to a limited extent. 

By the definitions previously quoted, the rated 
system voltage becomes the rated voltage of the gen- 
-erators or secondaries of the transformers supplying the 
system. It will be noted in the accompanying tabula- 
tion that above 4150 volts recommended system volt- 
ages are approximately multiples of 11.5 up to and 
including 69,000 volts; above they are multiples of 11.0. 
This is a compromise based on a study of existing 
systems and the cost involved in changing manufactur- 
ers’ present standard designs. There are so many 
step-down transformers in the 66,000-volt class and 
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below whose primaries are multiples of 11.0 that it 
was thought inadvisable to change their voltage 
ratings, and it was necessary therefore to increase the 
system voltage ratings and step-up transformer secon- 
dary voltages for these classes to multiples of 11.5. 
The manufacturers’ present standard switching equip- 
ment (up to and including 73,000 volts) has ample 
margin in their voltage ratings to permit the proposed 
increase in system voltage ratings without necessitating 
changes in their design. Above 69,000 volts, the prac- 
tise now in general use of standard system voltages that 
are multiples of 11.0 seems to be satisfactory. While 
there are theoretical reasons to indicate that a single 
standard based on voltages which are multiples of 
11.5 should be established above 69,000 volts, general 
practise still indicates that this is not as necessary on 
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the high voltages as on the low. The standardization 
of the higher values would probably necessitate the 
redesign of most of the present standard apparatus, 
particularly that of oil circuit breakers, the redesign 
of which, along with the special tools required for 
their manufacture, would be an expensive burden on the 
industry. 

The previously cited proposed definition of “Rated 
Circuit Voltage” provides that the operating voltage 
should not exceed the rated circuit voltage. This is 
an extremely difficult, if not impossible, condition to 
meet in normal operating practise. To fulfill the 
condition, the generating end of a system must be 
normally operated below the rated system voltage if 
provision is to be made to have a margin in the voltage 
range to overcome abnormal voltage drops between 
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the sources of generation and utilization under emer- 
gency conditions, such as the loss of one or more of a 
parallel group of transmission lines. The A. I. E. B. 
Standards recognize a not dissimilar condition in the 
case of motors and transformers (see Standards 5-550, 
7-700, 13-500). In the case of motors, the Standards 
specify that they should operate successfully at rated 
load at any voltage not more than 10 per cent above or 
below rated voltage; in that of transformers, that they 
should operate successfully at rated load when excited 
on full winding at five per cent above rated voltage. 
This might be interpreted as a recognition of the fact 
that under usual conditions it is not practicable always 
to operate apparatus at rated voltage. It is suggested 
that this recognition be extended to include other 
apparatus. To make.the range 20 per cent, as in the 
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case of motors, will be costiy and probably unnecessary. 

It is here suggested that a 10-per cent range be 
recognized in the case of generators, synchronous con- 
densers, transformers, and apparatus (excluding motors) 
employed in generating, transmission and distribution 
systems with the exception of maximum rated appara- 
tus (including under column titled ‘‘Apparatus’’). 
It is recommended that these classes of apparatus, 
which are normally rated, be designed to operate 
successfully (but not necessarily within the guaranteed 
limits set for operation at rating) at rated load at any 
voltage not more than five per cent above or below 
rated voltage. Of course, apparatus will be operative 
below 95 per cent of rated voltage, but at reduced 
capacity. Such a change in the A. I. E. E. Standards 
will necessitate the manufacture of apparatus capable of 
operating at rated kv-a. output throughout the voltage 
range from 95 to 105 per cent of rated voltage. It is 
expected that the five per cent range above rated volt- 
age will be reserved to meet emergency conditions. 
In other words, systems will be designed to operate 
normally at a voltage not to exceed their rated voltage. 
High potential tests will be based, as at present, on the 
rated voltage of apparatus, or, more accurately, on the 
“rated circuit voltage’ of the system of which the 
apparatus forms a part. Maximum rated apparatus 
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as given in the attached tabulation, 1+. e., circuit 
breakers, disconnecting switches, etc., already contains 
the necessary tolerances in their maximum ratings 
and should not be used above such ratings. 

It is expected that the rated voltages proposed here 
for step-up and step-down transformers, the essential 
feature of the plan, will make it possible to standardize 
apparatus so that it will meet most existing operating 
conditions without the necessity, which now prevails, 
of exceeding the established rating limits of the 
apparatus. Operators, under most conditions, will 
find it possible, when employing the proposed standard 
apparatus, to deliver rated voltage to apparatus at all 
points of their systems without exceeding the rated 
voltages of their systems. 

The accompanying tabulation, with the foot-notes 
included with it, presents a brief summary of the pro- 
posed new system of voltage standards. A few further 
explanatory remarks might prove helpful in understand- 
ing it. The first column presents a list of the proposed 
“Rated Circuit Voltages.” These set the maximum 
normal operating voltages of systems. It is proposed 
to permit operation at five per cent above these values 
but, as just mentioned, it is suggested that this margin 
be reserved for emergency operation. The second and 
third columns hardly need further explanation. In 


PROPOSED VOLTAGE RATINGS FOR SYSTEMS, GENERATORS, SWITCHING, CONTROL AND PROTECTIVE APPARATUS, 
TRANSFORMERS, ETO. 


Generators 
and syn. Induction Apparatus 
condensers motors (see “O” 
Systems «see '‘A’’) (see ''B’’) and ‘‘D’’) 

120 

240 

480 

600 

2,400 2,400 

4,150 4,150 
6,900 6,900 7,600 

11,500 (F) 11,500 
13,800 13,800 15,000 
23,000 25,000 
34,000 37,000 
46,000 50,000 
69,000 73,000 
88,000 88,000 
110,000 110,000 
132,000 132,000 
154,000 154,000 
220,000 220,000 


Step-up transformers Step-down transformers 
Secondary Secondary 
(see “E”) (see E”) (see ‘‘E'’) (see “E”) 
115 
230 
460 
575 
2,300/3,980 Y 2,400/4,150 Y 2,300/3,980 Y 2,400/4,150 Y 
6,600 6,900 6,600 6,900 
11,000 11,500 11,000 11,500 
13,200 13,800 13,200 13,800 
22,000 23,000 22,000 23,000 
33,000 34,500 33,000 34,500 
44.000 46.000 44,000 46,000 
66,000 69,000 66,000 69,000 
84,000 88,000 84,000 88,000 
105,000 110,000 105,000 110,000 
126.000 132,000 126,000 132,000 
147,000 154,000 147,000 154,000 
220,000 210,000 


GENERAL NOTE 


Guarantees of efficiency, heating, overload, etc., and over-voltage tests 
of all apparatus should be based on the rated voltage of the apparatus 
with the exception of step-down transformers, the over-voltage tests on 
which should be based on rated secondary voltage; and a primary voltage 
five per cent greater than rated voltage. 


SPECIFIC NOTES 


“a**—-Generators and synchronous condensers should be designed to 
deliver rated kv-a. output at rated power factor and frequency throughout 
a range of five per cent below to five per cent above rated voltage. 

“‘B’'—Induction motors should be designed to deliver rated h.p. 
throughout a range of 10 per cent below to 10 per cent above rated voltage 
at rated frequency. — 

““C’'— Apparatus, as here used, includes oil circuit breakers, disconnect- 
ing switches, Current transformers, insulators, bushings, and fuses. The 
voltage ratings of potential transformers should be the same as the recom- 
mended system voltage ratings; their secondaries should be rated approxi- 
mately 115 volts to permit the employment of the now existing even 
ratios of transformation. Above 73,000 volts, apparatus should be de- 


signed to operate successfully at five per cent above rated voltage during 
emergencies. Up to and including 73,000 volts. apparatus is maximum 
rated. For maximum rated apparatus the operating voltage of the system 
on which it is used should not exceed the rated voltage of the apparatus 
even during emergency operation. 

**D’’—Lightning arrester voltage standardization recommendations 
have been omitted pending further study. 

“*E’'—Transformers should be designed to operate during emergencies 
at five per cent above rated voltage, the over-voltage being obtained by 
over-excitation and not through the use of taps. They should be equipped 
with taps as follows: 

(a) Step-up transformers should be equipped with the equivalent 
of two 2% per cent full capacity taps in the primary windings to 
provide additional range for compensating for the voltage regulation 
of the transformers and to avoid over-excitation of generators. 

(b) Step-down transformers should be equipped with the equiva- 
lent of four 2% per cent full capacity taps in the primary windings to 
provide additional range for compensating for line voltage drop. 

“*F’'—When possible, 11,500-volt systems should be discouraged in 
favor of 13,800-volt ones. 
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the fourth column the heading “Apparatus” is employed 
in a restricted sense, in the absence of a better term, 
to include oil circuit breakers, disconnecting switches, 
current transformers, insulators, bushings, and fuses. 
Years ago manufacturers standardized ‘‘apparatus”’ 
voltages up to and including 73,000 volts on the basis 
of maximum ratings, which is to say, without a five 
per cent over-voltage margin. The values were chosen 
after a study of the operating voltages of the then 
existing systems. The investigation revealed a con- 
spicuous absence of voltage standardization in the 
range considered and maximum voltage values therefore 
were chosen somewhat above the more common voltages 
in use to include the numerous groups operating above 
the average voltages. The voltages of systems operat- 
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drop between the generators and transformers is nil. 
The seventh and eighth columns refer to transformers 
used at the receiving ends of lines. Most of these will 
be step-down units. There are a few instances where 
step-up transformers must be installed at the ends of 
transmission lines. The voltages and taps of these 
should be selected from the seventh and eighth columns. 
Of course, the transformer voltages given in the tabu- 
lation are no load or turn-ratio voltages. 


ECONOMIC ADVANTAGES OF VOLTAGE STANDARDIZATION 


The proportion of standard and special apparatus 
now in use is indicated by Fig. 3, which shows the 
kv-a. of transformers produced by two manufac- 
turers up to May 30, 1926, arranged according to high- 


Power Transformers 


250 Kv-a. and Larger 
44,000 Volts and Above 
up to May 30, 1926 
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Fia. 3—CuHarT SHowina ToraLr CAPACITY OF INSTALLED POWER TRANSFORMERS OF VARIOUS VOLTAGES 


ing above 73,000 volts were fairly well standardized 
as multiples of 11.0, and so for these groups manu- 
facturers standardized apparatus voltages as mul- 
tiples of 11.0, but included a five per cent over- 
voltage operating margin for emergency operation. 
Higher values and greater over-voltage margins were 
considered but rejected because there seemed to be 
no logical reason or necessity to justify burdening users 
with the greater expense of higher voltage apparatus, 
particularly as all high-voltage apparatus is inherently 
expensive. Such is the explanation of why apparatus 
up to 73,000 volts is maximum rated and above nominal 
rated. The fifth and sixth columns, headed ‘“‘step-up 
transformers,” include the voltage ratings of trans- 
formers used at generating stations, where the potential 


voltage rating, for transformers 250 kv-a. and over, 
and 44,000 volts and above. The total kv-a. at 
standard voltages, namely, 44, 66, 88, 110, 182, 154 and 
220 kv., 1s 51 per cent, and the kv-a. at special voltages 
49 per cent. 

Since the chart does not take into account trans- 
formers which have special low voltage ratings, it 
appears that at least half the transformers are special as 
to voltages and the specials are of still greater per- 
centage if other features are counted. 

The situation 1s not quite so bad in most other lines 
of apparatus, but even industrial motors which might 


be expected to be as completely standardized as any ` 


line, due to the large demand and the number and the 
relatively small size of the units, are found to include 


Se ee 


| 
| 


Feb. 1927 


20 per cent special units. It is of interest to note 
in this connection that a study made by one manufac- 
turer shows that these 20 per cent require 60 per cent 
of the total shop supervision, whereas the 80 per cent 
standard units require only 40 per cent of the super- 
vision. Switchboards, on the other hand, are practi- 
cally 100 per cent special when considered as a complete 
unit, although of course the equipment mounted on 
them is mostly standard. This is to be expected since 
hardly any two generating stations or substations 
are sufficiently alike to require the same switchboard. 

Truck type switchboards are a notable exception 

to this, however, since the individual cells and trucks 
lend themselves very readily to standardization. 
Unfortunately, there is a tendency here for various 
operating companies to standardize on a design worked 
up by themselves, rather than to standardize on the 
manufacturers’ designs, so that so far as the manu- 
facturer is concerned, each order is special. An 
example of what this means in price is found in a recent 
case where a large order of trucks and cells built accord- 
ing to the purchaser’s designs cost eight per cent more 
than if they had been built according to the manufac- 
turer’s standard designs for exactly the same duty. 

It is of great interest to consider some figures which 
have been worked up on the development costs for some 
selected types of apparatus, on the assumption that 
each unit is completely special in every particular. 
These figures are presented because their magnitude is 
truly surprising and indicates in somewhat startling 
fashion the seriousness of this problem of the production 
of special apparatus in modern manufacturing establish- 
ments. By development cost is meant the cost of 
patterns, dies, special tools, supervision, engineering, 
and drafting. For various classes of electrical equip- 
ment such as large power apparatus, truck type switch- 
boards, industrial apparatus, etc., these costs vary from 
150 per cent to 900 per cent in excess of the first unit 
cost of a similar standardized line of apparatus. 

In order to visualize the amounts which special 
apparatus has cost the electrical industry, data have 
been compiled from statistics in the United States 
Census and other sources that show the investments up 
to date in various classes of electrical apparatus used in 

the generation, transmission, distribution, and utiliza- 
tion of electricity. 

From these it is estimated that there is roughly two 
billion dollars worth of electrical apparatus now in 
operation in the United States, of which somewhere 
between 20 per cent and 50 per cent is special, de- 
pending on the particular type, with the exception of 
lamps which are only about eight per cent special. If all 
the specials had been eliminated, the industry would 
have experienced, from two causes, a worth while 
reduction in this two billion dollars, the effects of which 
are roughly evaluable: 

1. Standard apparatus would not have had to bear 
part of the development cost of the specials, 
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2. The increased sale of standards to take the 
place of the specials would have caused a further reduc- 
tion in their price in accordance with the law of quantity 
production. 

Estimates by various methods indicate that the 
effect of the use of special apparatus has been to 
increase the total investment in electrical apparatus by 
from 100 to 200 millions or from five to ten per cent of 
the total. 

The proposed standardization of system voltages and 
apparatus voltages fitting in with the already standard 
utilization voltages should have a marked effect in the 
reduction of these extra investments in the future. 
This standardization should also make available con- 
siderable economies in the industry through facilitating 
interconnection and reducing the extra investments 
required for interconnection. 


CONCLUSIONS 


1. The present system of voltage standards is not 
suited to operating conditions since insufficient allow- 
ance is made for voltage drop in lines and transformers. 

2. The extensive use of special apparatus for main- 
taining proper voltage at the load, supports this 
contention. 

3. The use of special apparatus is undesirable since 
it raises costs, delays deliveries, reduces interchange- 
ability of apparatus from point to point of a system or 
connected systems, impedes the policy of system inter- 
connection recommended by the National Electrical 
Light Association, and reduces the efficiency of renewal 
and repair part service. 

4. A new system of voltage standards is proposed 
whereby all apparatus on the system will be rated to 
conform to the following transformer ratings: Up to and 
including 69,000 volts, the primaries of transformers 
will be rated on the basis of multiples of 11 (except the 
2300-volt class), and the secondaries on the basis of 
multiples of 11.5; above that voltage the primaries will 
be rated on the basis of multiples of 10.5, and the 
secondaries on the basis of 11. This will allow for 
approximately five per cent greater voltage drop in 
lines and transformers than is now possible without 
reducing the voltage at the load. All other apparatus 
on the system will be rated in accordance with these 
voltages. : 


5. Itis expected that the adoption of these pronosed 
standards would eliminate the use of apparatus which is 
special with respect to voltage, and would therefore 
help remedy a situation which has cost the public from 
$100,000,000 to $200,000,000. 

6. It is believed that the plan set forth here will 
fulfill the five conditions set forth in earlier paragraphs 
and furnish an escape from the present embarrassing 
dilemma, and it is hoped that those interested in this 
question of a-c. voltage standards will accept and con- 
sider this proposal in the spirit in which it is offered, 
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namely, simply as a basis of discussion, as a seriously 
and comprehensively thought out plan of voltage 
standards for all apparatus employed in transmission 
systems. It will fully serve its purpose should it lead 
ultimately to a rational set of standards which can be 
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employed with a reasonable degree of success in new 
systems and throughout an appreciable part of existing 
ones. 
Discussion 
For discussion of this paper see page 205. 


From a Consulting Engineer’s Point of View 
BY R. E. ARGERSINGER: 


Member, A. I. E. E. 


Synopsis.—The author points out certain reasons why speci- 
fications for purchased equipment have not followed the manufac- 
turers’ existing standards and recommends certain changes in 
standards for system and apparatus voltages. The importance 
of having transformers interchangeable as step-up and step-down 
units is pointed out and, by means of five per cent taps above and 
below rated voltages in both windings, it is proposed to obtain 


OLTAGE standardization is of value to the 

consumer principally in two ways; first, that 

equipment may be used under a variety of operat- 
ing conditions, and second, that it may be obtained 
more quickly and at less cost. 


If the first result can be secured, the electrical manu- 
facturer’s production problems should be so simplified 
that the second would follow readily. It should be 
remembered that in discussing the possibility of securing 
apparatus, such as transformers, at lower prices by 
standardization, comparisons should be based on the 
cost of equipment actually purchased at present rather 
than on the cost of the present standard transformers 
since it appears that less than half the transformers 
purchased are standard. 


The present standards have not been closely followed 
because, first, the operating companies in general 
have given too little consideration to simplifying 
their requirements, and second, in designing for stand- 
ardization the manufacturers have placed too much 
emphasis on cost reduction and have paid too little 
attention to flexibility of use. 


The transmission line data published in the Elec- 
trical World for January 3, 1925, list eighteen different 
circuit voltages between 44,000 and 220,000 kv. Other 
variables have been brought into the situation until 
one manufacturer now lists 63 different oil circuit 
breaker ratings between 15,000 and 220,000 volts. 
Some of these are subject to two and some to three 
modifications for altitude so that something like one 


1. Chief Electrical Engineer, Stone & Webster, Inc. 


Presented at the Winter Convention of the A. I. E. E., 
New York, N. Y., Feb. 7-11, 1927. 


sufficient flexibility for such interchangeable use. The paper 
gives a comparison between transformers designed as suggested 
above and transformers designed according to the manufacturers’ 
recommendations, and the suitability of the suggested tap range is 
pointed out. 


A recommendation is also made that the number of ratings of oil 
circuil breakers should be reduced. 


hundred fifty presumably standard breaker ratings 
are listed for the voltage range indicated, and these do 
not include the H breaker or other low-voltage 
indoor switches. On the other hand, in their laudable 
effort to reduce costs, the manufacturers have stand- 
ardized a range of transformer taps that is not suffi- 
ciently flexible for general purposes and have limited too 
closely the allowable range of terminal voltages. 

In the N. E. L. A. Bulletin for September. 1926, 
a proposed plan is offered as a remedy for existing 
conditions, but it appears to be open to several objec- 
tions?. First, it is not simple; here areat least two, 
and in most cases three, standard equipment voltages 
for each system voltage. Second, it is not flexible. 
Standard transformers and breakers should be inter- 
changeable through the greatest possible number of 
applications. Transformers should be rated in terms 
of standard system voltages and should be capable of 
use between any two systems whose voltages are in- 
cluded in the nameplate rating of the transformer, 
from which it follows that they should be interchange- 
able as step-up or step-down units. Third, it does 
not appear to offer sufficient simplification in manu- 
facturing processes to yield enough benefit to the pur- 
chaser to cause him to specify standard equipment. 

In an endeavor to meet these objections and at the 
same time to adhere as closely as possible to present 
practises, the following scheme is suggested: 

First. Standard voltages should be as given 
Table I. 


il 


2. See also Voltage Standardization of A-C. Systems from th ` 


Viewpoint of the Electrical Manufacturer, by C. F. Hanker an 
H. R. Summerhayes, A. J. E. E. Winter Convention, Februar 
1927. 
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Second. All apparatus except motors should be 
rated at a standard system voltage. 

All motors for use on systems of 600 volts and less 
should be rated at approximately 8% per cent less 
than system voltage. All motors for use on systems 


TABLE I 


VOLTAGE 


APPARATUS MOTORS SYSTFM 
GENERATOR 


AND 
TRANSFORMER 


220900 


TABLE II 


SELLING 
-a- IS TAP ABOVE E BELO 
EXISTING SCHEME 4-25% HT TADS PROPOSED SCHEME SCHEME A EACH PRI E SEC VOLTAGE 
RATED | ACTUAL | WINDING | RATED | ACTUAL | WINDING | RATED | ACTUAL WINDING 
INDINGVOLTS VOLTAGE [VOLT ERROR WINDING VOLTA VOLTAGE VOLT ERROR ÎWINDINGvOATÍ VOLTS VOLT ER00R 


13800 13809 13809 13800 


3800 
138 700 


13100 
138600 


13800 
131200 


13200 
132000 


126700 
66500 


125400 
69300 


119200 
68800 


113400 
69000 


62000 
13600 


62700 
144980 


64300 
13800 


61000 
13800 


13000 
2275 
2390 


13200 13100 
2400 


2520 


12600 
2400 


13800 8450 


iw 13200; 10900 13200 8450 | 76° 
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‘se Drop in each power transformer -2% Drop in distribution transformer, 
Line drops as indicated. 


above 600 and not exceeding 13,800 volts should be 
rated at approximately 414 per cent less than system 


voltage. 
Third. Each winding of all large power transformers 


should have one full capacity 5 per cent voltage 


tap above and one full capacity 5 per cent voltage 
tap below rated voltage. Small power and distribution 
transformers should be rated in accordance with existing 
standards. 


TABLE III 
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Fourth. All generators, synchronous condensers, 
synchronous converters, arc rectifiers, small power and 
distribution transformers should operate at rated 
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load without exceeding rated temperature rise through 
a range of from 95 to 105 per cent rated voltage. 

All large power transformers should operate at rated 
load without exceeding rated temperature rise when 
excited at 714 per cent above the rated voltage for the 
winding terminal to which the circuit is connected. 

All motors should operate at rated load without 
exceeding rated temperature rise through a range of 
from 90 to 110 per cent rated voltage. All circuit 
breakers, disconnecting switches, fuses and instrument 
transformers should operate at rated current without 
exceeding rated temperature rise when used at 714 
per cent above rated voltage. 

Fifth. Proposed definition of rated circuit voltage. 
Rated voltage of a circuit or system is the highest 
rated voltage of the apparatus supplying it and should 
be stated in terms of line-to-line voltage. In order to 
conform to A. I. E. E. Standards, the dielectric tests 
of àll apparatus connected to a system should be based 
on rated circuit voltage. | 

Sixth. The A. I. E. E. standard dielectric tests 
for oil circuit breakers, disconnecting and horn gap 
_ switches and current transformers, should be modified 
so that all such equipment for use on all system voltages 
of more than 600 and less than 110,000 will be tested 
at two and one-half times rated voltage plus 2000 
volts, tests for similar equipment built for 110,000 
volts and above to remain as at present. 

Following the general method outlined in the N. E. 
L. A. Bulletin, a comparison has been made of system 
transformer arrangements based on the use of (a) 
existing standards, (b) those proposed in the Bulletin 
and (c) those proposed herewith and designated 
“Scheme A.” Conditions which will obtain when 
buying, as well as when selling, power, have been 
analyzed. Results are shown in Table II. 

Considerable stress has been laid on the matter of 
buying power because with the rapid increase in system 
interconnections, it is almost essential to have trans- 
formers wound so that they may transfer energy in 
either direction. It is also desirable, in order to keep 
pace with the demands of a growing system, to have 
transformers suitable for transferring from one part 
of the system to another. All large power transformers 
should be designed, therefore, for use either as step-up 
or step-down units. 

Curves have been plotted as shown in Figs. 1, 2, and 3 
to indicate approximately in per cent the variation 
of the actual circuit voltage from the winding voltage at 
various points in the system designated as generator 
(GEN.) first step-up transformer (Ist S. U. T.), first 
step-down transformer (Ist S. D. T.), distribution 
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transformer (DIST. TRANS.), device (DEV.), etc. Fig. 
1 gives the variations in per cent between actual 
voltage and winding voltage when using transformers 
built to existing standards; Fig. 2, similar data, using 
transformers as proposed in the Bulletin; and Fig. 3, 
using transformers according to Scheme A. 

Table III shows the maximum variation ın per cent 
between actual circuit voltage and rated circuit voltage 
measured at the transformers but omitting distribution 
transformers. 

It is possible with transformers designed according to 
Scheme A that voltages approximately 13 per cent 
above rating (714 per cent over-excitation) may be 
impressed on the winding. It appears that there 
are many transformers built to existing standards now 
in operation at equal over-voltages and the record of 
trouble does not seem to indicate the necessity of 
increasing the transformer dielectric test. In rating 
oil circuit breakers at a standard system voltage in- 
stead of at a considerable over-voltage, as is the 
present custom with breakers below 110,000 volts, 
encroachment should not be made on the existing 
insulation factor of safety and the proposed change in 
the circuit breaker dielectric test therefore has been 
offered. 

While not strictly a matter of voltage standardization, 
there is an opportunity for a very considerable reduction 


in the number of standard circuit breaker ratings if. 


careful standardization is undertaken. By following 
the proposed system voltages and by elimination of 
many current, as well as rupturing capacity ratings, 
the number of standard ratings and list of standard 
breakers could be so shortened that the increase in 
production of breakers having duplicate ratings should 
produce a considerablereduction in manufacturing costs. 


CONCLUSIONS 


The data seem to indicate that the so-called Scheme 
A is preferable for the following reasons: 

First. The number of standard voltage ratings is 
reduced. 

Second. The flexibility of apparatus is increased. 
The transformers are practically interchangeable as 
step-up or step-down units and should be suitable for 
use on any well-designed system of the same rated 
voltage. 

Third. The rated voltages of the transformers are 
close to the corresponding rated system voltages. 

Fourth. The actual operating voltages are close to 
the winding voltage. 


Discussion 
For discussion of this paper see page 205. 
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Synopsis.—This paper undertakes to analyze the voltage 
practises and requirements of alternating current power systems with 
the aim of arriving at voltage standards that adequately correct and 
extend present standards. 

Utilization, or receiving terminals, is taken as the point of reference 


FUNDAMENTAL CONSIDERATIONS 


N the preparation of this paper the authors 
endeavor to express the results of their experience 
in dealing with the voltage problems of a number of 

alternating current power systems well distributed 
throughout the United States. These systems, while not 
serving the largest metropolitan areas, do include a wide 
diversity in size and kind which makes them perhaps 
representative of usual requirements. 

It is not the purpose of this paper to demonstrate the 
inadequacy of existing standards of equipment voltage 
ratings, a condition already recognized by manu- 
facturers and operators. Nor is it the purpose to 
elaborate on the benefits of standardization of equip- 
ment voltages. The resultant economy through reduc- 
tion in a multiplicity of types, through efficiency and 
convenience in manufacture, in the handling of spare 
parts, and in flexibility in use, is self-evident. 

The purpose of this paper is to develop and propose 
a schedule of standard voltages believed to meet actual 
operating requirements and practises in alternating- 
current power systems. The authors endeavor to deal 
with the problem without undue adherence to A. I. E. E. 


or other existing standards wherever experience places — 


the adequacy of any such standards in question. It is 
believed desirable that in any such standardization, the 
opportunity be taken to correct inadequacies of this 
kind. | 

It must be recognized that many systems, particu- 
larly among those that are larger and of pioneer origin, 
are non-standard, and probably for a long time will 
continue non-standard, as regards any revised general 
voltage standards that may be worked out. It seems 
impracticable to develop voltage standards with suf- 
ficient steps to include all of these systems. Some of 
these will doubtless continue with their individual 
standards, and move toward general standards only 
as the opportunity to benefit arises from time to time in 
the natural course of replacements or reconstruction. 
Voltage standards, when determined, will in practise, 
fall short of universal application. They will in 
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and for designation of system, circuit, and equipment voltages. 

For this analysis and development of voltage standards a compre- 
hensive chart, showing operating voltage limits of representative 
systems, is given in Plate 1. A tabulation summarizing the 
proposed standard voltage ratings is given in Table XI. 


effect be schedules of preferred voltages serving as a 
guide to the maximum practicable uniformity of 
practise. 

The system or class voltages now recognized and 
established by usage in the United States are as given 
in Table I. 

The inadequacies of present standards of equipment 
voltages seem to have come about from lack of sufficient 
appreciation of the relation between voltage levels and 
functions of a modern power system. For example, 
take the case of present standard transformers which 
were developed for distribution service purposes. 
Many users have purchased these distribution ratio 
transformers and applied them at supply substations 


TABLE I 
SYSTEM OR CLASS VOLTAGES 


13,200 


and even for step-up purposes. Experience shows that 
they cannot be used successfully for all three of these 
functions. Many of the conditions obtaining on 
present systems, of equipment operating at voltages 
seriously in excess of rating, have doubtless come 
about in this way. 

It is reasonable and in accord with operating conditions 
to define the fundamental reference plane for all voltage 
standardization of a given class, or the ‘nominal 
system voltage,” as the mean voltage at utilization 
terminals. that is, at receiving terminals. This is the 
plane where the central station company meets the 
consumer, the “counter” where the product of the 
industry is delivered. The consumer is interested only 
in the voltage at his utilization terminals, not at some 
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point in the complex supply system which he does not 
understand. A power company which purchases its 
energy is interested in the voltage maintained at the 
point where it is received, not at some remote point in 
the system of the transmission company. The present 
habit of designating system voltage in terms of genera- 
tion or supply voltage gives an undue appearance of 
non-uniformity of voltages among systems. This is 
because generation voltage is used extensively as a 
means of taking up the voltage “‘slack” of the system, 
so that efforts to maintain uniform utilization voltage 
may bring substantial differences between voltage 
values at the respective points of generation. The 
point of utilization is thus the point of practical voltage 
reference. It is the logical point to establish as nominal 
or designation voltage. 

In the usual power channel between the point of 
utilization and the source, there are essentially three 
voltage steps or levels, that of the utilization and dis- 
tribution zone, that of the high voltage distribution 
zone, and that of the remote source or transmission 
zone. In building up a practical schedule of standard 
voltage ratings for equipment to fit these three zones 
and to give essentially nominal voltage at receiving 
terminals, first consideration should be given to actual 
operating requirements and practises. However, 
standard equipment ratings now in use should be re- 
tained as far as may be reasonably practicable; although 
this will require that suitable correction be made in 
some of these standards which now limit effective and 
efficient power supply under existing and modern 
methods. | | | 


Obviously, standardization in voltages of utilization 
equipment such as lamps, appliances and motors, where 
the great bulk of equipment is used, is basic. Voltage 
standardization for distribution equipment is of next 
importance, voltage standardization for transmission 
and high voltage equipment is of least importance. 
The latter applies in that portion of the system where 
inequalities can best and. most economically be adjusted 
because units affected are relatively few in number and 
of large size. It is logical then that a study intended to 
review, to revise, and to better coordinate existing 
voltage standards should progress from the utilization 
end of the system. 


UTILIZATION REQUIREMENTS 


The basic assumption in this paper is a standard 
lamp and appliance rating of 115 volts and a standard 
motor rating of 220 volts. No conclusions are drawn 
as to the suitability of 115 volts as a lamp standard, as 
compared with 110, 120 or any other voltage, but rather 
the 115-volt rating is taken as essentially averaging 
present usage and recommendations of the National 
Electric Light Association Lamp Committee. Being 
a fundamental of voltage standardization, this 115- 
volt rating should be confirmed or some other 
thoroughly considered value definitely decided upon. 
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If by reason of further study the 115 volt lamp standard 
should be changed, corresponding adjustments must be 
made in those values here given which are built upon 
this basic value. 

In practise small utilization demands are served ex- 
tensively from combined three-phase motor and lighting 
secondaries arranged in the 3 wire delta or 4 wire star 
system. The delta circuits probably constitute the 
usual distribution arrangement; however, the more 
recent rapidly extending and advantageous use of 4 
wire secondary networks establishes the star system 
as an important distribution circuit arrangement, 
particularly in areas of heavy load density. Lamps and 
appliances of 115 volts, 220-volt motors and distribution 
step-down service transformers, particularly of the 2300- 
volt class, are in extensive use on both of these systems. 
It is essential that standardization be such that lamps, 
appliances, moto:s, and service transformers can be used 
interchangeably on both delta and star systems. 

Table II indicates voltage conditions obtaining when 
present utilization equipment designed for and rated at 


TABLE II 


OPERATING VOLTAGES OF UTILIZATION EQUIPMENT 
Average approximate per cent departures from present nameplate rated 


voltages 
Service 

Lamp socket Lamps Motors transformers 

or rated rated rated 

termina] voltage 115 v 110/220 v 115/230 v 

110-220 delta — 5 0 -3 
110—190 star -5 — 15 -3 
115-230 delta 0 + 5 +2 
115-199 star ‘ — 10 +2 
120-240 delta + 5 + 10 +7 
120-208 star + 5 —- 5 +7 


115 volts (or 110/220 volts for motors) is used at each 
of the three voltages, 110,115, and 120. The values in 
the table give an approximate picture of the necessary 
excitation range of equipment, without intending any 
expression as to the correctness of present nameplate 
ratings in respect to service results. The minimum 
departures from rated voltage obtain with the 115-230 
volt delta and 115-199-volt star terminal voltages con- 
sidered jointly. 
THE DISTRIBUTION SYSTEM 

By definition, as previously noted, nominal system 
voltage is the mean voltage of equipment at utilization 
terminals or receiving terminals. It follows that in the 
ideally designed and operated distribution system 
nominal voltage of 115 will always obtain at that lamp 
or appliance so located in the distribution system as to 
receive the mean voltage of all lamps and appliances, 
that is to say, the divergence from the standard of 115 
volts at the lamp terminals will be the same percentage 
for that lamp in the distribution system nearest the 
supply source, as it is for that lamp in the distribution 
system most remote from the supply source. 

A typical distribution, circuit comprises house wiring, 


Feb. 1927 


service taps, secondary mains, service transformers, 
primary mains, primary feeders, and feeder regulators. 
To these various parts of the circuit are assigned as- 
sumed percentage limits of -voltage drop, which are 
believed to conform reasonably to good practise. 

These assigned values of voltage drop for a distribu- 
tion system are given in Table ITT. 

In developing voltage standard ached; it is 
necessary to lay down a background comprising the 
limits of the various factors that must be covered and 
coordinated in the spread of such standards. To be 
worth while, these standards must anticipate future 
development and growth so far as practicable; that is, 
standards established now must not only be adapted to 
present needs but also must be developed with thorough 
consideration of future needs. Plate 1 is a chart 
indicating these limits sufficiently, it is believed, to serve 
as a guide in building voltage standards, at least 
tentatively, although further survey and analysis of 
actual conditions is desirable if not essential to final 
standardization. 

Plate 1 includes typical 2300 and 13,200 nominal 
voltage distribution with primary feeders serving 
primary load centers, remote from the supply source. 


TABLE III 
LIMITS FOR DISTRIBUTION SYSTEM VOLTAGE DROPS IN 

PER CENT 

Heavy load Light load 

House WIPO ood ooh ERROR GS ws 2.0 0.5 
SOPVICO tap: scanate n er en eee bi aes 1.0 0.25 
Secondary Main... ... ccc cccc sc ccseccsccecs 2.0 0.5 
Service transformer..........ccsccsccsscsee 2.5 1.0 
Primary main.........sccsesseccsessosoeso 2.0. 0.8 
Primary: 160068 osic64. 666646 AGA AREAS 8.0 2.5 


Note: Heavy load is taken at 0.9 power factor. Light load is taken at 


25 per cent of heavy load and at 0.75 power factor. 


In the 2300-volt portion of the chart, there are assumed 
distribution or service transformers of the present 20:1 
ratio and 115 volts delivered under all loads at the lamp 
receiving mean voltage. It will be noted that this 
system requires a variation in voltage at the supply 
station bus of from 2398 volts at light load to 2674 
volts at heavy load, or a mean voltage of 2536. 

In the 13,200-volt nominal system shown on the 
chart, if there are assumed service transformers of the 
present ratio, 120:1, and 115 volts delivered at the 
lamp receiving mean voltage as before, there will be 
required a variation in voltage at the supply station 
from 14,400 volts at light load to 16,010 volts at heavy 
load or a mean voltage of 15,200 volts. Obviously, 
these values are excessive and untenable. For reasons 
that will be explained more fully later, a voltage of 
18,900, that is, approximately 5 per cent above nominal, 
is considered the upper limit of permissible mean 
voltage for a distribution system of this voltage class. 
It follows that a change from the present standard 
transformer ratio for this class is essential. Assuming 
a ratio of 110:1, that is, 18,200:120-volt distribution 
transformers, it will be noted that the system requires 
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a variation in voltage at the supply substation bus of 


from 13,190 volts at light load to 14,705 volts at heavy 


load or a mean voltage of approximately 13,900 volts. 
Nore A: As regards voltage regulation calculations by refer- 
ring to Plate 1 and Table III, if we call X the per cent voltage 
drop from the secondary of the step-down service transformer to 
the mean voltage lamp, then from this lamp the voltage will rise 
X per cent to the secondary of the service transformer, 2.5 per 
cent through the transformer and 1.2 per cent back to the 
primary feeder load center. The lamp having the highest 
voltage will have the voltage of this load center reduced by 2:5 
per cent through the transformer and 1 per cent through the 
service tap. Similarly the lamp having the lowest voltage will 
have this load center voltage reduced by 2 + 2.5 +2 +1+2or 


' 9.5 per cent. 


Now calling C the percentage departure from normal voltage, 
for the lamps, we have: 
+ C (highest voltage lamp) 
— C (lowest voltage lamp) 


(X +2.5 + 1.2 — 2.5 — 1) 
(X +2.5+1.2 —2 —2.5 —2 —1 —2) 


+C =X +0.2 
—-C=X —-58 
Xx =58 -C 
C = 5.8 -C+0.2 
C = 3.0 
X = 2.8 


That is, the lamp having mean voltage will be so located that 
the voltage drop from the secondary of the service transformer 
to the lamp will be 2.8 per cent. 

It is an important consideration that, next to utiliza- 
tion equipment, step-down service transformers repre- 
sent the largest single class of standardized equipment 
in use today on alternating current power systems. 
It is accordingly essential to practical standardization to 
utilize these present ratio step-down service trans- 
formers, so far as practicable. 

As has been shown it is practicable to utilize present 
ratios in the 2300 volt class. These transformers, now 
so extensively in use on nominal 2300 volt distribution 
systems, can be used for delivering rated voltage to 
standard 115-volt lamps. While this requires increas- 
ing the excitation of the transformers above nameplate 
rated value, it does keep within limits which experience 
has shown permissible. Reference to Plate 1 will 
indicate the voltage limits encountered in practise. 
Adoption of a 120-volt lamp standard would necessitate 
carrying the excitation of these transformers still higher 
and probably excessively above the voltage limits for 
which they are suited. While no modification in 
present 2300-volt service transformer ratios is necessary 
and full benefit of interchangeability with existing 
equipment of this class can be retained, the nameplate 
rating should be revised to 120-volt secondary, t. e., 
2400:120 volts. 

For service transformers in the 18,200-volt class, and 
in fact all distribution classes except the 2300- and 
4600-volt classes, new ratios and ratings must be 
assigned if excessive bus voltages and excessive feeder 
regulator ranges are to be avoided. As has been shown 
the proper ratio in the 13,200-volt class is 110:1, 
13,200:120, and similarly for other classes. 

On the foregoing basis, step-down service trans- 
former ratings as in Table IV are proposed. 
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From Plate 1 it also becomes evident that feeder 
regulators, oil circuit breakers, disconnecting switches, 
lightning arresters, and other miscellaneous equipment 
used on distribution systems, under limiting load con- 
ditions may be subjected to operating voltages approxi- 
mately 10 per cent, and in some cases 15 per cent, in 
excess of nominal system voltage. The proposed 


TABLE IV 
PROPOSED STEP-DOWN SERVICE TRANSFORMER 
VOLTAGE RATINGS 


Nominal system or 
class voltage High voltage* Low voltage* 
115 í 120 
230 sa 240 
460 480 480 
575 600 600 
2300/4000 Y 2400/4150 Y 2300 /4000 Y 
4,600 4,800 4,600 
6600 /11,430 Y 6600 /11,430 Y 6600 /11,430 Y 
11,000 11,000 11,000 
7620/13,200 Y 7620/13,200 Y 7620/13,200 Y 
13,200 13,200 13,200 
22,000 22,000 a 
33,000 33,000 
44,000 44,000 
66.000 66,000 
88,000 88,000 
110,000 110,000 
132,000 132.000 


The high voltage winding has two 5 per cent full-capacity taps except 
that all taps are omitted in the classes 2300-volt and below. 

+All values are at nominal except 4600 volt and below in the high 
side and 575 volt and below in the low side. These values are raised 
approximately 5 per cent to more nearly conform to voltages actually 
encountered in practise. 


ratings for general apparatus are somewhat adjusted 
where practicable, in order to retain some existing 
voltage ratings of this apparatus. It is understood 
that all equipment, transformers and generators in- 
cluded, is designed for successful operation, with an 
emergency tolerance of 5 per cent above voltage rating. 
The proposed ratings closely approximate and in most 
cases coincide with existing ratings for general ap- 
paratus. In practical application some elimination 
and consolidation to reduce the number of classes may 
be found feasible. It will be noted also that the pro- 
posed ratings extend so as to overlap and include, 
on the same basis, equipment used in the transmission 
zone of voltages. As will be shown later, these ratings 
are suitable for use in the transmission zone. 

The proposed voltage ratings for general apparatus 
are given in Table V. 

The receiving voltage at a centrally located supply 
substation should be logically nominal system voltage 
as by definition this receiving point becomes essentially 
a major utilization terminal. 

A power company may supply several distribution 
substations and customer service substations from the 
same feeder. It is of course not feasible to deliver 
nominal system voltage to all simultaneously. As- 
suming a maximum limit of 10 per cent total voltage 
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drop of feeders extending across a major load area and 
assuming nominal system voltage at the central or mean 
point of that load area, the feeder voltage at the begin- 
ning, or leading edge, of the receiving zone will be at 
approximately 5 per cent above nominal, the far limits 
at 5 per cent below nominal. 

Under these conditions, it is obvious that step-down 
transformers at the leading edge of a major load area 
would operate on full winding, those at the load center 
would operate on a 5 per cent tap and at the far limits 
of the area on a 10 per cent tap. 

As indicated on Plate 1, in order to maintain constant 


voltage at the mean lamps, feeder regulators may be 


called upon to operate between the limits given in Table 
VI. Present standardization of 10 per cent buck and 
10 per cent boost for feeder regulators, is, therefore, 
reasonably adequate. Without the change in service 


_ transformer ratios in the 13,200-volt class, heretofore 


discussed, a feeder regulator operating range of at least 
20 per cent all on the boost side, is required. 

Table VI shows conditions imposed on feeder 
regulators. 

It is assumed as the basis of the voltage chart, 
Plate 1, that constant voltage is held at the supply 
substation bus at the beginning of the distribution zone, 
by generator voltage variation. Essentially constant 
voltage, held by synchronous condensers or otherwise, 


TABLE V 
PROPOSED VOLTAGE RATINGS FOR FEEDER REGULATORS, 
OIL CIRCUIT BREAKERS, LIGHTNING ARRESTERS AND 
OTHER MISCELLANEOUS APPARATUS 


Nominal system or 
class voltage 


Apparatus 
voltage rating*® 


115 125 
230 250 
460 500 
575 625 
2300/4000 Y 2500/4330 Y 
4,600 5,000 
6600 /11,430 Y 7500/13,000 Y 
11,000 12,000 
7620/13,200 Y 8500/15,000 Y 
13,200 15,000 
22,000 25,000 
33,000 37,000 
44,000 50,000 
66,000 73,000 
88,000 96,000 
110,000 120,000 
132,000 145,000 
154,000 170,000 
220,000 240.000 


*These apparatus voltage rating values are approximately nominal 
plus 10 per cent. l 


at some such point imtermediate between utilization 
and generation, is necessary to avoid a prohibitive 
corrective range of feeder regulators. The profile 


on Plate 1 shows the relative values and spread of volt- 


age progressively back through the system, for both 
heavy and light load conditions. 

It should be noted that these profiles are not plotted 
directly in terms of voltage drop, as customary. In- 
stead, they are plotted in per cent variation from 


- are 
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nominal voltage. The purpose is to bring out more 
clearly the improved relations maintained between 
voltage levels and nominal voltage and the corrective 
benefits throughout the system, gained by utilizing the 
transformer ratios proposed in this paper. If these 
voltage profiles were carried back from utilization 
terminals to generator terminals, using the present 
standard single ratio transformer throughout, the volt- 
age departure from nominal would be much greater 


TABLE VI 


OPERATING VOLTAGE RANGE FOR FEEDER REGULATORS 
Approximate per cent buck and boost 


2300-volt 
circuits 13,200 volt circuits 
Proposed 
Present ratio | Present ratio ratio 
distribution | distribution | distribution 


Location of regulator transformers | transformers | transformers 
(Refer to Plate I) 20:1 120:1 110:1 
Distribution at end of load area +6.5 + 21.5 +14.5 
(— 12.5) (+ 7.5) (— 1.5) 
Distribution at center of load + 6.5 + 17.5 +10.0 
OCR 5 eee saree ee baw (— 10.0) (+ 5.5) (— 3.0) 
Distribution at beginning of +6.5 + 13.5 + 5.5 
load area..........sosssses. (— 7.5) (+ 3.5) (— 5.0) 
High voltage distribution at + 6.5 + 14.0 + 6.0 
end of load area............ ( — 6.0) (+ 0.0) (— 6.0) 
High voltage distribution at + 6.5 + 14.0 + 6.0 
center of load area.......... (— 4.5) (+ 4.0) (— 4.5) 
High voltage distribution at + 5.5 + 13.5 + 5.5 
beginning of load area....... (— 2.0) (+ 6.5) (— 2.0) 


than shown. In fact, the departure from nominal 
would be increasingly upon the excess voltage side and 
at the generator terminals would reach 18 per cent 
above nominal at heavy load and 4.5 per cent above 
at light load. 


THE HIGH-VOLTAGE SYSTEM 

The preceding discussion, starting from utilization 
requirements and working back through the distribution 
system, determines the necessary bus voltages at the 
supply substation. If this supply is derived from 
transmission or high voltage distribution circuits, then 
the low voltage windings of supply substation step- 
down transformers must deliver this required voltage. 

Plate 1 includes a representative high voltage dis- 
tribution system (66,000 volts nominal), comprising 
high voltage service transformers, supply substation 
transformers, transmission circuits and step-up trans- 
formers. Plate 1 also extends further to include a 
representative transmission system, (132,000 volts 
nominal), serving this high voltage distribution system 
from a remote generating source. Generating equip- 
ment may be used on any or all of the several supply 
buses in the composite picture. Many combinations 
other than those shown on Plate 1 are possible. This 
chart is intended only to set forth representative 
limits adequate for voltage standardization purposes. 
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To the respective parts of representative transmission 
and high voltage distribution systems are assigned as- 
sumed limits of voltage drop as given in Table VII. 

These values of Table VII determine the necessary 


TABLE VII 


LIMITS FOR HIGH VOLTAGE SYSTEM VOLTAGE DROPS IN 
PER CENT 


Heavy load ~ Light load 


Step-down supply substation transformer..... 5.0 2.0 
High-voltage step-down service transformer... 5.0 2.0 
High-voltage distribution feeder (to center of 

high-voltage distribution zone)............. 5.0 2.0 
Transmission line (to beginning of high-voltage 

distribution Zone).........ssesssesesesssso 5.0 2.0 
Step-up transformer..........ssssssscscess.o 5.0 2.0 


Note: Heavy load taken at 0.9 power factor average, light load taken 
at 35 per cent of heavy load and at 0.85 power factor average. The 
values of per cent drop given above also take to account load diversities, 
power factors, load factors, and line charging characteristics 


voltage ratings of supply substation step-down trans- 
formers at ratios as given in Table VIII. 

Plate 1 indicates the necessary voltages on the gen- 
erating station high-voltage buses which thus deter- 
mines the high-voltage rating of step-up transformers. 
The low-voltage rating of these transformers must for 
standardization purposes be consistent with the voltage 


TABLE VIII 


PROPOSED STEP-DOWN SUPPLY SUBSTATION TRANSFORMER 
VOLTAGE RATINGS 


Nominal system or 


class voltage High voltage* Low voltaget 
2300 /4,000 Y sn 2500/4330 Y 
4,600 4,600 5,000 
6600/11,430 Y 6600/11,430 Y 6900/11,950 Y 
11,000 11,000 11,500 f 
7620/13,200 Y 7620/13,200 Y 8000/13,860 Y 
13,200 - 13,200 13,800 
22,000 22,000 23,000 
33,000 33,000 34,500 
44,000 44,000 46,000 
66,000 66,000 69,000 
88,000 88,000 92,000 
110,000 110,000 115,000 
132,000 132,000 138,000 
154,000 154,000 162,000 
220,000 220,000 su 


All high voltage windings have two 5 per cent full-capacity and one 
5 per cent reduced-capacity taps. 
*Rated at nominal. 
+4600 volts and below rated at nominal + 10 per cent. 
6600 volts and above rated at nominal + 5 per cent. 


rating for generators as described in later paragraphs. 
The voltage ratings for step-up transformers given in 
Table IX will satisfy these conditions assuming excita- 
tion of the low-voltage winding to be normal when 
overcoming transformer regulation. 


At a generating station bus a step-up transformer is 
often used to serve a long high-voltage transmission to a 
remote load area. A high-voltage rating to provide for 
10 per cent voltage drop in transmission seems a reason- 
able upper limit for standardization purposes. 

Step-up transformers will operate normally on, taps 
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when located at the edge of the receiving or load area 
so that the transmission zone in effect is eliminated. 
Table IX provides for the foregoing conditions. 
While separate types are proposed to meet the fore- 
going three functional duties of transformers, it is 
recognized that by providing a broader tap range with 
increased iron to enable full voltage excitation on under- 


TABLE IX 
PROPOSED STEP-UP TRANSFORMER VOLTAGE RATINGS 


Nominal system or 


class voltage Low voltage* High voltaget 
115 115 Se 
230 230 250 
460 460 500 
575 575 625 
2300/4000 Y 2300 /4000 Y 2500 /4330 Y 
4,600 4,600 ' 5,000 
6600/11,430 Y 6600/11,430 Y 7200/12,500 Y 
11,000 11,000 12,000 
7620/13.200 Y 7620/13,200 Y 8400/14.500 Y 
13,200 13,200 14.500 
22,000 22,000 24,000 
33,000 33,000 36,000 
44,000 44,000 48,000 
66,000 66,000 72,000 
88,000 88,000 96,000 
110,000 110,000 120,000 
132,000 132,000 145,000 
154,000 154,000 170,000 
220,000 240,000 


All high-voltage windings have two 5 per cent full-capacity taps. 
*Rated at nominal. 
tRated at nominal! + 10 per cent. 


voltage taps, any two or all three of these types can be 
consolidated into a single standard. For example, to 
consolidate the service type and the supply substation 
type requires a high-voltage winding rated at nominal 
voltage with a 15 per cent full capacity tap range and 
20 per cent total tap range and capable of normal excita- 
tion with full normal voltage impressed on the 95 per 
cent tap. Similarly, to consolidate all three types 
requires a high-voltage winding rated at 10 per cent 
above nominal voltage with a 25 per cent full capacity 
tap range and 30 per cent total tap range, and capable 
of step-down duty at normal excitation with full normal 
voltage impressed on the 85 per cent tap. The extent 
to which these three types should be consolidated, if at 
all, in final standards, is essentially an economic 
problem that must be decided by thoroughly weighing 
the benefits of interchangeability against the increased 
cost and other factors concerned. 

A study of the limits shown on Plate 1 indicates that 
voltage ratings of oil circuit breakers, disconnecting 
switches, lightning arresters, and other miscellaneous 
apparatus as previously shown in Table V meet the 
requirements and operating practises of the high voltage 
system. 

While the proposed ratings raise the present test 
voltages for general apparatus in the higher voltage 
classes, redesign of this apparatus is not necessarily 
required. Much of this apparatus is now operating 
successfully at voltages in excess of nameplate rating. 
In determining test voltages for these various types of 


equipment, it is assumed of course that designers 
will make allowance for differences in fundamental 
characteristics. Furthermore, as rapidly as advance 
of knowledge will permit, it is essential that the effects 
of impulse and other transient voltage phenomena 
be taken to account. 


GENERATION REQUIREMENTS 


Generators, in many and perhaps the usual cases, 
deliver directly into supply buses and may operate at 
fixed voltage with feeder regulators or at variable 
voltage without regulators, within the limits shown on 
Plate 1. They must also coordinate with the low- 
voltage ratings of supply substation step-down trans- 
formers and step-up transformers, as previously pro- 
posed in Tables VIII and. IX respectively. Further- 
more, they must be suitable for use in industrial or 
isolated plant application. l 

Table X gives proposed generator voltage ratings to 
cover these requirements. 

While synchronous condensers closely resemble genera- 
tors in form, they are different in operating characteris- 
tics. They require special consideration in the matter 
of voltage rating and their comparatively limited use 
makes standardization at the present time probably 
premature. 


SUMMARY TABULATIONS OF PROPOSED VOLTAGE 
RATINGS 


The foregoing analyses are tabulated, for convenient 
reference, in Table XI, which assembles the proposed 
voltage ratings for equipment for alternating current 
power systems. In this tabulation are shown voltage 


TABLE X 
PROPOSED GENERATOR VOLTAGE RATINGS 
Rated operating voltage range 


Nominal system or Normal voltage 


class voltage rating* mm 10% 
115 120 110—130 
230 240 220—260 
460 480 440—520 
575 600 550—650 
2300 /4000 Y 2400/4150 Y 200/3800 Y — 2600/4500 Y 
4,600 4,800 4,400-5,200 
6600/11,430 Y 6900/11,950 Y 6300/11,000 Y-7620/13,200 Y 
11,000 11,500 10,500-12,500 
7620/13,200 Y 8000 /13,860 Y 7200/12,500 Y-8800/15,200 Y 
13,200 13,800 12,500-—15,200 


*Rated at nominal + 5 per cent. 


steps and values considered sufficient to cover 
the range of system conditions reasonably subject t9 
standardization. 

In reading the values in these tabulations, it should 
be borne in mind that ideal precision has been avoided 
as impracticable. It is believed that the frequent 
approximations employed are within reasonble limits of 
precision considering the many variables and in- 
consistencies being dealt with. © 


Feb. 1927 


CONCLUSIONS 

1. Present voltage standards for alternating current 
power systems and equipment are inadequate as they 
do not fit the needs and practises of representative 
power systems. This condition is generally recognized. 

2. In developing general voltage standards, it must 
be recognized that there are some systems, particularly 
those of pioneer origin, which, because of large size and 
individual characteristics of voltage, will doubtless 
continue their individual standards and move toward 
general standards only as the opportunity to benefit 
arises from time to time in the natural course of replace- 
ments and reconstruction. General voltage standards 
will, in effect, be schedules of preferred voltages, serving 
as a guide to the maximum practicable uniformity of 
practise. 

3. In developing voltage standards, a fundamental 
is to establish a suitable reference level or plane for 
voltage designation. The present practise of a 
reference level established at the point of generation is 
not suitable. As voltage ‘“‘slack”’ of the system is most 
frequently taken up at the generating stations, this 
method of designation gives an undue appearance of 
non-uniformity of voltages as between systems. At 
utilization, or receiving terminals, is the point of maxi- 
mum inherent voltage uniformity because this is the 
plane where the product is delivered and service is 
gaged. Uniformity of product at the point of delivery 
` is the goal of system design and operation. Therefore, 
the fundamental reference plane for all voltages of a 
given class, or “nominal system voltage,” is defined 
as the mean voltage at utilization terminals, that is, 
at receiving terminals. 

4. Another fundamental is to segregate the power 
system along functional lines into zones of different 
voltage levels. It is especially essential in arriving at 
standards for transformer voltages and ratios that the 
correct relation between the zones of distribution, high 
voltage distribution and transmission be clearly 
understood. : 

5. A third fundamental is to adhere to present stand- 
ards and practises in so far as reasonably adequate. 
However, where experience shows that any related 
standards including those of the A. I. E. E. are in- 
correct or insufficient, any needed corrections and ex- 
tensions should be made. 

6. A standard lamp and appliance rating of 115 volts 
and a standard motor rating of 220 volts are assumed. 
No conclusions are drawn as to the suitability of these 
voltages as compared with 110, 120 or any other lamp 
voltage. The 115 volt rating is taken as essentially 
averaging present usage and recommendations of the 
N. E. L. A. Lamp Committee. The definite establish- 
ment of a suitable value for lamp socket voltage is 
basic and should constitute an initial step in developing 
general voltage standards. 

7T. In practise, there are two outstanding systems 
of power and lighting secondaries, the three-wire delta 
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and the four-wire star. It is important that standard 
utilization equipment be fully interchangeable as be- 
tween these two systems of supply. 

8. A chart is given, Plate 1, which brings out volt- 
age relations between the essential features of power 
systems, together with operating voltage limits, as a 
means of determining the spread of operating voltages 
that must be provided for in general voltage standards. 
Basic assumptions for this chart include constant 
voltage held at the mean lamp terminal of each dis- 
tribution feeder load area, by means of feeder regulators, 
and constant voltage held at some other plane inter- 
mediate between utilization terminals and generating 
station by generator voltage variation. The chart 
shows a profile of voltages progressively through the 
systems. 

9. Tabulations in Table XI summarize the proposed 
standard voltage ratings for systems and various types 
of equipment. A foot note shows the relations, in 
percentages, between the proposed standard system and 
equipment voltages. However, in the tabulated values, 
frequent approximations are accepted in the interest of 
closer adherence to present standards. The more 
important features of the voltage standards proposed 
in Table XI include: 

a. The present 20:1 ratio for 2300-volt distribution 
transformers is retained but normal rated voltages are 
raised from 2300:115 to 2400:120. 

b. Both ratio and normal rated voltages are changed 
for the distribution transformers of the 13,200 volt 
class. 

c. Three types of transformers are established for 
each voltage class, each having a ratio specific to its 
own functional duty. Thesetypesareservicestep-down, 
supply substation step-down, and step-up. 

d. Transformer ratings are such, in relation to circuit 
voltages, that excitation on full winding is correct when 
the transformer is located at the beginning or leading 
edge of a load area. Taps in 5 per cent steps are pro- 
vided for compensating regulation across the load area. 

e. The present range of 10 per cent buck and 10 per 
cent boost for feeder regulators is retained. 

f. Normal rated voltage for generators is raised ap- 
proximately 5 per cent from present standards, and a 
normal operating range from plus 10 per cent to minus 
10 per cent is required. 

g. Present normal rated motor voltage is retained, 
and a normal operating range from plus 10 per cent to 
minus 10 per cent is required. 
=- h. General apparatus, such as feeder regulators, 
switching equipment and lightning arresters, are rated 
for normal operation at 10 per cent above nominal 
system voltage. 

i. A 5 per cent emergency tolerance above rated 
maximum operating voltage for all equipment is 
required. 

10. The proposed standard voltage ratings for all 
equipment above 66,000 volts are higher than present 
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TABLE XI 
PROPOSED SYSTEM AND EQUIPMENT VOLTAGE RATINGS FOR ALTERNATING-CURRENT POWER SYSTEMS 


Service Supply sub-station 
Nominal Lamps step-down transformers step-down transformers Step-up transformers 
system and ——— | | | | || 
or class appli- High ‘ Low High Low Low High General 
voltage* ances Motorst voltage voltage voltage voltage voltage voltage apparatus Generators 
115 115 110 120 115 125 120 
230 230 220 240 230 250 250 240 
460 440 480 480 460 500 500 480 
575 550 600 600 575 625 625 600 
2300/4000 Y 2200/3800 Y | 2400/4150 Y | 2300/4000 Y 2500/4330 Y |2300/4000 Y |2500/4330 Y |2500/4330 Y |2400/4150 Y 
4,600 4,400 4,800 4,600 4,600 5,000 4,600 5,000 5,000 4,800 
6600/11,430 Y 6300 /11,000 Y|6600 /11,430 Y|6600 /11,430 Y|6600 /11,430 Y| 6900 /11,950 Y|6600/11,430 Y|7200/12,500 Y|7500/13,000 Y|6900 /11,950Y 
11,000 10,500 11,000 11,000 11,000 11,500 11,000 12,000 12,000 11,500 
7620 /13,200 Y 7200 /12,500 Y|7620 /13,200 Y| 7620 /13,200 Y|7620 /13,200 Y| 8000 /13,860 Y!|7620/13,200 Y|8400 /14,500 Y|8500 /15,000 Y| 8000/13, 860 Y 
13,200 12,500 13,200 13,200 13,200 13,800 13,200 14,500 15,000 13,800 
22,000 22,000 22,000 23,000 22,000 24,000 25,000 
33,000 33,000 33,000 34.500 33,000 36,000 37,000 
44,000 44,000 44,000 46,000 44,000 48,000 50,000 
66,000 66,000 66,000 69.000 66,000 72,000 73,000 
88,000 88,000 88,000 92,000 88,000 96,000 96,000 
110,000 110,000 110,000 115,000 110,000 120,000 120,000 
132,000 132,000 132,000 138,000 132,000 145,000 145,000 
154,000 154,000 162,000 154,000 170,000 170,000 
220,000 2400 v class 220,000 240,000 240,000 
and below-no 
taps others 2- 2-57 full ca- 2-57 full ca- 
5% full ca- pacity taps 1- pacity taps 
pacity taps 56% reduced 
capacity tap 


Notes: Except for service transformers up to and including 4800 volts, which are deviated to adhere to ratios now in use, the voltage ratings of all 
transformer primaries coincide with the value of nominal system voltage. Except for this deviation and some other approximations, to more closely 
coincide with existing standard ratings, the values in this table bear essentially uniform relations to values of nominal system voltage as follows: 


Lamps and appliances—at nominal Service transformers Supply substation transformers Step-up transformers 

Motors —at nominal minus 5% High voltage—at nominal High voltage—at nominal Low voltage —at nominal 

General apparatus —at nominal plus 10% Low voltage—at nominal Low voltage —at nominal plus 5% High voltage—at nominal plus 10% 
Generators —at nominal plus 5% 


Generators and motors have a normal operating range of 10 per cent above and 10 per cent below rated voltage. 

Feeder regulators have a normal operating range of 10 per cent boost and 10 per cent buck. 

For transformers in general excitation is normal when the voltage impressed on the primary terminals under full rated load is sufficient to overcome 
regulation and maintain rated voltage on the secondary terminals. 

All equipment has an emergency tolerance of 5 per cent above rated maximum operating voltage. 

*As between the 6600/11,430 Y, 11,000 classes and the 7620/13,200 Y, 13,200 classes, it is recommended that so far as practicable, preference be 
given to the 7620/13,200 Y, 13,200 classes with the aim of eventual elimination of the 6600 / 11,430 Y, 11,000 classes. Possibly other eliminations may 
eventually be found advisable. 

+Present nameplate ratings. 


ratings. Because much of this equipment now in ser- 
vice is of necessity being operated at voltages above 


present ratings with reasonably satisfactory results, no 


extensive redesign of equipment should be imposed by 
these requirements. Revision of nameplate data should 
frequently be sufficient. 

11. It is not undertaken to offer test voltage re- 
quirements for the proposed voltage standards. 
Doubtless, some increases and changes from present 


standards will be required. The standardization of 
test voltage practises must be deliberate. This will 
call not only for changes in the A. I. E. E. standardiza- 
tion rules but also must take into account the effects of 
is impulse and other transient voltage phenomena, the 
present knowledge of which, though advancing, is limited. 


| Discussion 
For discussion of this paper see page 205. 
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Voltage Standards for Electrical Distribution 


H. B. GEAR: 


Fellow, A. I. E. E. 


Synopsis.—This paper discusses the necessity for standardizing 
voliages and advocates the utilization voltage as the most logical 
reference base. It suggests that the ratios adopted should be uni- 


HE necessity of standardization of utilization 
voltages has been recognized and accepted since 
the days when electric lighting systems com- 

petitive with different lamp voltages and operating 
frequencies constituted such an obstacle to progress 
that standard voltages and frequency became a com- 
mercial necessity. 

-© Systems operating at 55 volts for lighting were dis- 
carded for 110 volts, and a 220-volt rating was chosen 
for use where energy was taken chiefly for power 
purposes. 

In later years, processes of lamp manufacture were so 
improved as to permit the concentration of lamp out- 
put into three voltages—110, 115, and 120 volts. 
A steady increase in the 115-volt output, and a decrease 
in the relative outputs of 110- and 120-volt lamps has 
been in progress since that time. 

Utilization voltage standards are now so well recog- 
nized that a multitude of household and motor-driven 
appliances have been produced in quantities and at 
prices which would have been totally impossible with- 
out standardization. 

Utilities in many states are required by regulatory 
bodies to adopt a utilization voltage standard and to 
maintain regulation within prescribed limits above or 
below such standard. 


This to a considerable extent, fixes the voltages in 
other parts of the system and makes the utilization 
voltage the natural base of reference. 

The proposal to establish ratings which are integral 
multiples of 115 is a recognition of the fact that the 
utilization voltage is the most logical base of reference in 
an electricity supply system. 

The utilization voltage is one which must be kept as 
nearly constant as possible through all ranges of load, 
and this is the only part of the system of which this is 
true. 

Electricity supply systems have developed during the 
past quarter of a century from simple groups of distribu- 
tion feeders, with one voltage level above the utilization 
pressure, to extended systems serving large areas with 
two or three voltage levels above the utilization 
pressure. 

We are now in the process of constructing a super- 
power network through which these areas are being tied 


1. Commonwealth Edison Co. 


Prezented at the Winter Convention of the A. I. E. E., New 
York, N. Y., February 7-11, 1927. ` 


form at all voltages. It also proposes that there should be a recog- 
nized standard for transformers in which the direction of energy 
flow is subject to change. . 


together, and which, in some cases, adds another voltage 
level to those already in service. 

Each additional transformation, with its accompany- 
ing line, has added to the drop in voltage and necessi- 
tated provision of taps or other means of compensating 
for the added drop. 

The result has been that apparatus is being operated 
at voltages above that for which it was designed, special 
windings have been specified, generators are being over- 
excited at certain hours, and the manufacturers have 
felt it necessary to call a halt for the discussion of 
remedial measures. 

As an illustration of what is taking place in some 
systems, they present a diagram of voltage drops in the 
various parts of a system having five transformations 
between the generator and the consumer, with a total of 
about 50 per cent voltage drop between generator and 
consumer. 

The drops chosen for illustration are average values 
and do not represent cases which could be found in 
practise involving greater drops. 

It is obvious that the maintenance of voltage regula- 
tion under such conditions is a difficult problem with 
the best of equipment, and when there is imposed the 
limitation that the apparatus must not be subjected to 
over-voltage, the limitation will quite surely in many 
cases be exceeded. 


PROPOSED CHANGES IN PRACTISE 


The manufacturers have presented a scheme for 
accomplishing this by increasing secondary voltage 
ratings to multiples of 115 instead of 110, as at present 
rated.? 

This provides a no-load pressure about 5 per cent 
above that given by the present standard and a full- 
load pressure, which offsets the drop in the transformer 
and delivers at full load the same pressure which is 
derived from transformers of the present standard at 
no load. 

Taps are to be provided in the primary coils, as at 
present, to care for situations where the drop in con- 
necting lines requires more compensation. 


It is proposed that generator regulation be held 
within a range, from plus 5 to minus 5 per cent of 
standard rating. 

2. Voltage Standardization of A-C. Systems from the Viewpoint 


of the Electrical Manufacturer, by F. C. Hanker and H. R. 
Summerhayes, A. I. E. E. Winter Convention, February, 1927. 
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TABLE XI 
PROPOSED SYSTEM AND EQUIPMENT VOLTAGE RATINGS FOR ALTERNATING-CURRENT POWER SYSTEMS 


Service Supply sub-station 
Nominal Lamps step-down transformers step-down transformers Step-up transformers 
system and | | | | | 
or class appli- High ‘ Low High Low Low High General 
voltage* ances Motorst voltage voltage voltage voltage voltage voltage apparatus Generators 
115 115 110 120 115 125 120 
230 230 220 240 230 250 250 240 
460 440 480 480 460 500 500 480 
575 550 600 600 575 625 625 600 
2300/4000 Y 2200/3800 Y | 2400/4150 Y | 2300/4000 Y 2500/4330 Y |2300/4000 Y |2500/4330 Y |2500/4330 Y |2400/4150 Y 
4,600 4,400 4,800 4,600 4,600 5,000 4,600 5,000 5,000 4,800 
6600 /11,430 Y 6300 /11,000 Y|}6600 /11,430 Y| 6600 /11,430 Y|6600 /11,430 Y| 6900 /11,950 Y/6600 /11,430 Y|7200/12,500 Y|7500/13,000 Y|6900 /11,950Y 
11,000 10,500 11,000 11,000 11,000 11,500 11,000 12,000 12,000 11,500 
7620/13,200Y 7200 /12,500 Y|7620 /13,200 Y|7620 /13,200 Y| 7620 /13,200 Y| 8000 /13,860 Y|7620/13,200 Y|8400 /14,500 Y|8500/15,000 Y| 8000 /13,860 Y 
13,200 12,500 13,200 13,200 13,200 13,800 13,200 14,500 15,000 13,800 
22,000 22,000 22,000 23,000 22,000 24,000 25,000 
33,000 33,000 33,000 34,500 33,000 36,000 37,000 
44,000 44,000 44,000 46,000 44,000 48,000 50,000 
66,000 66,000 66,000 69.000 66,000 72,000 73,000 
88,000 88,000 88,000 92,000 88,000 96,000 96,000 
110,000 110,000 110,000 115,000 110,000 120,000 120,000 
132,000 132,000 132,000 138,000 132,000 145,000 145,000 
154,000 154,000 162,000 154,000 170,000 170,000 
220,000 2400 v class 220,000 240,000 240,000 
and below-no 
taps others 2- 2-5% full ca- 2-5 7, full ca- 
5% full ca- pacity taps 1- pacity taps 
pacity taps 5% reduced 
capacity tap 


Notes: Except for service transformers up to and including 4800 volts, which are deviated to adhere to ratios now in use, the voltage ratings of all 
transformer primaries coincide with the value of nominal system voltage. Except for this deviation and some other approximations, to more closely 
coincide with existing standard ratings, the values in this table bear essentially uniform relations to values of nominal system voltage as follows: 


Lamps and appliances—at nominal Service transformers Supply substation transformers Step-up transformers 

Motors —at nominal] minus 5% High voltage—at nominal High voltage—at nominal Low voltage —at nominal 

General apparatus —at nominal plus 10% Low voltage—at nominal Low voltage —at nominal plus 5% High voltage—at nominal plus 10 % 
Generators —at nominal plus 5% 


Generators and motors have a normal operating range of 10 per cent above and 10 per cent below rated voltage. 

Feeder regulators have a normal operating range of 10 per cent boost and 10 per cent buck. 

For transformers in general excitation is normal when the voltage impressed on the primary terminals under full rated load is sufficient to overcome 
regulation and maintain rated voltage on the secondary terminals. 

All equipment has an emergency tolerance of 5 per cent above rated maximum operating voltage. 

*As between the 6600/11,430 Y, 11,000 classes and the 7620/13,200 Y, 13,200 classes, it is recommended that so far as practicable, preference be 
given to the 7620/13,200 Y, 13,200 classes with the aim of eventual elimination of the 6600 /11,430 Y, 11,000 classes. Possibly other eliminations may 
eventually be found advisable. 

+Present nameplate ratings. 


ratings. Because much of this equipment now in ser- standards will be required. The standardization of 


vice is of necessity being operated at voltages above 


present ratings with reasonably satisfactory results, no 


extensive redesign of equipment should be imposed by 
these requirements. Revision of nameplate data should 
frequently be sufficient. | 

11. It is not undertaken to offer test voltage re- 
quirements for the proposed voltage standards. 
Doubtless, some increases and changes from present 


test voltage practises must be deliberate. This will 
call not only for changes in the A. I. E. E. standardiza- 
tion rules but also must take into account the effects of 
is impulse and other transient voltage phenomena, the 
present knowledge of which, though advancing, is limited. 


| Discussion 
For discussion of this paper see page 205. 
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H. B. GEAR! 


Fellow, A. I. E. E. 


Synopsis.—This paper discusses the necessity for standardizing 
collages and advocates the utilization voltage as the most logical 
reference base. It suggests that the ratios adopted should be uni- 


HE necessity of standardization of utilization 
voltages has been recognized and accepted since 
the days when electric lighting systems com- 

petitive with different lamp voltages and operating 
frequencies constituted such an obstacle to progress 
that standard voltages and frequency became a com- 
mercial necessity. 

Systems operating at 55 volts for lighting were dis- 
carded for 110 volts, and a 220-volt rating was chosen 
for use where energy was taken chiefiy for power 
purposes. 

In later years, processes of lamp manufacture were so 
improved as to permit the concentration of lamp out- 
put into three voltages—110, 115, and 120 volts. 
A steady increase in the 115-volt output, and a decrease 
in the relative outputs of 110- and 120-volt lamps has 
been in progress since that time. 

Utilization voltage standards are now so well recog- 
nized that a multitude of household and motor-driven 
appliances have been produced in quantities and at 
prices which would have been totally impossible with- 
out standardization. 

Utilities in many states are required by regulatory 
bodies to adopt a utilization voltage standard and to 
maintain regulation within prescribed limits above or 
below such standard. 

This to a considerable extent, fixes the voltages in 
other parts of the system and makes the utilization 
voltage the natural base of reference. 

The proposal to establish ratings which are integral 
multiples of 115 is a recognition of the fact that the 
utilization voltage is the most logical base of reference in 
an electricity supply system. 

The utilization voltage is one which must be kept as 
nearly constant as possible through all ranges of load, 
and this is the only part of the system of which this is 
true. 


Electricity supply systems have developed during the 
past quarter of a century from simple groups of distribu- 
tion feeders, with one voltage level above the utilization 
pressure, to extended systems serving large areas with 
two or three voltage levels above the utilization 
pressure. 

We are now in the process of constructing a super- 
power network through which these areas are being tied 
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form at all voltages. It also proposes that there should be a recog- 
nized standard for transformers in which the direction of energy 
flow is subject to change. ` 


together, and which, in some cases, adds another voltage 
level to those already in service. 

Each additional transformation, with its accompany- 
ing line, has added to the drop in voltage and necessi- 
tated provision of taps or other means of compensating 
for the added drop. 

The result has been that apparatus is being operated 
at voltages above that for which it was designed, special 
windings have been specified, generators are being over- 
excited at certain hours, and the manufacturers have 
felt it necessary to call a halt for the discussion of 
remedial measures. 

As an illustration of what is taking place in some 
systems, they present a diagram of voltage drops in the 
various parts of a system having five transformations 
between the generator and the consumer, with a total of 
about 50 per cent voltage drop between generator and 
consumer. 

The drops chosen for illustration are average values 
and do not represent cases which could be found in 
practise involving greater drops. 

It is obvious that the maintenance of voltage regula- 
tion under such conditions is a difficult problem with 
the best of equipment, and when there is imposed the 
limitation that the apparatus must not be subjected to 
over-voltage, the limitation will quite surely in many 
cases be exceeded. 


PROPOSED CHANGES IN PRACTISE 


The manufacturers have presented a scheme for 
accomplishing this by increasing secondary voltage 
ratings to multiples of 115 instead of 110, as at present 
rated.? 

This provides a no-load pressure about 5 per cent 
above that given by the present standard and a full- 
load pressure, which offsets the drop in the transformer 
and delivers at full load the same pressure which is 
derived from transformers of the present standard at 
no load. 

Taps are to be provided in the primary coils, as at 
present, to care for situations where the drop in con- 
necting lines requires more compensation. 

It is proposed that generator regulation be held 
within a range, from plus 5 to minus 5 per cent of 
standard rating. 

2. Voltage Standardization of A-C. Systems from the Viewpoint 


of the Electrical Manufacturer, by F. C. Hanker and H. R. 
Summerhayes, A. I. E. E. Winter Convention, February, 1927. 
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SOME LIMITATIONS OF THE PROPOSAL 


The example presented shows the application of the ` 


new plan under full-load conditions, where a single 
series of circuits is involved 

The complete picture of an average system would 
reveal other circuits taken off at the generating station 
delivering energy at the generator voltage level. It 
would also include additional lines taken off at the 
132/66/13.2-kv. levels, having various percentages of 
line drop, which must be taken into account in fixing 
the setting of transformer taps. . 

Inevitably there will be certain of these branches 
which will deliver a pressure above or below normal 
during certain parts of the day. 

In the particular circuit shown, the pressure at 
quarter load would be from 10 to 12 per cent above 
normal at the utilization circuits, assuming that the 
generator pressure was reduced from 13.8 to 12.8, as 
proposed, during the light load period and the feeder 
regulator were run at full choke. In addition to this, 
the transformer and line equipment at the 69-kv. and 
13.8-kv. levels are also operating at 10 to 12 per cent 
above the proposed maximum voltage ratings. 

This, of course, can be avoided by the use of tap 
changing devices operable under load, and it is quite 
apparent that such auxiliary equipment must be 
included in the completed picture of the situation. 

The necessity of having a considerable range of con- 
trol between light-load and full-load conditions suggests 
the desirability of having as wide a range as is economi- 
cally feasible in the generator voltage. It is proposed to 
get a range of 10 per cent by operating at pressures 
below normal (down to minus 5 per cent) during light 
load, and at pressures above normal (up to plus 5 per 
cent) during hours of heavy load. 

This will prevent over-excitation of generators if 
transformer taps are connected to give the necessary 
boosting voltage to compensate for full-load drop. 
At light load periods, tap changers will berequired where 
the total compensation in transformers is more than 
the combined range of generator and potential regulators. 

It is proposed that the voltages above 69 kv. be left 
as multiples of 110. 

The stage of development thus far attained may be 
such that it is a difficult matter to make a change now, 
but to those of us who have not until recent years been 
brought into pressures above 69 kv., it comes as some- 
thing of a shock to learn that if we subject our 132-kv. 
equipment to any pressure above 132 kv., we are ex- 
ceeding the manufacturer’s rating and presumably 
taking a risk in operation which is not shared by the 
manufacturer. 

The manufacturer’s explanation that it is not 
necessary to use the multiples of 11.5 in fixing rated 
voltages at pressures above 69 kv. is lacking in any 
reasons sufficient to warrant a break of so fundamental 
a character in the proposed standards. 

Whether the 182-kv. equipment in service has been 
designed for a maximum pressure of 132 kv. or not, 
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much of the existing 132-kv. equipment is so related 
to the system of which it is a part that inevitably it 
must be subjected to pressures up to 138 kv. or higher, 
under the normal conditions of daily operation. 

The proposed plan of adding 5 per cent to the sec- 
ondary as a part of the fixed ratio of a transformer 
obviously can not be followed on lines where the direc- 
tion of flow of energy is changed from time to time, as is 
often the case in tie-lines between power stations. 

In such lines the transformers must meet the voltage 
requirements of both step-up and step-down trans- 
formers. Also, they are often so related to each other 
that, in order to transfer energy in the desired amount 
without displacing the general level of system pressure, 
they must be equipped with pressure taps adjustable 
under load. 

This requires pressure taps giving a range of 15 to 20 
per cent in either direction to deliver proper pressure 
at the bus of the receiving station. 


OBSERVANCE OF STANDARDS 


It is obvious that if a standard is to accomplish its 
purpose, it must be one which will be generally recognized 
as practicable of application and feasible in operation. 

The failure of previously adopted standards to be 
generally observed seems to have resulted, in part, from 
a lack of adaptability of apparatus to working con- 
ditions, and perhaps from a lack of appreciation on the 
part of some engineers of the wide range of voltage drops 
which have been introduced in recent years into dis- 
tributing systems. 

The lack of adaptability has been met as nearly as is 
possible by the manufacturer’s proposal to increase 
voltage ratings to a point where they will be similar to 
pressures which are normally encountered in practise. 

The discussion of this subject in connection with the 
proposed changes has and will further serve to bring a 
greater number of engineers face to face with the situa- 
tion in a way which will be beneficial. 

The adoption of standards which automatically add 
voltage for full-load conditions will draw attention to 
the necessity of providing means of preventing over- 
voltage at light loads. 


CONCLUSION 


Voltage standards are a basic necessity for utilization 
equipment and are the basis of voltage throughout the 
system. 

The manufacturer’s proposal offers a decided 
improvement over present standards, but should treat 
all voltages on a uniform basis. 

There should be a recognized standard for trans- 
formers used in interconnections where the direction of 
flow is subject to change. 

When standards have been fixed which are applicable 
without radical change in existing equipment, they will, 
no doubt, be accepted and adopted by users of 
equipment. 

Discussion 
For discussion of this paper, see page 205. 


Voltage Standardization 


Its Relation to the Interconnected Power Companies of the 
Southeast 
BY H. J. SCHOLZ, W. W. EBERHARDT, and S. MURRAY JONES: 


Associate, A. I. E. E. 


Synopsis.— Voltage standardization has long been recognized 
as desirable, and to date no definite standards have been accepted and 
applied. Anattemptis now being made to coordinate the recommen- 
dations of the different power companics and manufacturers with a 
view towards adopting definite voltage standards for all apparatus. 


I. INTRODUCTION AND JUSTIFICATION FOR VOLTAGE 
STANDARDIZATION 


proposed set of voltage standards appeared in 
A but lack of cooperation on the part of both 

manufacturers and operators prevented any gen- 
eral acceptance of them. This was partially due to 
the fact that insufficient consideration was given to 
existing apparatus. In 1922 the power companies of 
the United States were valued at $4,500,000,000, 
while today they are valued at $9,000,000,000. This 
tremendous increase, appearing largely as new equip- 
ment, indicates the truth of the statement that the 
longer standardization remains a nonentity, the more 
complicated will be its final acceptance. Very few 
operating companies have attempted to eliminate what 
might be termed off-standard voltages in order to 
conform to the 1922 standards; in most cases, however, 
they cannot be justly criticized for this. Time was 
required for a realization of the savings to be had and 
as they have grown closer together, the benefits. to be 
derived from standardization have presented them- 
selves. Today most companies are willing to accept 
any such standards resulting in either financial gains 
to them or improvements to their service. 


No time need be wasted in consideration of standards 
to be put into effect immediately. No operating com- 
pany can afford to change its present equipment over 
night. Standardization in its final form will come 
about by virtue of a slow influx of semi-standard equip- 
ment which, when the absorption is complete, can be 
operated on standard voltages. This transition period 
will cover a number of years. Modifications or exten- 
sions to present properties made necessary in order to 
be in accord with any accepted standards must be con- 
sistent with proper financing and engineering practises, 
and any expense incident to such changes must not ex- 
ceed the monetary values of standardization. 

The efficiencies of electrical equipment are in most 

1. All of the Alabama Power Company, Birmingham, 
Alabama. 

Presented at the Winter Convention of the A. I. E. E., 
New York, N. Y., February 7-11, 1927. 
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A proposal has recently been submitted by the manufacturers 
which is not applicable in its entirety to conditions in the Southeast, 
and this paper contains a counter-proposal submitted as being more 
readily acceptable to the interconnected power systems of the 
Southeast. 


instances probably as high as will be attained, so that 
further large economies must be looked for in the de- 
velopment of radically new apparatus, in increasing 
the load factor of present equipment, and in standardi- 
zation. The recent acceptance of lamp standards 
has gone far to bring about the present low cost and 
greater efficiency of lamps which the public now enjoys. 
In a like manner, actual savings in the cost of generating 
and transmission equipment will be evidenced by the 
standardization of voltages. 

It is not to be expected that any expense incurred 
by carrying out the features of standardization will be 
returnable immediately in the form of huge savings, 
but economies will result from the enormous reductions 
in capital investment required over a long period of 
time, as compared to what would be necessary were 
the present policies to continue. The value of voltage 
standardization has also been emphasized by the bene- 
fits which may be obtained therefrom on interconnected 
systems. Interconnection will be practised more 
extensively in the future than at present, of course, 
because of the resulting economies. For example, 
in the territory covered by the interconnected South- 
eastern systems there are three distinct water-sheds 
covering very extensive areas over which the rainfall 
varies in different rivers in such a way that excess 
hydro capacity in one section can be used at times to 
assist systems in other sections in meeting their demands 
or in filling their storage reservoirs, thereby reducing the 
amount of reserve steam capacity required and also 
utilizing water which would otherwise go to waste. 
In addition to these economies, which are very great, 
the interconnected systems have been able to improve 
voltage regulation and service to their customers. 


The economic and commercial justification for the 


. standardization of all types of equipment has been 


proved many times and has ultimately resulted, in 
practically all cases, in simpler manufacturing methods 
and a lower cost of the product to the purchaser. 
There can be no doubt, therefore, as to the feasibility 
of standardization of voltages by the power companies. 
Any standards must be adaptable, however, to the large 
amount of equipment which has already been installed 
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TABLE |! 
PRESENT RATED CIRCUIT VOLTAGES ON SOUTHEASTERN INTERCONNECTED SYSTEMS 
Southern Carolina Tennessee Alabama Georgia Columbus Central 
Power Co. Pr. & Lt. Co Elec. Pr. Co. Power Co. Ry. & Pr. Co. Elec. & Pr. Co Ga. Pr. Co 
2,300 2400 /4150 Y 2,300 2300 /4000 Y 2300 /4000 Y 2,300 2,300 
6,600 
6,600 7200/12,480 Y 6,600 6,600 6,600 5,500 6,600 
6900 /11,950 Y 
11,000 11,000 12,000 11,000 11,000 11,000 
13,200 13,200 13,200 12,000 
19,000 19,000 
22,000 22,000 22,000 22,000 
33,000 38,000 
44,000 44,000 44,000 44,000 
60,000 66,000 66,000 66,000 
88,000 
100,000 100,000 120.000 110,000 110,000 110,000 110.000 


and, to be of any value, must be accepted by the major- 
ity of operating companies. 


II. GENERAL PROBLEMS CONFRONTING SOUTHEAST 
IN STANDARDIZATION 


Table I gives the present rated circuit voltages of the 
interconnected companies in the Southeast and shows 
the conditions to be met in recommending any set of 
standards. It should be noted here that some of 
these systems are being operated at voltages slightly 
higher than those indicated in Table I. A map, Fig. 1, 
shows the transmission systems of these companies. 

Before proceeding further, some of the general 
problems confronting the acceptance of a set of general 
voltage standards will be presented, and these problems 
should be borne in mind when referring to the standards 
which the writers have recommended as best suited for 
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this territory. The generation in this section during a 
normal year is approximately 60 per cent from run-of- 
river hydro plants (some having storage capacity) and 
40 per cent from steam reserve plants. The average 
annual load factor of the hydro electric stations is from 
30 to 60 per cent, and of the steam electric stations from 
10 to 40 per cent. Generating plants are located both 
adjacent to, and remote from, load centers, and may be 
operating during different seasons of the year as base 
load plants or as voltage boosting stations. 

With such operations as outlined above, due mainly 
to location and types of plants, the annual load factor on 
the main high voltage circuits is low (approximately 30 
per cent) as compared to systems the generation of 
which is entirely from base load steam plants, or from 
hydro plants where the river flow is not seasonal. For 
this reason a higher voltage drop on the transmission 
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circuits may be considered economical and is at present 
accepted, as compared to that which is economical on 
lines between base load plants and load centers. 
Lengths of transmission circuits and location of sub- 
stations at many different positions with respect to the 
generating equipment, prohibits the acceptance of any 
definite point on the system as a reference for constant 
voltage except the consumers’ bus bars. The receiving 
voltage at primary substations must be varied according 
to load conditions on the distribution lines, by regu- 
lating the generating units, or by using synchronous 
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The above comments will serve the purpose of an 
outline of the feelings and position of the companies in 
regard to standardization as a general proposition. 
In particular, the remainder of this paper covers a 
detailed analysis of the mechanics of adjustment to any 
proposed standards. The main problems confronting 
the companies concerned in this paper are those 
relative to generation and transmission since the bulk of 
their power is derived from hydroelectric and steam 
electric stations situated at a considerable distance from 
load centers. The problem of working out a set of 


TABLE II 


PROPOSED VOLTAGE RATINGS FOR SYSTEMS, GENERATORS, SWITCHING, CONTROL & PROTEOTIVE APPARATUS, 
TRANSFORMERS, ETO. 


Generators & 
sync. condensers 


Ind. motors Apparatus 


Step-up transformers Step-down transformers 


ee, ee ne ed 


ee ee ne a a ce a ie 


Systems (see A) (see B) (see O) 
120 
240 
480 
600 
2,400 2,400 2,200 
4,150 4,150 ` 
6,900 6,900 6,600 
7200 /12,470 Y* 7,200 
11,500 11,500 11,000 
13,800 13,800 13,200 13,800 
23,000 23,000 
34,500 34,500 
46,000 46,000 
69,000 69,000 
92,000 . 92,000 
103,500 103,500 
115,000 115,000 
i 138,000 138,000 


Primary Secondary Secondary 
(see D) (see D) 
115 
230 
460 
575 
2300/3980 Y 2400/4150 Y 2300/3980 Y 2400/4150 Y 
6,600 6,900 6,600 6,900 
6,600 7200/12,470 Y* | 6900/11,950 Y 7200/12,470 Y* 
11,000 11,500 11,000 11,500 
13,200 13,800 13,200 13,800 
22,000 23,000 22,000 23,000 
33,000 34,500 33,000 34,500 
44,000 46,000 44,000 46,000 
66,000 69,000 66,000 69,000 
88,000 92,000 88,000 92,000 
99,000 103,500 99,000 103,500 
110,000 115,000 110,000 115,000 
132,000 138,000 132,000 138,000 
154,000 161,000 154,000 161,000 
230,000 220,000 


GENERAL NOTE 


Guarantees of efficiency, heating, overload, etc., should be based on the rated voltage of the individual apparatus as shown above. 
all equipment should be based on the rated voltage of the circuit on which it is to operate. The rated voltages are in all cases the maximum permissible 
voltage for continuous operation. 


Voltage teste on 


SPECIFIC NOTES 
A.—Generators and synchronous condensers should be designed to deliver rated kv-a. output at rated power factor and frequency throughout a range 


of 5 per cent below and five per cent above rated voltage. 


—Induction motors should be designed to deliver rated h. p. throughout a range of 10 per cent below and above rated voltage at rated frequency. 
O.—Apparatus as here used includes oil circuit breakers, disconnecting switches, current transformers, lightning arresters, insulators, bus bar supports, 
bushings and fuses; all to be maximum rated. The voltage ratings of potential transformers should be the same as other apparatus with their 
secondaries rated 115 volts to permit the employment of the now existing even ratios of transformation. 
D.—Transformers should be designed and tested for operation on system rated voitages rather than transformer voltage ratings. 
a. Step-up transformers should be equipped with the equivalent of three 2 33 per cent full capacity taps in the primary winding, two 2 4-per cent 
taps above and one 2 }-per cent tap below rated primary voltages. l 
These taps are necessary to compensate for the inherent regulation of the transformers from no-load to full-load and also to provide sufficient 
range to make them adaptable to locations remote from, or adjacent to. load centers, 
b. Step-down transformers should be equipped with the equivalent of four 2 34 per cent full capacity taps below rated voltage in the high-tension 


winding. 
*For rural distribution lines. 


condensers to boost or buck the voltage as becomes 
necessary. 

A problem now actively confronting the companies in 
this territory is that of a rural distribution system, 
constructed as cheaply as possible, yet flexible enough 
to meet future demands in the most economical manner. 
This, in some cases, will call for a set of standards for 
equipment different from any others. The main 
problem will be that of suitable transformers having 


multiple ratios for adaptability on possibly as many as. 


two or three different circuit voltages, and for locations 
close to the source of supply and at the end of the line. 


standards for the lower voltage distribution lines can 
best be handled, it is believed, by the metropolitan 
companies the generation of which takes place near the 
load. Because of the diversity in present practises of 
equipment of this class, any set of standards satisfactory 
to such companies could probably be adjusted with 
equal facility to conditions here. 


III. AUTHORS’ PROPOSAL 


In the September 1926 N. E. L. A. Bulletin there 
appeared a complete set of voltage standards recom- 
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mended by the manufacturers.’ These standardsare not 
applicable in their entirety to the present operations in 
the Southeast. For the sake of simplicity in future 
discussion they will be referred to and used as a basis 
for the author’s proposed standards which are shown in 
Table II. 

Criticism of the manufacturers’ proposed standards is 
not intended to be destructive, but rather a sincere at- 
tempt to show their applicability to the interconnected 
companies of the Southeast, and to acquaint those 
interested in this subject with the existing conditions. 
Quite naturally, comments are more directly bearing on 
the properties of the Southeastern Power and Light 
Company since it is with these properties that the 
writers are most familiar. 

It appears to the writers that the manufacturers’ 
definition of rated voltage is satisfactory, namely: 
“Rated Circuit Voltage: For the purpose of fixing a 
value to be used im designing and testing electrical 
apparatus, the rated voltage of a circuit (or system) is 
defined as the highest rated voltage of the apparatus 
supplying it. By ‘circuit voltage’ is meant the voltage 
from line to line as distinguished from line to neutral. 
This voltage rating applies to all parts of the circuit. 
The actual operating voltage of the circuit may 
vary from the rated circuit voltage but should not ex- 
ceed it.” 

The manufacturers’ proposed standards would permit 
a 5 per cent margin above rated voltage for equip- 
ment of one class and strictly forbid the employment of 
such a margin for other classes. The dividing point has 
been made between 69,000 volts and 88,000 volts to 
suit the present ratings, and as stated, to prevent any 
re-design of equipment above 88,000 volts. Restric- 
tions discriminating between classes of voltage serve 
only to complicate definitions and destroy uniformity in 
tests and application. 


The system rated voltages in the manufacturers’ 
proposal are, with the exception of the first two (2400 
and 4150), multiples of 11.5 up to 69,000 volts and 
beyond this are multiples of 11.0. If the history of the 
development of these voltage ratings is traced it will be 
remembered that practically all systems coming within 
the range of the tabulation started with maximum 
operating voltages which were multiples of 11.0. The 
range of operation to take care of peak load conditions 
was from maximum operating voltages in multiples of 
11.0 at the generating end to voltages in multiples of 
10.5 at the receiving end. As the load grew and the 
lines were extended it was necessary to raise the voltage 
at the generating end to values as high as 11.5 in order 
to maintain voltages in multiples of 10.5 at the receiving 
end. In order to accomplish this, it was necessary to 
over-excite generators and transformers, or, as has been 


2. See also Voltage Standardization of A-C. Systems from the 
Viewpoint of the Electrical Manufacturer, by F. C. Hanker and 
H. R. Summerhayes, A. I. E. E. Winter Convention, February, 
1927. 
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done in recent years, to purchase transformers having 
taps to give voltages five percent above the multiples 
of 11.0. The increase in potential at the source rather 
than the decrease at the load end of the line has been 
necessary and justifiable. Many thousands of trans- 
formers have been purchased with ratios, for example, 
of 110/44 kv. with four 214 per cent taps below normal, 
in the primary winding. As loads on the distribution 
circuits were increased it was necessary to maintain 
higher than 44 kv. on the secondary by over-exciting 
the transformers. This was undesirable and recently 
transformers have been purchased having a ratio of 
110/45 kv. with five 3 per cent taps below normal 
in the primary winding which resulted in better voltage 
at the distribution substations. The higher voltage 
transmission lines gradually became loaded so that the 
potential at some substations dropped as low as 100 
kv. and with 110 kv. maintained at the generating 
plants, and primary substation transformers having 
four 214 per cent taps below normal in the primary, 
and connected on the lowest tap, the secondary voltage 
could not be maintained at its rated value when carrying 
peak loads. The evolution was the same as in the case 
of distribution circuits, namely, raising the potential 
at the source by means of over-excitation, or by the 
purchase of step-up transformers having taps to deliver 
above rated voltages. Thus it will be seen that trans- 
mission circuits of the higher voltages have already 
reached the stage where it is desirable that rated volt- 
ages should be multiples of 11.5, as are the distribution 
voltages, and in fact must be such in order to utilize 
present equipment. It should be remembered, how- 
ever, that maximum operating voltages in multiples of 
11.5 will not occur at all generating stations, but only 
at those most remote from the load centers. The 
reason for this will be evident by referring to Fig. 1. 
In many instances several hydro plants are located on 
the same stream. Where these plants are distant from 
the load centers, separate lines from each of them to 
the load would be uneconomical and hence they are 
tapped to a group of circuits of one or more lines, 
extending from the most remote plant to the load. 

During extreme emergencies, such as tornadoes, 
floods, etc., voltage ratings may be exceeded justifiably 
in order to maintain service; hence all equipment 
should have sufficient factors of safety to permit short 
time operation at five per cent above rated voltage. 
The operating companies should also realize that such 
practises, although necessary at times, are encroaching 
on the factors of safety of the apparatus and must be 
only for short time operation. 

It will be noted that a voltage class of 103,500 has 
been included in the authors’ proposed voltage stand- 
ards. There are two large companies in this section 
with an installed transformer capacity of over one and 
a half million kv-a. falling in this class. To select the 
next voltage class above or below 103,500 volts would 
involve excessive costs in the rewinding or replacement 
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of these transformers alone, which probably could not 
be justified. 


IV. GENERATORS AND SYNCHRONOUS CONDENSERS 


The rated voltages of generators and synchronous 
condensers, as listed in the manufacturers’ proposal 
would, in general, be acceptable. At present, genera- 
tors rated 6600 volts are of necessity being operated 
over peak load hours at 6900 volts. This probably 
shortens the life of the machine insulation, but since 
the circumstance prevails, future design at the suggested 
voltage will prove advantageous. The necessity for 
operating generators at five per cent above their rated 
voltage will only occur during emergency conditions. 
Synchronous condensers where operated on the tertiary 
of a three-winding transformer bank throughout the 
range of full leading and lagging kv-a. must of necessity 
be designed for rated kv-a. from five per cent below to 
five per cent above rated voltage. 


V. INDUCTION MOTORS 


The ratings of induction motors and customers’ 
equipment should remain the same as stated in the 
manufacturers’ proposal, due to the tremendous amount 
of apparatus at these voltages now in service, and the 
remainder of the system modified as necessary to main- 
tain these voltages at the customers’ terminals. 


VI. APPARATUS 


The term “apparatus” as used in this section is to be 
interpreted to include oil circuit breakers, disconnecting 
switches, current and potential transformers, insulators, 
bushings, bus-bar supports, lightning arresters and 
fuses. It would seem logical that the above listed 
apparatus should have voltage ratings exactly the same 
as the system voltage ratings. The ratings given in the 
manufacturers’ proposal are merely those of present 
equipment which are adaptable to their proposed 
system rated voltages. In some instances these are 
similar to the system voltage ratings and in others 
they are not. The reason for variations in present 
ratings is apparently an attempt of the manufacturer 
to best fit their equipment to the multiplicity of voltages 
now in use. In order to accomplish the objective in 
standardizing voltages, the manufacturers would aid 
materially by rating their apparatus identically with 
system voltage ratings. This would tend to eliminate 
the present practise of gradually increasing circuit 
voltages. 

Reference to the manufacturers’ published ratings, 
particularly those for oil circuit breakers, horn gap and 
disconnecting switches, will show an appreciable varia- 
tion in the ratings of apparatus for application on 
circuits of a given voltage. Closer attention should be 
given to the design and application of insulation in order 
to secure more uniformity in dielectric strength and 
flashover values of the various apparatus connected to 
circuits of given voltage ratings. A complete discus- 
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sion of this matter and the factors of safety to be given 
different types of equipment involves entirely too much 
space to be more than mentioned in this paper, but 
unquestionably deserves serious consideration. 

If the rated voltage is the maximum continuous 
operating voltage, lightning arresters should be rated 
the same as other apparatus. At stations where condi- 
tions of dynamic and static over-voltages require special 
design, the voltage rating should be that of the circuit 
and the nameplate should indicate that they are suit- 
able for one location only. Present lines of apparatus, 
other than transformers, can no doubt be redesigned 
and re-rated where necessary to conform to any reason- 
able set of standards immediately upon their accep- 
tance, without undue burden to either manufacturer or 
operating company. ' 


VII. 


The problems relating to step-up and step-down 
transformers are by far the most important of the entire 
subject of standardization. The system rated voltages 
which the authors have recommended have been made 
after careful investigation of their adaptability to 
present operations in this territory; likewise the pro- 
posed standards for transformers have been based on 
present operating experience and while they are not 
suitable for all operating conditions they are believed 
practical. Transformers to be entirely interchangeable 
between stations of the same voltage class would require 
five per cent more taps than indicated in Table II. 
It is recognized, however, that incorporation of sufficient 
taps in.standard transformers to fulfill every operating 
requirement would penalize the standards and make 
them inconsistent with proper engineering practise. 
Due to this fact it is inevitable that there will always be 
a demand for certain classes of transformers to meet 
special operating conditions. The great majority of 
this special apparatus will be such as can be used on the 
standard voltages. Although a difference will be found 
in the high-tension and low-tension voltage ratings for 
step-up and step-down transformers, their test voltages 
should be based on the rated circuit voltage at which the 
equipment will operate and not on the actual primary or 
secondary voltage rating. The following comments 
apply especially to two-winding transformers, but three- 
winding transformers should come under the same 
classification of ratings, except that in most cases they 
will require special design due to short-circuit conditions 
or reactance requirements between windings when one 
winding is used for the operation of a synchronous 
condenser. 

The voltage ratings of transmission and distribution 
transformers must be such that they will dovetail 
together to form a well balanced system from the 
generators to the consumer. Fig. 2 illustrates present 
operating practise and the application of the proposed 
voltage ratings of generators, step-up and step-down 
transformers. 


TRANSFORMERS GENERAL 
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Under present conditions with generators over- 
excited five per cent, it is permissible to take only a 
seven-per cent voltage drop in the transmission line and 
eight per cent in the primary distribution circuits. 
This limitation is due to the fact that: first, the genera- 
tor voltage rating is the same as the rating of the 
primary windings of step-up transformers, and second, 
the voltage ratings of step-up and step-down transform- 
ers of transmission and primary distribution circuits 
are alike. 


STP- UP TRANSMIS SON 
OAR TRANSFORMERS = CIRCUIT 


STEP-OV AN 


TRANS FORME RS ORC UT 


OSTR'IBUTON 
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step-down transformers must be changed, necessitating 
the rebuilding of a large amount of present installed 
equipment. 


VIII. Step-Up TRANSFORMERS 


Only generating station transformers will be con- 
sidered in this section since it is believed that step-up 
transformers used in tying two systems together, or for 
like uses, will be entirely special and dependent upon 
their ‘location and the purpose which they serve. 


OSTRIBUTION sePyice 
TRANSFORMERS CIUT 


DIST RIO UTON 
GRATUIT 


STEP OWN FEEOER 


TRANSFORMERS REGULATORS hae 


C ee, S 


VOLTAGE RATING 13200 14200- 110.000 110.000 -44000 
. REGULATION - -7% -5% 
CONNECTIONS 12270- 110,000 109000 - A44 000 
CPERATING VOLTAGE 13800 13800 - 115,000 10700) - 45,000 


44000 - Z400 gs00 - 19/250 qe 
- 4% -37% 

59600-2400 £300- 115/230 

41 400 - £400 Z440- 18/236 112/224 


PRESENT APPLICATION 


Cir ae _ oe 8 


VOLTAGE RATING 15200 e T 110,000 - 46000 
RECUL ATICN -3% 

CONNECTIONS t2900- APER 100000 - 44000 
CPLRATING VOLTAGE 19800 13,800 - 114000 105,000 - 46000 


44000 2400 2300 115/230 Paid 
-ah -37% 

40700- 2400 z300- 113/230 

42300-24900 EAAO- 118/236 12/224 


PPOPOSEO APPLICATION 


Fia. 


2—PRESENT AND PROPOSED RATINGS OF GENERATORS, AND OF STEP-UP, AND STEP-DOWN TRANSFORMERS, WITH ILLUS- 


TRATIONS OF REPRESENTATIVE APPLICATIONS UNDER FuLL Loap 


Recently the Alabama Power Company has pur- 
chased step-down transformers rated 110/45 kv. to 
meet the limitation outlined under Table II and would not 
hesitate to go a step further to the use of 110/46-kv 
transformers, if such a rating 1s adopted as a standard. 
In Fig. 2, illustrating the use of the authors’ proposed 
standards, a 10 per cent voltage drop can be allowed in 
transmission lines and eight per cent in primary distri- 
bution circuits without over-exciting the generators. 
On` certain systems in the Southeast it would be easier 


Plant Remote 
from Load Center T % reg. 


} : 115 Kilovolts 


Fic. 


The generators are rated 13.8 kv. 
above normal and one 2.5-per cent tap below normal. 
13.8 kv. The 12.9-kv. tap is used on the step-up transformer. 
at the load is 105 kv. 


to make a transition from present ratings to the stand- 
ards proposed by the writers, than to meet the stand- 
ards proposed by the manufacturers because all that is 
required is an over-excitation of the generators and the 
operation of step-up transformers at five per cent above 
rated voltage. The disadvantage of reduced life of 
insulation of present transformer and generator wind- 
ings, it is believed, is overbalanced by the operating 
advantages obtained. If the step-up transformers are 
operated at a maximum of 110,000 volts, the rating of 


Step-up transformers at generating stations in the 
Southeast will require taps and ratios which will com- 
pensate for their inherent regulation and which will be 
adaptable also for stations located adjacent to, and re- 
mote from, the load centers. 

A maximum transformer regulation of seven per cent 
will be assumed in further discussion. This figure 
should be sufficiently high to include the majority of 
step-up transformers purchased. One case where 


higher than seven-per cent regulation may occur is at 
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3— DIAGRAM SHOWING STEpP-Up TRANSFORMER 

The transformers are rated 13. 2/115 kv. and their primaries (low-voltage side) have two 2.5-per cent taps 
They have 7 per cent regulation. 
With 7-per cent drop in the transformer and 10 per cent cut in the line, the voltage 
The generator near the load operates at 13.5 kv. and the 13.8-kv. tap is used in its transformer, giving 105 kv. at the load. 


At full load the generator at the remote plant operates at 


seasonal generating plants where during one period of 
operation the plant is run at full capacity near unity 
power factor, and a second condition where the plant is 
carrying rated kv-a. capacity at low power factor, 
using the generators for voltage boosting. 

Fig. 3 is included to indicate the ratios and taps 
required for step-up transformers on a basis of seven- 
per cent transformer regulation and 10 per cent maxi- 
mum line drop. The voltage taps as shown in Fig. 3 
will not only compensate for the transformer regulation, 


mea 


Feb. 1927 


but are suitable for plants located at different points 
with respect to the load and for seasonal operation. 


IX. STEP-DOWN TRANSFORMERS 


Step-down transformers should have ratings and 
voltage taps for service in locations adjacent to, and 
remote from, the generating plants and to compensate 
for their inherent regulation. Step-down transformers 
will of necessity be shifted from one point on the system 
to another due to load growth, and should therefore be 
more flexible than step-up transformers which are rarely 
moved. The ratings which the writers have recom- 
mended will be found to vary from the manufacturers’ 
recommendations only in so far as the changes which 
have been suggested in the system rated voltages. A 


maximum regulation of five per cent for step-down 


transformers has been assumed and this value will 
seldom be exceeded. The equivalent of four 21% per 
cent taps as proposed, while not being sufficient to 
include all operating requirements, should include a 
large majority of the transformers purchased. 


X. TRANSFORMERS FOR RURAL DISTRIBUTION SYSTEM 


Although the problem of rural distribution is com- 
paratively- new, experience to date indicates that 
the most economical circuit voltage for rural lines is 
7200/12,470 Y. 

The manufacturers’ publications state that trans- 
formers for this voltage class are given a test from 
high-voltage winding to low-voltage winding and core 
of 25,940 volts—(2 X 12,470) plus 1000 volts. On the 
basis of the proposed definition of “Rated Circuit 
Voltage,” apparatus for rural distribution lines should 
be rated 7200/12,470 Y, and has been so listed in Table 
II. The advantage of this rating is that it is a multiple 
of 2400/4,150 Y, making it possible to use multiple 
windings on the secondaries of power transformers 
supplying distribution circuits which can be connected 
in parallel for 2400/4150 Y or in series for 7200/12,470 Y. 
This also allows a four-per cent voltage differential 
between supply transformers and customer’s trans- 
formers. As the latter have a voltage ratio of 
6900/11,950 Y to 115/230, the maintenance of 7200 
volts at the supply end makes it possible to maintain 
rated secondary voltage on the customer’s premises 
without the use of excessive taps on the primary 
windings of the step-down transformers. 


XI. CONCLUSION 


1. The writers have suggested modifications of the 
manufacturers’ proposed standards to make them more 
adaptable to the interconnected systems of the South- 
east. These changes consist of: 

a. Addition of 103,500-volt class, 

b. Uniform voltage ratings, 
throughout, 

c. Changes in apparatus ratings to make them 
identical with system voltage ratings, 


multiples of 11.5 
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d. Providing equivalent of one 214 per cent full 
capacity voltage tap below normal, and equivalent of 
two 21% per cent full capacity taps above normal in the 
primary winding of step-up transformers to take care 
of transformer regulation in excess of five per cent, 
and location of transformers adjacent to, or remote 
from, load centers, 

e. Addition of 7200/12,470 Y voltage class for rural 
distribution systems. 

2. The interconnected power companies in the 
Southeast are in accord with the proposition of stand- 
ardization and it is believed that these proposed 
standards in general would be practicable and accept- 
able to the majority of operating companies in this 
section. 


XII. APPENDIX 


The appendix will be used for a detailed discussion 
of the reasons why some of the authors’ proposed 
standards differ from those recommended by the 
manufacturers, and also to bring attention to instances 
where special equipment will be required. 

A. An analysis of operating reports of companies in 
the Southeast would indicate many systems operating 
considerably above rated voltages, and with excessive 
voltage drop. For example, 110,000-volt systems 
during peak conditions will be found with voltages as 
high as 118,000 volts at the remote generating plants 
and as low as 98,000 volts at remote substations. There 
are reasons for this, some of which are probably justi- 
fiable and others which are not. Needless to say, a 
20 per cent voltage drop on any system should not be 
tolerated except during emergencies, because voltages 
of 15 and 20 per cent above ratings of equipment not 
only shorten the life of insulation but encroach on the 
factors of safety. 

In the standards proposed herein a 10 per cent 
voltage drop on transmission circuits has been assumed 
asamaximum. This value will be justifiably exceeded 
in at least one instance in the Southeast. The particu- 
lar situation is one in which the load center is distant 
from the source of supply. ‘During the peak hours of 
the day the load is carried from one set of plants 100 
mi. distant, and the remainder of the time it is fed from 
a different source located some 60 mi. distant. Thus 
it will be evident that the yearly load factor of the 
transmission circuits is very low; hence a voltage drop 
of 15 per cent on these lines, when carrying peak loads, 
will be found economical. The maximum transmission 
losses at peak load in this illustration are but 9.8 per 
cent which, it will be admitted, are not beyond economic 
limits. The annual losses are approximately 3.0 per 
cent of the total energy transmitted. 

To correct this condition to come within a 10 per cent 
voltage drop would necessitate one of two things, either 
the construction of an additional transmission line 
at a cost of not less than $750,000, or the installation 
of a $200,000 synchronous condenser station. With 
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a new transmission circuit, the peak load line losses 
are reduced to 4.5 per cent and the yearly losses re- 
duced to 1.5 per cent; capitalizing the difference in 
annual losses based on the power transmitted at 10 
per cent would only justify the expenditure of $315,000, 
hence the line is uneconomical. A synchronous con- 
denser likewise cannot be justified since the trans- 
mission losses remain practically the same and the 
condenser has only corrected voltage conditions. 

With a 15 per cent line drop, the standard trans- 
formers cannot be used at the remote substations, 
and units having the equivalent of 15 per cent taps 
below normal in the primary winding, will be required 
at an estimated increase in price above standard trans- 
formers of from three to five per cent. These trans- 
formers are satisfactory, however, for operation at 
any point on the circuit, and proposed standards have 
not been penalized by the necessity of these special trans- 
formers to fit operating conditions. 

B. It is very probable that some of the utilities 
having a large amount of what may be termed off- 
standard apparatus in service will be unable to justify 
a change to meet standards. This is especially true 
where to abide by the standards would mean lowering 
present circuit voltages. By reducing operating volt- 
ages, the power transmitted over present equipment 
would be reduced, of course, and the power limit of 
lines would be decreased. The problem of stability 
had not been given serious consideration until some few 
years ago, but as transmission distances have increased 
and lines become more heavily loaded these problems 
have been encountered and it is known that lowering 
the circuit voltage will decrease the static and transient 
power limits of a line. 


A specific example where the reduction of circuit 
voltages from those recommended by the writers would 
bring considerable hardship is on the Alabama Power 
Company’s system if it were necessary to reduce the 
operating voltage on transmission lines from a maximum 
of 115,000 volts down to a maximum of 110,000 volts. 
The generating plants with the exception of one steam 
plant are all remote from the load centers of Birming- 
ham, Bessemer, and Anniston. The high-tension volt- 
age at these load centers is, as would be expected, the 
lowest on the system, and at present varies between 
105,000 and 108,000 volts. To reduce this voltage 
five per cent, as would be necessary were the maximum 
operating voltage 110,000 instead of 115,000, would 
require the installation of complete new transformers 
at these substations. Present transformers have taps 
as low as 100,025 volts which with 100,000 volts 
impressed would not give normal voltage on the secon- 
dary when operating at full load; thus the voltage must 
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be maintained at approximately 105,000 volts. The 
total transformer capacity installed at these three 
substations is 140,000 kv-a. and even granting that 
these transformers could be rebuilt to deliver rated 
secondary voltage with 100,000 volts impressed on the 
primary, which we seriously doubt, without reducing 
their rating, the expense involved would be unjustified. 
These stations are at present heavily loaded and of 
different secondary voltages so that at least two com- 
plete new banks of transformers would be required 
were it possible to rebuild the present units. 

Aside from the difficulties involved with transformers 
if the circuit voltage were to be reduced, such a pro- 
cedure would involve the immediate construction of 
some 150 mi. of 110-kv. lines at a cost of not less than 
$1,500,000, which would hardly be justifiable. 

This is only one specific case where the necessity of 
reducing operating voltages from those recommended 
would entail considerable hardship; there are several 
other such examples which could be cited. The only 
justification for such expenditures would be in the event 
of the acceptance of 110,000 volts as standard, requiring 
those companies operating at 115,000 volts to purchase 
all equipment of the next higher voltage class, but we 
do not believe that any standards are intended to penal- 
ize present operating conditions where there is such a 
prevalence of equipment now in service which could not 
be operated on the manufacturers’ proposed standards. 

If to be in complete accord with any standards 
involves increasing the circuit voltage, a careful analysis 
of conditions must be made. If spacings, insulation, 
corona limit and other electrical factors are satisfactory 
with increased voltage, the number of customer and 
other step-down substations must also be considered. 
The cost of relocation, retiring or rebuilding present 
transformers must be balanced against the increased 
carrying capacity of the line at the higher voltage, and 
decreased losses; also the cost of future apparatus with 
standard ratings balanced against the cost of off-stand- 
ard transformers. The increases in costs of special 
transformers above the price for standard units will 
have to be given by the manufacturers. It is believed 
that on lines containing few substations it will be found 
practical to gradually work toward standard voltages. 
On other circuits containing numerous substations and 
customers, and where alterations in station layouts 
would be necessary to operate on a higher circuit 
voltage, such changes may not be feasible. These 
questions will require careful study for each different 
proposition and hence no definite conclusions can be 
made. 

Discussion 
For discussion of this paper see page 205. 


Suggested Transformer Voltage Standards 
Their Relationship to Pacific Coast Practise 
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Synopsis.—Exzplanation of authorship and basis of paper. 
General discussion of the proposed system voltage standards and the 
principles underlying them. Listing of transformer voltages and 


E \HIS paper is presented by the Subcommittee on 
Transformer Standardization of the Electrical 
Apparatus and Overhead Systems Committees 

of the Pacific Coast Electrical Association as the result 

of a study of transformer ratios made last year and a 

further investigation carried on during the past few 

months. It is felt that it will be of interest as part of a 

general discussion of the subject, system voltage stand- 

ardization, as it is a composite of the views of repre- 
sentatives of the several Member Companies of the 

P. C. E. A. 


The work last year was carried on by means of ques- 
tionnaires and by discussion at joint meetings of the 
two parent committees. The table of “Proposed 
Voltage Ratings For Systems” presented to the 
National Electric Light Association by a special com- 
mittee appointed by the National Apparatus Committee 
to study data collected by that body was discussed, 
in so far as it applied to transformers, at some length. 
This year a survey has been made of the voltage ratings 
and kv-a. capacity of transformers in use by P. C. E. A. 
Companies. Further discussion of possible new stand- 
ards and the probable application of those suggested 
to Pacific Coast conditions was invited. The following 
is an attempt to present an analysis of the data collected 
and to present an outline of the opinions of the 
P. C. E. A. members that have come to the 
committee. 

The general view is that there is need of revision of the 
present transformer standards with respect to voltage 
rating. The five principles upon which such revision 
should be based, as set forth in the Memorandum of the 
Special N. E. L. A. Committee which was published 
in the September 1926 issue of the N. E. L. A. Bulletin, 


1. Pacific Coast Electrical Association Subcommittee on 
Transformer Standardization. H. H. Minor, San Joaquin Light 
and Power Corp., Chairman; K. B. Ayres, San Diego Consoli- 
dated Gas & Electric Co.; A. W. Copley, Westinghouse Electric & 
Mfg. Co.; J. H. Cunningham, General Electric Co.; H. S. Lane, 
Pacific Gas & Electric Co.; H. L. Sampson, Southern California 
Edison Co. 

Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., Feb. 7-11, 1927. 


kv-a. connected now in use by P. C. E. A. Companies. Detailed 
discussion of changes in proposed standards to bring them into 
conformity with Pacific Coast practise. Summary and conclusion. 


are excellent.2 Of these, principle B which reads: 

“The voltage selected must closely resemble those 
now in use to permit a reasonable degree of inter- 
change ability of old and new apparatus” is of partic- 
ular importance. It will probably result that this is the 
vital point to be considered in any attempt at revision 
of the standards. 

Principle C, which states that the changes involved 
must not necessitate too great an expense in the de- ` 
velopment of new apparatus, is also of extreme impor- 
tance. This expense, however, should be the expense 
to the user of the apparatus and not simply the cost of 
development and manufacture. It should include the 
probable cost to the user because of the fact that 
principle B is not adhered to, sufficiently. Most of the 
present-day systems for the transmission and dis- 
tribution of electrical energy are so greatly involved 
through interconnection on their own systems and with 
other systems that the voltages in use are fixed within 
rather narrow limits. That present standard trans- 
formers do not lend themselves to use on many of these 
systems without operating them at considerable vari- 
ance with their rated voltages and those upon which 
tests and guarantees are based, is very true. This 
has naturally resulted in the purchase of a great amount 
of “special” or “‘off-standard”’ equipment. 

To be successful, a new set of transformer standards 
must result in a decrease in the percentage of such 
specially designed transformers purchased. This re- 
sult must not be obtained, however, by the inclusion 
in the standards of a great number of new 
designs. 

Adherence to principle B willresult ina great reduction 
in the special transformers but principle C will have to 
receive careful consideration so that the ultimate cost 
to the industry as a whole will be lessened. Thus the 
task before those to whom is delegated the fixing of 
standard voltages for systems is one of making such 
compromise as is necessary between an ideal or theoreti- 


2. See also Voltage Standardization of A-C. Systems from the 
Viewpoint of the Electrical Manufacturer, by F. C. Hanker and 
H. R. Summerhayes, A. I. E. E. Winter Convention. February 
1927. 
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cal standard and the voltage ratings of equipment 
now in use in order to arrive at a result that will be most 
satisfactory.. That this is no easy task is evidenced 
by the study made by the N. E. L. A. Special 
Committee. 

The proposed set of standard voltages and the ex- 
planatory notes with them are a wonderful improve- 
ment in many ways over the present standards. It 
may be the best possible compromise to which reference 
is made above. Certainly very careful thought has 
been given to its preparation, that the weaknesses of 
' the present system of voltages shall be largely elimi- 
nated. The transformers and their taps listed will fit 
nicely into the somewhat ideal simple system used as 
an illustration in the Memorandum of the Special 
N. E. L. A. Committee. That such transformers would 
fit as well into existing systems may be open to question. 
In the West, where transmission distances are long, 
the full load drops encountered in the lines are consid- 
erably greater than the limits set in this example. The 
result is that in many cases step-down transformers are 
purchased with a much greater range of taps than the 
proposal allows in order to arrive at flexibility in the 
use of these transformers over a large system, or varia- 
tions in their voltage ratings are specified to conform 
with existing drop conditions. 

The accompanying tabulation gives an idea of the 
great variety of voltages and ratios in use by the 
P.C. E. A. Companies. Also is listed in part the kv-a. 
connected of transformers of the different classes shown. 
While this is not a complete listing, due to lack of in- 
formation from a few of the Companies, it is felt that it 
presents a fair picture of the transformer situation on 
the Pacific Coast with respect to the possibility of 
arriving at a new set of standards that will fit into 
existing conditions. 


A study of this tabulation shows that in the lower 
voltage classes, which include the great number of 
distribution transformers supplying utilization voltages, 
approximate conformity with the proposed standard 
exists. There are some changes, however, that seem 
advisable in view of present practise. In the higher 
voltage classes there is not such close conformity to the 
proposed ratings. The very great variety of voltages 
used is due in part to the above practise of specifying 


special transformers for use at different points on sys- . 


tems. For the most part, also, the larger systems have 
been built up by a gathering together of many small 
systems and interconnecting them by means of trans- 
mission lines. Each of these smaller companies had 
their own particular voltages and they were usually 
continued by the use of more or less ‘‘special transform- 
ers.” This also has contributed to the great variety 
of transformer ratings. 

The use of 2300-volt, delta-connected systems of 
distribution, supplying 110 to 115 volts to the consumer, 
has been the original set-up of most systems. As load 
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TABLE OF TRANSFORMER VOLTAGES IN USE AND KV-A. IN 
TRANSFORMERS CONNECTED TO LINES OF PART OF 
P. C. E. A. COMPANIES 


Nearest 
voltage 
class 


een a o a a a a a 


6,900 


11,500 


13,800 


23,000 


34,500 


34,500 


34,500 


69,000 


88,000 


110,000 


132,000 


SSS. a rr ree ere a TE 


Primary Voltages 
(Full winding) 


2000 to 2900 volts 
(2300 predominant) 


3810 to 4800 volts 
(4000 predominant) 


6000 to 7900 volts 
(6900 predominant) 


10,000 to 12,500 volts 
(11,500 predominant) 


13,200 to 14,400 volts 
15,000 to 18,000 volts 


20,000 to 26,400 volts 
20,000 /34,600 Y and 
22,000/39,000 Y. 


29,705 to 36,415 Volts 


(Connected Y on 
66-kvV. systems) 


33,000 volts 
(Connected delta) 


38,100 to 41,600 volts 


(Connected Y on 
66-kv. systems) 


50,000 to 76,200 Volts 


(Connected Y on 
110-kv. systems) 


50,000 to 66,000 volts 


(Delta connected) 


81,000 to 88,000 volts 


(Delta connected) 


110,000 volts 
(Delta connected) 


115,470 to 127,000 volts 


(Connected Y on 
220-kv. systems) 


150,000 volts 
154,000-115,000 volts 


Secondary Voltages 
(Full winding) 


110 to 850 volts 
(115-230 predominant) 


110 to 2300 volts 
(115-230 predominant) 


110 to 2300 volts 
(115-230 predominant) 


110 to 2300 volts 
(115-230 predominant) 


110 to 850 volts 
110 to 2400/4150 Y. 


110 to 6900 volts 
2200 and 2300 Volts 


110 to 4150 volte 
6900 /11,950 Y 
7500/13,000 Y 
11,500 volts 
13,200 volts 
17,000 volts 
22,000 volts 


2400-11,500 volts 


110 to 4150 Volts 
6900 /11,950 Y 
7200 /12,500 Y 
7500/1300 Y 
11,500 volts 
16,500-11,500 volts 
22,000 volts 
2400-11,500 and 
16,500-33,000 volts 


110 to 4150 Volts 
6900/11,950 Y 
7200 /12,500 Y 
7500/1300 Y 
11,500 volts 
13,200 volts 
17,000 to 17,500 volts 
31,215/54,000 Y 
34,640/60,000 Y 
45,800/79,300 Y 
110 to 4150 volts 
6900 /11,950 Y. 
11,500-16,500 volts 
20,000 /34,600 Y 
22,000-11,000 volts 
36,000 volts 
2400-11,500 and 
16,500-33,000 


2000 to 2400 volts 
11,500-2400 volts 
36,000-6600 volts 
55,00-2300 volts 


9500/16,450 Y 


11,500 volts 
63,500 volts 
66,000 volts 
72,000 volts 


66,000-16,500 volts 
11,000 


469,753 


625,210 


206,739 
166,667 
369,000 
315,000 


305,000 
80.000 
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density increased it became necessary to provide 
greater capacity to existing lines. The logical set-up 
and the one taken by most of the Companies was to 
use 2300 volts connected Y or the so-called 4000- 
volt system. In many cases the lines were made three- 
phase, four-wire, the 2300-volt class transformers being 
connected Y-delta for three-phase service and from 
phase wire to neutral for single-phase service. As 
the territory covered grew and longer feeders became 
necessary, it was found best economy to discontinue 
stringing the neutral wire and make use of a special 
4000- to 115/230-volt transformer for single-phase use 
on these lines, still employing three 2300-volt trans- 
formers connected Y-delta for three-phase service. 
This practise has been and is being extended rapidly. 
One manufacturer has catalogued a 4000-volt distribu- 
tion transformer. It would seem advisable to include 
such a transformer in the proposed standards. Its 
rating, to conform with the Y voltage of the 2300-volt 
transformer, should be 3980 to 115/230, etc., for step- 
down transformers. 

The next higher voltage class of transformers in use 
is the 6900-volt. As shown by the accompanying 
tabulation, there are a great many of this class in use on 
the Pacific Coast. There are, however, very few 
6900-volt delta systems or lines. The almost universal 
practise is to use these transformers connected Y-delta 
on 11,500-volt systems, just as the 2300-volt class is 
used on 4000-volt systems. The present standards 
recognize this use by making the rating for distribution 
transformers of this class 6900/11950 Y to 115/230, 
etc 

There are also in use many 11,500-volt class trans- 
formers on these same systems, either connected delta- 
delta for three-phase service or used separately for 
single-phase loads. There is, however, a discrepancy 
between the ratios of these transformers and the 
6900-volt class in the present standards. The rela- 
tionship between these two clasges should be as 1.73 
is to 1 instead of as 1.67 is to 1, which is present practise. 
The practical result has been that the 6900-volt class 
is connected on the 6585-volt tap and the 11,500-volt 

class on full winding to more nearly approach the 
proper secondary voltage when both classes are con- 
nected tothe same line. This, in effect, cuts down the 
available taps on the 6900-volt transformer and the 
user is paying for more than he needs. 

In the proposed standards the actual ratios of these 
two classes are changed. The step-down proposal 
ig respectively for the 11,500-volt system and the 
6900-volt system, 11,000 to 115/230, etc., and 6600 to 
115, 230, etc. The relationship between them is still as 
before: 1.67 to 1. No provision is made in the pro- 
posed standard, however, for Y-operation of the 6900- 
volt class transformer. To conform as nearly as 
possible with the proposed standards and also with the 
Pacific Coast practise, it will be advisable to make the 
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proposed standard for these two classes substantially as 
below: 


Step-up Transformer Step-down Transformer 
System Primary Secondary Primary Secondary 
6,900 6,600 6,900  6,600/11,430 Y 6,900 
11,950 11,430 11,950 ‘11,430 11,950 


This rating of the step-down, 6900-volt class trans- 
former will require it to be tested for 11,950 volts 
under the recommendation of the Special N. E. LPA. 
Committee that high potential tests be based on 
“rated circuit voltage’ of the system of which the 
apparatus forms a part. That this is correct for such 
transformers connected Y is undoubtedly true. Should 
there be sufficient use of 6900-volt transformers on 
6900-volt circuits to warrant it, it may be advisable to 
include both the above suggestion and the 6900-volt 
step-down transformer for use on 6900-volt delta lines. 
This is not the case on the Pacific Coast as practically 
all of the 469,783 kv-a. listed in the accompanying 


- table are used on 11,500-volt systems. 


In the proposal of the N. E. L. A. Special Committee, 
the following recommendation is made in “Note F” 
accompanying the proposed Table of. Voltages: 

“When possible, 11,500-volt systems should be 

discouraged in favor of 13,800-volt ones.” 

On the Pacific Coast this suggestion is not at all possible. 
The practise, mentioned above, of using both 6900- 
and 11,500-volt class transformers so universally on 
11,500-volt systems cannot be changed without im- 
mense cost. To change to 13,800 volts would necessi- 
tate the replacement of more than 1,000,000 kv-a. in 
6900- and 11,500-volt distribution transformers and 
almost as much capacity in station transformers serving 
them. It is the unanimous opinion of the P. C. E. A. 
membership that the 11,500-volt system should be 
retained with such changes as are necessary to bring it 
into conformity with the 6900-volt class step-down 
transformers, connected Y on such systems. 


The failure to include a 6900-volt class of trans- 
former for Y operation in the proposed table is really 
only a special case of a general condition. The very 
great use of Y-connected transformer banks for both 
step-up and step-down purposes seems to point to the 
advisability of including such transformers in a new set 
of standards. That this use of transformers is large on 
the Pacific Coast is shown by the accompanying table. 
Of transformers above the 13,800-volt class there were 
reported approximately 4,000,000 kv-a. connected Y 
and about 1,000,000 kv-a. connected delta. The 
proposal of the N. E. L. A. Committee only includes 
transformer voltages for use connected delta, with the. 
single exception of the 2300/3980 Y for step-down and 
2400/4150 Y for step-up high voltage ratings. That 
inclusion of transformers for Y-connection for the 
various system voltages chosen will approximately 
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double the number of transformers in the standards, is 
evident, but it will not greatly increase the number of 
designs necessary and should not increase the cost of 
either class. If the proposed standards were to be 
adopted, those companies using Y-connected trans- 
formers would be forced to buy “special equipment” 
and the designs, patterns, etc., would still have to be 
made. , 

The “General Note” accompanying the Table of 
Proposed Voltage Ratings referring to guarantees of 
efficiency, heating, overload, etc., and over-voltage 
tests has caused some comment. It is felt that this 
note is correct with respect to over-voltage tests of 
primaries of step-down transformers being based on 
five per cent over rated primary voltage. This is neces- 
sary to care for the over-excitation of the transformer 
necessary to overcome transformer regulation drop. 
The same provision, however, would seem advisable for 
the primary or low voltage winding of step-up trans- 
formers. With these it is also necessary to over-excite 
approximately five per cent in order to supply rated 
secondary voltage at full load, due to transformer 
regulation. It would seem that this same result would 
be obtained, however, if the suggestion, mentioned 
before, that all apparatus have high potential tests 
based on “rated circuit voltage” of the system of which 
the apparatus forms a part, were adopted. 

“Special Note E”’ states that transformers should be 
designed to operate during emergencies at five per cent 
above rated voltage, the over-voltage being obtained 
by over-excitation. Comment has been made that 
this statement is very indefinite. The question is 
asked as to just what constitutes such an emergency 
and how long such an emergency might be allowed to 
exist. In the Memorandum of the Special N. E. L. A. 
Committee the loss of one or more of a parallel group of 
transmission lines, causing abnormal drops between 
sources of generation and utilization, is cited as an 
emergency. One can well imagine such a condition 
lasting for many hours or even days when the lines are 
in mountainous and inaccessible regions. Under such 
“emergency” operation the transformer would be sub- 
ject to the same conditions as would obtain for con- 
tinuous operation in this over-excited condition. 
Another emergency that is often encountered on almost 
all systems is the sudden failure of apparatus or lines 
that will cause a large block of load to be disconnected 
from a long transmission system. The result is a very 
decided rise in voltage at points distant from the source 
of energy due to the decrease of line drop and trans- 
former regulation. 

Referring to the Memorandum of the Special 
N. E. L. A. Committee and particularly to Fig. 2a 
therein, let it be assumed that this represents part of a 
system at full load served from a 13,800-volt and 2400- 
volt distribution system. In order to approximate 
probable practical conditions let it also be assumed that 
there are four such 69-kv. radical feeders from the 


Transactions A. I. E. E. 


132-kv. line, each carrying 25 per cent of its load. 
If, then, a fault should occur which would open up the 
13,800 feeder switches and drop their load, the five per 
cent regulation drop of the 66,000- to 13,000-volt 
transformers would be eliminated as would the 4.5-kv. 
drop in the 69-kv. line and 25 per cent of the line drop 
and transformer regulation of the 132-kv. line and the 
126,000- to 69,000-volt transformation respectively. 
This would result in approximately 18 per cent over- 
excitation of the 66,000- to 13,200-volt transformer. 
Thus this emergency, which would of course be of very 
short duration, would cause very much over the five per 
cent set up by “Note E.” It is suggested that a more 
exact statement of the meaning of “emergencies” 
should be included in these notes. 

As stated above, the long transmission distances in 
the West make it advisable to allow quite large line 
drops at full load, and this condition has made some of 
the companies specify quite a range of taps for their 
step-down transformers. The following is from one of 
the larger P. C. E. A. companies: 

“While it may be possible in the eastern part of the 
country with concentrated loads in relatively restricted 
areas to keep transmission line drops within the limits 
indicated by the discussion of the proposed standards 
and consequently to maintain the transmission system 
voltage level with only four 214 per cent taps in step- 
down transformers, we do not consider this economically 
practicable under the conditions prevalent on this 
coast. Our system, for instance, 1s spread over a 
veritable empire, with widely scattered power sources 
and load centers, and we find it necessary to provide 
taps for about 171% per cent, particularly for trans- 
formers connected to the transmission systems. For 
instance, our present practise for transformers con- 
nected to our so-called 60-kv. system provides for two 
5 per cent taps and one 714 per cent tap, enabling these 
transformers to be used interchangeably on any part of 
the system. We therefore feel that more than 10 per 
cent in taps should be provided by these standards, 
either in 214 per cent or larger steps as may be found 
necessary.” Other companies operating over ex- 
tensive territories find the same conditions confronting 
them and the practise of employing a greater than 
10 per cent range in taps is quite common. Thus 
the “Special Note E (b)? might also be given more 
thought. 

To summarize the foregoing briefly, Pacific Coast 
practise in the use of transformers points to the ad- 
visability of some change from the present standards. 
The proposed standards are a great Improvement over 
the old and the principles upon which they are based 
are sound. There is need of the inclusion of a 3980- 
volt step-down distribution transformer and of a 
change in the 6900-volt and 11,500-volt class to bring 
them into conformity for operation on the same 11,500- 
volt lines. There is a distinct need of the standards 
including transformers rated for Y-connection as well as 
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delta connections on standard systems. The “General 
Note” referring to over-voltage tests could be clarified 
as could the “Special Note E” referring to emergency 
operation. More study of the advisable range of taps 
on step-down transformers seems advisable. ‘Special 
Note F” suggesting the elimination of 11,500-volt 
systems is not at all in keeping with Pacific Coast 
practise. 
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In conclusion, it might be repeated that the task 
before those responsible for the formation of a set of 
voltage standards is a most difficult one. It must be a 
compromise between the ideal and the practical. Its 
result must be an economic gain to the industry as a 
whole. 

Discussion 
For discussion of this paper see page 205. 


Voltage Standardization 


BY A. HUBER-RUF: 


Non-Member 


Synopsis.—A review of the points of view which in general 
influence standardization of voltages and a number of proposals 
of certain standards are given in this paper. The discussion pertains 


to classes of voltages, three-phase systems, d-c. systems, and nominal 
voltages. A plea is made for the use of the ratio of 1/ V3 for 
working voltages. 


I. GENERAL 


HE standardization of voltages forms the most 
important basis for the economic manufacture 
of electrical machinery and apparatus, and for 

the installation of electrical plants. 

In recognition of this fact, the electrotechnical bodies 
in various countries have drawn up standards, and the 
International Electrotechnical Commission has now 
undertaken the task of bringing into line the various 
standards set up in different countries so as to provide 
a better international basis for the manufacture of 
electrical plants, and to facilitate the exchange of energy 
between neighboring countries. 


This report contains only a brief review of the points 
of view which, generally speaking, influenced the stand- 
ardization of voltages, and gives a short summary of 
the results of this standardization. 

A few remarks are made at the end concerning Ameri- 
can practise so far as the writer of this report was able 
to obtain information on it on the occasion of the I. E. C. 
Conference in New York in April 1926 and from various 
other sources. 

The following were the principal deciding factom in 
the selection of standard voltages: 

1. Consideration of the voltages most used in the 
countries concerned, 

2.. Consideration of the voltages standardized in 
neighboring countries, 

3. The fixing of as few voltages as possible, at suitable 
intervals. 

The consideration of the three points mentioned 
presented some difficulties and the solutions proposed 
are consequently the results of compromise. 

Exhaustive inquiries were made in various countries 
in order to settle the first question, concerning the extent 
to which the different voltages were employed. The 

1. Brown Boveri Company, Switzerland. 


Presented at the Winter Convention of the 
New York, N. Y., February 7-11, 1927. 
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importance of the various voltages, considered from the 

point of view of connected load in kilowatts, and the 

extent of the transmission plant was recorded 
graphically. 

Fig. 1 gives an example of such a graphic record ` 
drawn up for Switzerland in 1919 for lighting and power 
systems. 

Tables and graphical records were also made for the 
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settlement of the second question, concerning standard- 
ized voltages in different countries. 

Fig. 2 contains such a record for three-phase voltages 
in various countries. 

The third point, “The fixing of as few voltages as 
possible, at suitable intervals,” offered special diffi- 
culties. 


It was generally recognized to be E for 
three-phase working that the voltages should bear to 
one another the ratio 1:./3 on account of the possibility 
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of changing over the windings of machines and trans- 
formers from star to delta, and the increased possibility 
of utilization of material resulting therefrom. 

Voltages have hitherto been standardized, however, 
mainly with the ratio 1:2, having regard, obviously, to 
the series-parallel connection of d-c. or single-phase 
a-c. machinery. 

Series-parallel connection is also possible with three- 
phase windings but it presents considerable disadvan- 
tages as compared with delta-star connection. This 
point will be brought forward again later on as it is of 
great importance. 


II. CLASSES OF VOLTAGES 

In this report, distinction will be made between the 

following classes: 
Class A, up to 99 volts, 
Class B, 100 to 990 volts, 
Class C, 1000 to 29,000 volts, 
Class D, 30,000 to 100,000 volts, 
Class E, over 100,000 volts. 

Further particulars concerning the standardization of 
d-c. and three-phase voltages are given in the following, 
three-phase voltages being considered first as being more 
important as regards generation, distribution, and 
utilization of electrical energy. 


III. STANDARD FOR THREE-PHASE SYSTEMS 


Class A, up to 99 Volts. This class is of importance 
mainly for direct current and single-phase alternating 
current. 


There are already several standards existing 


Fig. 2—VOLTAGES FOR THREE-PHASE SYSTEMS. COMPARISON 
OF THE STANDARDS OF VARIOUS COUNTRIES 


in various countries. Hitherto the voltages falling 
within this class have not been dealt with by the 
I. E.C. They are of chief importance for the lighting 
of electric vehicles, etc., for telegraphy, and for electro- 
therapeutics. 

Class B, 100 Volts to 990 Volts. This is the most 
important class as it comprises house installations and 
the majority of apparatus utilizing electrical energy. 

One hundred ten volts was used at first for lighting 
and power. When the load and the length of lines 
increased, the distribution voltage was raised succes- 
sively and separate mains for higher voltages were 
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frequently installed in towns for supplying electricity 
for power purpose. In many places this has led to 
complicated installations. 

It has now been the practise for many years to supply 
energy for lighting, power, and heating, as far as 
possible from the same mains. Experience has shown 
that in this case the three-phase, four-wire system 
presents the most economic solution. For lighting and 
for small heating apparatus, about 220 volts between 
the phase leads and neutral is used while about 380 
volts between star-connected phase leads is used for 
motors and larger apparatus. 

Higher voltages are also suitable for power purposes, 
but lighting voltages much above 220 volts, which would 
result from the use of higher voltages for power in the 


same mains, are not to be recommended at present — 


owing to the impossibility of manufacturing satisfactory 
lamps. | 

Two hundred twenty volts was also selected for three- 
phase because this voltage was widely used in d-c. and 
single-phase a-c. systems; lamps and small apparatus for 
domestic and industrial purposes can therefore be 
used for all systems, an important feature for the 
economic manufacture and use of apparatus of this 
nature. 

In addition to 220-380 volts, it is advantageous, 
from the point of view of existing plants and special 
conditions, to fix two other standard voltages in 
Class B, one above and one below in the ratio 1:./3, 
namely, about 127 and 660 volts. By changing over 
star-delta, motors and transformers can thus be used 
for two adjacent voltages. See Fig. 3. 

The ratio 1:2 between adjacent voltages would be 
very desirable for direct current. Series-parallel con- 
nection for three-phase motors, however, necessitates 
subdivision of the windings and bringing nine leads out 
of the stator frame when the ratio 1:2 is used, whereas 
for changing over from star to delta, only the siz ends 
of the three phases need be led out. 

In European practise, motors are provided with ter- 
minal plates having six terminals corresponding to the 
beginnings and ends of the three phases. The change 
from delta to star can then be effected simply by chang- 
ing over three connecting links on the outside terminal 
plate. There usually is not sufficient space on small and 
medium sized motors to accommodat= nine terminals for 
changing over from series to parallel. 

Changing over transformer windings from star to 
delta is also simpler than using series-parallel con- 
nections. Furthermore, three-phase motors and trans- 
formers are more reliable in operation when arranged 
for star-delta connection than when arranged for series- 
parallel connections, since the latter requires more 
internal connections and therefore offers more sources 
of trouble. 

The International Electrotechnical Commission took 
these considerations into account by deciding on the 
standard voltages for Group II. The voltages stand- 
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ardized are 127-220-880 volts and also 110-190 volts. 
In addition to these 115-200 volts and 133-230-400 
volts were designated as standard, but with the reser- 
vation that each country must decide upon either one 
or the other series. 'The most recommendable voltages, 
however, are 220-380 (Three-phase, four-wire system 
with 220 volts between phases and neutral for light 
and 380 volts between phases for power). 

Class C, 1000 Volts to 29,000 Volts. From the com- 
parison of the standards of various countries, (Fig. 2,) 
it is evident that the I. E. C. voltages, mz., 3000, 
6300, 10,000, 15,000, and 20,000 volts are standard 
in most countries, or at all events there are only rel- 
atively slight variations. 

In the connection it should be noted that in each 
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individual distribution system, generally only one or 
another of these voltages is used. 

To bring about a subsequent reduction in the com- 
paratively large number of steps, the voltages in heavy 
tvpe were specified as preferred standard voltages. 

The following proposal, which had a similar object 
in view, was submitted to the I. E. C. by the Swiss 
Committee. In order to allow an increased range of 
application for this class of voltages by means of the 
star-delta change-over on machines and transformers, 
and at the same time to omit one step, it was proposed 
to alter the voltages 3000 and 6000 to some small 
extent and to bring together in one step the voltages 
15,000—20,000. The resulting series was 3300, 5800, 
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10,000 and 17,300. Unfortunately this proposal 
(Appendix I) was not accepted at the conference in 
New York. The change would not have altered the size 
of machines, transformers, apparatus, and types of 
insulators, but the -windings would have had to be 
altered slightly. The result of the alterations would 
have been a considerable simplification, however, 
and for this reason the question will be brought up 
again when it comes to standardizing windings and 
transformer taps. | 

Class D, 30,000 Volts to 100,000 Volts. The voltages 
of this class accepted as standard by the I. E. C. were 
the widely used values of 30,000, 45,000, 60,000, 80,000, 
and 100,000 volts, those in heavy type being preferred 
voltages. 

The Swiss Committee also placed a proposal for this 
class (Appendix I) before the I. E. C., suggesting that 
the pressures of 30,000 and 60,000 volts should be 
changed to 33,000 and 58,000 volts so as to ensure the 
possibility of star-delta connection between these 
pressures and between 58,000 and 100,000 volts. 

Considerations of the presenty state of affairs and 
doubts as to the utility of the proposal regarding these 
high voltages led to this proposal also being rejected 
by the I. E. C. 

It was asserted in particular that it would not be 
economical to use, for example, transformers insulated 
for 100,000 volts in 60,000-volt installations. This was 
not intended for general practise, however. It should 
be made possible, however, for reserve transformers or 
even normal transformers, to be used in emergency 
cases in systems of the next lower voltage by changing 
over from star to delta. 

In this connection an actual case should be mentioned 
which came to the knowledge of the writer of this re- 
port, after the Conference in New York. In the 
Queenston Power Station at Niagara, transformer 
units each comprising three single-phase transformers 
with a total capacity of about 50,000 kw. are changed 
over from 120,000 volts to about 60,000 volts with 
disconnecting switches, by means of the star-delta 
connection. The correct voltage is obtained by regula- 
tion on the generators. Although the voltages are 
approximately in the ratio 1:2, use was not made of the 
series-parallel connection of the windings, but of star- 
delta change-over instead; this in spite of the disad- 
vantage that the voltage of the generators has to be 
regulated to a considerable extent. 

Transformers of Class D usually have low-voltage 
windings belonging to Class C. If the change-over 
could be effected in both classes, the advantages, 
of course, would be correspondingly greater, as indicated 
in Fig. 3. 

Class E, Over 100,000 Volts. The I. E. C. has 
decided on 150,000, 200,000 and 300,000 volts as 
standard voltages above 100,000 volts. 

These voltages bear to each other and to 100,000 volts 
the ratio 1:2. It was assumed that it would be general 
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practise in such plants to use a combination of three 
single-phase transformers instead of one three-core 
transformer, so that if necessary, series-parallel con- 
nection would be used with some advantage. Three- 
core transformers are also designed, however, for 
pressures over 100,000 volts. The example of the 
Queenston Plant shows that for groups of three single- 
phase transformers, also, the star-delta change-over 
connection is preferable to series-parallel connection, 
particularly so because it is frequently necessary to 
change over relatively quickly outside the transformer, 
and for this purpose single-phase transformers must 
each be provided with four high-voltage terminals for 
series-parallel connection. 

It is often the practise in high-voltage and extra 
high-voltage plants to use lower transmission voltages 
when starting operation and during the first period of 
operation. This is done on the one hand to test the 
plant more carefully and on the other hand because the 
load demand at first usually is not equal to its subse- 
quent maximum. 

These considerations, too, indicate that the possibility 
of a simple change-over to a lower voltage is desirable 
with transformers, and that wherever possible the lower 
voltage should also be a standard voltage. 


IV. STANDARD VOLTAGES FOR D-C. SYSTEMS 


Class A, Up to 99 Volts. The fields of application are 
the same as mentioned in paragraph III A. The 
d-c. voltages also of class A have not yet been dealt 
with by the I. E. C. 

Class B, 100 Volts to 1000 Volts. The more extensive 
d-c. systems are to be found in towns. New d-c. 
systems, however, are no longer installed on a larger 
scale for lighting and power as the economic advantages 
of three-phase, four-wire distribution are very con- 
siderable. A certain relationship, 7.e., common 
voltages for d-c. and three-phase systems, is very 
advantageous, however. 

It might have been possible to obtain this relationship 
at 110 volts, but this was considered too low for lighting 
and domestic apparatus generally on account of the 
large cross-sections of conductor necessary. The fact 
that 110-volt lamps are more reliable than, for example, 
lamps for 220 volts, was not of such importance because 
the manufacture of lamps will be improved. The 
pressure derived from 110 volts between phase leads and 
neutral, 2. e., 190 volts for power mains, is, generally 
speaking, also too low. 

In addition to 100 and 220 volts, 440 volts is also 
widely used in d-c. systems, and various combinations 
of 110 and 220 volts, namely 2 x 110,4 x 110,and 2 x 
220 volts, were accepted as standards by the I. E.C. 

The I. E. C. has also designated as standard the 
pressures 115, 230, and 460 volts, but with the reserva- 
tion that each country must decide upon either one or 
another series. 

Higher voltages in this class and voltages in the 
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next classes are used principally for electric traction 
which for the time being is not being taken into 
consideration. 


V. NOMINAL VOLTAGES, VOLTAGES AT CONSUMERS’ 
TERMINALS, MAXIMUM VOLTAGES AND TEST VOLTAGES 


According to the standards in some countries the 
mean voltages at consumers’ terminals are taken as 
nominal voltages for class B, while for classes C and D 
the maximum voltages at the generators and secondary 
terminals of transformers were fixed as nominal volt- 
ages. In favor of the second ruling, it is maintained 
that the calculation of the test voltage for a plant should 
be based on the nominal voltage and that the highest 
voltage normally occurring should be used as a basis 
for the calculation of the test voltage. 

This consideration is correct as far as it goes. It is 
also easily possible, however, to base the calculation of 
the test voltage on the mean nominal voltage at con- 
consumers’ terminals, provided allowance is made for 
the difference between this and the maximum allowable 
voltage in the system in question. According to various 
standards and also according to the I. E. C., this dif- 
ference amounts to about 10 per cent for class C and the: 
higher classes of voltage. 

The question as to which voltage in a plant is to be 
taken as the nominal voltage is thus of secondary 
importance as far as the reliability of material is 
concerned. The most important point is that the 
same voltage shall be used throughout as a basis, and 
that the same safety factors and factors for calculation 
of test voltage be employed by the different countries. 

The opinion in Switzerland is prevailing that the 
formula given by the I. E. C. in Publication 34 for 
medium sized machines and transformers, viz., 
test voltage = 2 E + 1000, is sufficient for testing the 
insulation of windings, 2.e., when a solid or liquid 
insulation material is in question, thus Including also 
large machines and transformers. A test voltage of 
2 E + 10,000 is proposed for insulators where air is the 
dielectric medium. In other countries there is a 
question of increasing the factors to some extent. 
As this does not directly affect the standardization of 
voltages, further details will not be dealt with here. 

The fixing of the mean voltage at consumers’ terminals 
as nominal voltage was very strongly advocated in 
France on the grounds that this voltage usually figures 
in contracts for the supply of electricity and should 
therefore be considered as the nominal voltage. The 
I. E. C. accepted this proposal. This solution has the 
advantage that the nominal voltage of all classes is 
referred to the same point in the system, 7. e., to the 
mean voltages at the consumers’ terminals (lamps, 
motors, and primary terminals of transformers). 

This point is not made sufficiently clear in various 
regulations, including those of the Electric Power Club. 
The next section of the report will deal with this subject 
more fully. The decisions of the I. E. C. relative to 
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the question and the table of accepted nominal voltages 
are given in Appendixes II and IIA. 

Figs. 3 and 4 show diagrams of connections for three- 
phase installations. These give the maximum voltages 
at the generators and secondary terminals of transform- 
ers, and also the mean nominal voltages at the lamps, 
motors and primary terminals of transformers, for 
net-work of nominally 220-380, 10,000 and 100,000 
volts. 

Fig. 3 also indicates various possibilities of changing 
over on the primary and secondary sides of transformers 
and motors. 


VI. REMARKS ON AMERICAN PRACTISE 


The relations between Europe and America in the 
field of electrical engineering have always been relatively 
close. In the conferences of the I. E. C., and when 
drawing up standards for various countries in Europe, 
endeavors have been made to give due regard to Ameri- 
can practise, also. 


1.000 


POWERSTATIONNo.1'@) 1O © 
and Transformer Station | 


Fia. 4—DIsTrRIBurTION or Vo.LtTace. Limitinag VALUES 


The following case is assumed: Two power stations operating in parallel. 
Generators for 11,000 volte at full load, one in each station connected to 
11,000 /400-volt transformer for direct distribution in the immediate 
vicinity; 380 volts at motor. One 11,000-volt outgoing feeder to a trans- 
former station for supplying another district; as before, transformation 
ratio 11,000/400 volts and 380 volte at motor. 

There are also 11,000/110,000-volt transformers in each power station 
supplying a substation situated about half way between them, containing 
100,000 /11,000-volt transformers. Energy is distributed from the sub- 
station by means of 11,000/400-volt transformers. There is also an 11,000- 
volt outgoing feeder for supplying a transformer station at 10,000 volts in 
another district. This station also transforms down from 10,000 to 400 
volts for a pressure of 380 volts at motor terminals (220 volts for lightning). 


The Conference in New York in April, 1926 made 
possible a still closer cooperation between electrical 
engineers in America and Europe. Earlier discussions 
of the I. E. C. led to the opinion that American 
practise regarding standard voltages shows many 
points of similarity to European practise. In par- 
ticular, the view was held that the American standard 
voltages, 6600, 11,000, 22,000, 33,000, 66,000, 88,000, 
110,000, and 220,000, represented the maximum 
voltages of the systems in question, in which 6000, 
10,000, 20,000, 30,000, 60,000, 100,000, and 200,000 
respectively were the mean voltages at the end of the 
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lines, 7. e., at the primary terminals of the step-down 
transformers. It was thus supposed that the American 
standards agreed with the European standards, as these 
give as nominal voltages the same values, 6000, 10,000, 
20,000, 30,000, 60,000, 80,000, 100,000, and 200,000 
volts, at the consumers’ terminals and at the primary 
terminals of transformers, these values being about 10 
per cent lower than the maximal voltages. The differ- 
ence of about 10 per cent between the mean nominal 
voltages and the maximum voltages on one and the 
same system was accepted as I. E. C. standard. 


The view that the voltages, 6600 volts, etc., are an 
American standard maximum is confirmed apparently 
by some standards of the Electric Power Club. On 
page 185, for example, taps of five per cent (6270 volts) 
and 10 per cent (5940 volts) are quoted for 6600-volt 
transformers. This would obviously indicate that at 
the consumers’ end of a line, i. e., in this case at the 
primary terminals of the transformer, the pressure is 
about 5940 or 6000 volts according to the load and the 
length of the line. This would correspond exactly 
to the nominal voltage or mean voltage at consumers’ 
terminals accepted by the I. E.C. 

The low-tension voltage quoted by the Electric Power 
Club as standard for 6600-volt transformers is 220-440 
volts. This appears not to agree with other standards 
defined by the Electric Power Club. On page 129, 
220-440 volts are quoted, amongst others, as standards 
for motors. Lamps and other apparatus are also 
constructed for 220 volts. Such apparatus, however, 
is very seldom installed immediately near the trans- 
former terminals, but some length of network is usually 
necessary, involving a voltage drop which must be 
taken into consideration. This drop for low voltage 
is assumed to be about five per cent on an average. 
The mean voltage at the secondary terminals of the 
transformer should therefore be raised by this amount. 
Thus, if motors are wound for 220-440 volts, the voltage 
at the secondary terminals of the transformers should 
be about 230-460 at full load. With this correction, 
the transformers would correspond to the I. E. C. 
standards. The latter standards do not yet contain 
data for increased voltages at the transformer secondary 
terminals for the low voltages but this question is to be 
settled at the next meeting. 
` The above remarks concerning the transformers for 
6600 volts as defined by the Electric Power Club apply 
similarly to the transformers of other standard voltages, 
2. e., 11,000 volts, 22,000 volts, ete. 


VII. CONCLUDING REMARKS 


The foregoing report emphasizes intentionally the 
importance of the three-phase current for the distribution 
of energy for lighting and power, as the standardization 
of voltage is influenced thereby. 


The report also deals very fully with the question of 
star-delta change-over of machine and transformer 
windings, for the following reasons: In standardizing, 
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great importance is rightly attached to voltages used 
hitherto. In addition to this, there is, however, 
the not less important question of adapting the stand- 
ardized voltages to three-phase current, to be con- 
sidered. If it is asserted that the change-over from 
star to delta is relatively seldom used at medium and 
high voltages and that it will not therefore be of great 
importance, it should be remarked that up until now 
it was not possible to make use of this change-over with 
many of the voltage used hitherto, as the resulting 
voltages are not standard. It is nevertheless frequently 
pointed out that the pressures 3, 6, 10 kv., and 30, 60, 
100 kv. allow the change-over to a large extent. The 
approximation, however, especially at 3-6 and 30-60 kv., 
is not sufficiently close. Swiss electrical engineers are 
of the opinion that a closer agreement between the 
values would be of great advantage to manufacturers 
and electric supply companies. 

These remarks should in no way lessen the importance 
of the fact that the I. E. C. has succeeded in fixing 
standard voltages to which all concerned are agreed. 
These voltages also form a basis for considerable sim- 
plification, as compared with conditions hitherto 
prevailing. 

Appendix I 
INTERNATIONAL ELECTROTECHNICAL COMMISSION 


PROPOSALS OF THE SWISS COMMITTEE REGARDING 
STANDARD VOLTAGES FOR THREE-PHASE CURRENTS 


A. Proposal. At the meeting held on the 2lst 
April, 1925, at the Hague, it was decided to submit to 
the National Committees the following proposal of the 
Swiss delegate, M. A. Huber-Ruf, in regard to the 
standardization of high pressures. This proposal was 
inadvertently omitted from the Minutes R. M. 22. 

The three-phase pressures proposed by the Advisory 
Committee on Standard Pressures, which bear to each 
other an approximate ratio of 1:3, should be modified 
and fixed as shown below, in order to make star-delta 
interconnection possible. | 

Two series should be formed, one starting from 10,000 
volts and the other from 100,000 volts, as follows: 

Ist series..... 3300 5800 10000 17300 

2nd series... . 338000 58000 100000 

It is recommended that the pressures of 3000, 6000, 
and 15,000-20000 volts should be replaced by the pres- 
sures of the first series above, and pressures of 30,000 
and 60,000 volts by those of the second series, in all new 
installations or when important additions or modifica- 
tions are made to existing installations. 

B. Explanation of the Reasons for the Proposal. The 
rational manufacture in series of three-phase machines 
and transformers requires above all the use of standard 
pressures interrelated by the ratio 1:V3. This scale 
is the only one in which a standard pressure is obtained 
when the change from star coupling to delta coupling, 
or vice versa, 1s made. 

The foregoing proposal satisfies this requirement for 
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the most commonly used pressures and will also make it 
possible to establish in the future a standard series of 
high three-phase pressures as rational as that which 
has been fixed for low three-phase pressures on the 
basis of the ratio 1:V3. 


Appendix II 
STANDARD VOLTAGES, R. M. 42 
A. DECISIONS OF THE NEW YORK CONFERENCE OF 
I. E. C., 1926 
1. Voltages, Class A. 


TABLE I 
Voltage at Consumers’ Terminals 


Alternating Current 


Series 


Single-phase 


Direct Current Three-phase 


110 110 
110 
110 


Dh N m 
X X X 


S AD EAEE A VES e | E ea o E A EER: 


1 X 460 

a. Each country must decide either on Series I or Series II. 

b. The values given for three-phase are the voltages between line and 
neutral. The voltages between phase leads corresponding to the given 
values between line and neutral must also be considered as standard 
values, e. g., 380 volts. (This note will be added to the table drawn up by 
the I. E.O.) 


2. Voltages, Class B. 
a. THREE-PHASE VOLTAGES 
TABLE II 


Nominal I. E. C. Volt- 
ages Mean Value at 


Consumers’ Terminals Maximum Voltages 
1,000 1,100 
3,000 3,300 
6,000 6,600 

10,000 11,000 
18,000 16,800 
20,000 22,000 
30,000 33,000 
45,000 50,000 
60,000 66,000 
80,000 88,000 
100,000 110,600 
150,000 165,000 
200,000 220,000 
300,000 330,000 


b. Definition of ‘nominal high voltage:'' The nominal high voltage 
shall be the mean voltage at the consumers’ terminals and shall be called 
nominal I. E. C. voltage of the network of that voltage range. 

c. The maximum voltages at the generators and secondary terminals of 
transformers shall be considered to be about 10 per cent higher than the 
mean voltages at the consumers’ terminals. The values are included in the 
above table. 

d. The maximum and minimum values of the voltages according to 
paragraph I, and the variations occurring under working conditions, 
should be considered at a later date. j 

e. Preferred nominal voltages. 
are preferred high voltages. 


The voltages which are in heavy type 
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Discussion 


PAPERS ON VOLTAGE STANDARDS 
(SUMMERHAYES AND HANKER, ARGERSINGER, SILVER AND HARD- 
ING, GEAR, SCHOLZ, EBERHARDT AND JONES, MINOR, 
HvusBer-RvuF) 

New York, N. Y., FEBRUARY 9, 1927 


B. G. Jamieson: This discussion was organized for the 
purpose of presenting this voltage question in such a broad light 
that it may arouse a unity of purpose and a spirit of compromise 
so that following this presentation there may be substantial 
progress towards either a settlement of the question or a 
definite statement that perhaps we are too far apart ever to 
settle it. 

A few references may be made to previous work. This subject 
was recognized as preeminently important by the Electrical 
Apparatus Committee of the N. E. L. A. about 1921 and 1922, 
with particular reference to one of its several aspects, namely 
transformers. As a result the 1922 standard of the Electrical 
Apparatus Committee for the transformers was compiled and 
approved. 

In 1924 the manufacturers began to complain that less than 
50 per cent of the power transformers were being ordered in 
accordance with these standards, and an investigation by the 
Transformer Committee of the N. E. L. A. revealed that not only 
was a revision of the 1922 transformer standards necessary but 
that any such revision should take into account the whole system 
from the generator to the consuming device. 


In 1926 the International Electro-Technical Commission 
held a meeting in New York, at which time standard system 
voltages was a major topic in the program, and it became evi- 
dent that the United States was unable to present anything like 
a nationally endorsed schedule of system voltages. The recogni- 
tion of this dilemma brought about a serious committee activity 
which has crystallized into this symposium. 


As I said in the beginning, it is but an expression of a very 
earnest endeavor to bring about some unity of sentiment on this 
subject. 

President Chesney in his address! on February 7 stressed the 
topic of standardization and the Institute’s obligation in this work. 
In the appreciative responses to his appeal, a suggestion was 
offered, and that particular suggestion seemed to me to be par- 
ticularly worth our consideration. The substance of it was that 
we accomplish our ends (meaning the greater efficacy in our work 
of attempts at so-called standardization) by a somewhat dimin- 
ished stressing of that term. That is to say, instead of stressing 
the word ‘“‘standard,”’ let’s see if we can’t use some other word 
perhaps that will help in bringing about what we desire. 


If, for example, we can convey to engineers that what we really 
are seeking is not in the nature of the absolute which the word 
‘‘standard”’ always suggests nor of that fixed character, nor a 
futile academic ideal, but the ideal that engineers as economists 
all really appreciate, namely, that we ought to unify and thereby 
simplify our practise, perhaps this avowed concession to contem- 
poraneous practise and, of course, fixed capital, will attract 
and soften some of the irreconcilable elements now preventing the 
desired unification. Operating practise will change with the 
development of the art, but we should, of course, maintain its 
orderly direction. 

M. D. Coopers Since the focal point of all endeavor along 
lines of voltage standardization is the ultimate service voltage, 
it may be interesting to review briefly the development of the 
present program of standardization in reference to lighting volt- 
ages and incandescent lamp demand. 


The original Edison central stations practically all operated at 


1. Electrical Standardization, address by C. C. Chesney, A. I. E. E. 
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110 volts. The inherent spread in voltage encountered in the 
manufacture of carbon lamps induced a corresponding spread in 
voltage on the part of central station lighting companies so that 
in the early years of the century lamps were supplied in a large 
number of voltages between 100 and 130 volts. After the advent 
of the drawn-wire tungsten filament, the spread in voltage in 
lamp manufacture ceased. The outstanding voltages of greatest 
demand were 110, 115, and 120 volts, wherefore the lamp manu- 
facturers started a movement to centralize the lamp demand on 
these three voltages. 

The original 110 volts continued to be the favorite voltage 
until 1919, when the percentage of demand at this voltage was 
exceeded by that at 115 volts. . 

In 1923 the National Electric Light Association put forth 
the recommendations in reference to standardization of service 
voltage as quoted in the paper by Messrs. Hanker and 
Summerhayes.? 

The percentage of total lamp demand at 115 volts has risen 
continuously, and for 1926 stands at 47 per cent. For the last 
seven years there has been a steady decrease in the demand for 


110-volt lamps. This decrease has been accelerated in recent 
years by the increasing favor of the 3-phase, 4-wire network, 
which gives an undesirably low-power voltage when operated at 
110 volts for lighting. In 1926 the demand for 110-volt lamps 
was only 12 per cent of the total. 

There will always be a theoretical advantage in operation at 
120 volts in preference to 115 volts. With growing load, how- 
ever, it will be increasingly difficult to work line apparatus at 
sufficiently high voltages to maintain 120-volt service at peak 
load. 

With the added impetus which will be given to operation of 
the new network system at 115/200 volts by the probable stand- 
ardization of a line of 200-volt motors in the near future, 
we Can anticipate an increase in percentage of the total demand at 
115 volts at the expense of all other voltages. 

It is often difficult to place any cash value upon any one partic- 
ular step in a program of standardization. If we go back far 
enough in the history of the art, however, and draw a comparative 
picture between conditions then and now, we cannot fail to see 
the great advantage of standardization. For example, in the 
year 1900 standardization was just beginning to be felt in the 
matter of incandescent lamps. At that time there were 5 princi- 
pal sizes of lamps ranging from 2 to 32 candle power and in most 
of these types there were available 4 types of filament construc- 
tion, 3 different efficiencies of lamp, 3 different finishes of bulbs, 
30 different voltages and 13 different bases. Multiplying all 
these factors together we find that there were more than 50,000 
types of lamps in current demand. At the present time, with 
much greater range of size, viz,—10 to 1000 watts— with one 
standard efficiency, base, filament construction and bulb for 
every size of lamp—one type of bulb finish for the majority of the 
sizes—and only 3 voltages, the number of lamp types for general 
lighting has decreased from 50,000 to 54. The completion of the 


2. Voltage Standardization of A-C. Systems by F. C. Hanker and 
H. R. Summerhayes, A. I. E. E. Journar, May, 1927, p. 438. 
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voltage standardization as recommended by the National 
Electric Light Association will still further reduce this number of 
ty pes to only 18. 

The writer had occasion to see what standardization means in 
ordinary business on a recent European trip. In Vienna there 
was a lamp manufacturer who maintained a factory stock of 
about 3,000,000 lamps. The biggest single item (lamps of the 
same description) in this stock was one of 3000 lamps. This 
condition resulted from a lack of standardization with its resul- 
tant complication in requirements of different voltages, style of 
lamp, bulb finish, bases, ete. Ina factory stock in this country of 
approximately the same total size the largest single item was 
40-watt, 115-volt lamps of which there were 198,000, or about 
70 times as great a stock of the most popular item as could be 
maintained under the European conditions of non-standardiza- 
tion. The greater availability of the product under conditions 
of standardization makes, for much more convenient commercial 
service as well as greatly decreased cost of warehousing, 
less investment in stocks, less delay, duplication of ship- 
ments, ete. 


No one needs to speak to the electrical industry in this country 
on the advantages to be gained by standardization, and I draw 
this parallel to emphasize more fully the advantages that can 
accrue to us by a thorough standardization from the lamp 
back to the generator. 


C. E. Skinner: It seems to be well established that we need 
national industrial standardization. In the electrical field, there 
has been considerable effort, particularly through the work of the 
J. E. C. to bring about international standardization, especially 
with regard to fundamentals, such as the basis of rating. This 
effort has been continued for a number of years and further prog- 
ress was made at the meeting of the I. E. C. in New York, April 
1926, where this general question of voltage standards was 
considered. 


Unfortunately, international accord seems difficult, due to the 
fact that in Europe they have been inclined to use the even 
thousands, while we in America have in general adopted voltages 
which are multiples of eleven. The lack of voltage standards 
is responsible for much of the confusion and non-standardization 
in international electrical trade. For example, a manufacturer 
of incandescent lamps doing a truly international business, is 
forced to manufacture something over 70,000 sizes, types and 
varieties. This makes mass production, as we understand it, 
impossible. 

International standardization is of importance to everyone 
having anything to do with international trade and in trying to 
arrive at national standards we should continuously keep in 
mind the desirability of international accord wherever this may 
be at all possible. l 


A. H. Kehoe: I assume it to be generally accepted that the 
“mean lamp voltage” is the proper basis to use in any standardi- 
zation of voltages. Some of the papers fail to indicate that 
standardization has not been rigorously adopted but is still on a 
tentative basis with three recognized lamp voltages, namely, 
110, 115, and 120 volts. It appears that the immediate practical 
result. to be sought is simplification or unification of practise, 
rather than hard and fast standardization which is likely to be 
too narrow to be suitable for future requirements. Last year’s 
Electrical World statisties recorded over 50 per cent of the resi- 
dential customer being supplied with 110 volts. Data presented 
today indicate 120-volt lamp use to be 35 per cent of this class 
of lamp. With these conditions existing it appears evident that 
simplification, particularly of the lower voltages, may be possible, 
but standardization of voltages or equipment unless broad enough 
to cover such conditions would be standardization in name only, 
similar to former eases mentioned in the papers. 

I differ with statements in certain of the papers which indicate 
that adopted standards are endowed with properties whereby it 
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becomes a moral duty to adopt them. It is recognized that con- 
tractual obligations, in the absence of other specifications, are 
controlled by existing standards, and the responsibility for the 
operation of apparatus outside of standards when not covered by 
specifications places a responsibility on the operator which 
would not otherwise be present. In practise, probably most 
of the departures are covered by specification, and I hold the real 
concern should be for the blind follower of standards regardless 
of their value for his conditions. For instance, consider the sys- 
tems equipped with the present standard transformer—this 
group of papers indicates how inadequate they are for proper 
operating conditions. I disagree with the statement in the 
Hanker-Summerhaves paper that ‘The design of electrical sys- 
tems contemplating the use of apparatus under conditions more 
severe than sanctioned by the A. I. E. E. standards should be 
discouraged.” In certain instances, equipment is (and, in my 
opinion, should be) purchased with insulation in excess of the 
values which are standard at present, and if conditions warrant 
the use of apparatus with less than standard values, I see no 
moral reason why it should not be done. To discourage such 
action is merely to retard progress temporarily. When varia- 
tions from standards become of economic importance, changes in 
standards should be considered. These cases do not have the 
hazards of a steam boiler, and are not incorporated in the safety 
requirements of the industry. 


It appears possible to me for present conditions to be covered 
by modifying minor details of the proposals made in the different 
papers so that a large percentage in the industry can adopt a 
unified practise. To do this it will be necessary to recognize that 
we have three ‘lamp base” voltages, that important economic 
results are to be obtained by unification, and that the standards 
are very likely to require changes from time to time as develop- 
ments in the art change the economics of the situation. If the 
first step is comprehensive, further simplification at a later date 
will doubtless be possible. What the future simplification is 
likely to be should be indicated only in a general way so that 
future progress will not be delayed if new conditions require 
changes from what is indicated at present. 


W. F. Dawsons: This standardization of voltages means 
much to all of us, but it appears that in starting out for stand- 
ardization, existing practise has been ignored. 


It is now proposed to make standard voltages 5 per cent higher 
than heretofore and to permit an operating leeway between plus 
5 per cent or minus 5 per cent. Previously the plus or minus 
margin of 5 per cent was permissible but with the understanding 
that standard temperature guarantees did not apply; in other 
words, the departure from standard voltage was assumed to be 
an overload condition. Now apparently, it is proposed that in 
addition to raising the standard voltages 5 per cent, we are also 
to guarantee standard temperatures with 5 per cent margin, 
which is equivalent to raising the voltage standard 10 per cent. 
Many operators have come to consider dynamo-electric ma- 
chinery as capable of overloads and special operating conditions 
much beyond the specifications. They found apparatus rather 
generously rated, but overlooked the fact that competition has 
been gradually driving manufacturers to adjust ratings more 
nearly in accordance with performance ability. 


We are prepared to meet these new proposals, but venture 
the hope that one year, or five years from now, we shall not be 
confronted with another new ‘standardization’? which will not 
be standardization, but actually ‘‘destandardization.”’ 


Many of the smaller turbine alternators are built in advance 
on stock orders and when special requirements are insisted upon, 
it means that these standardized and stock machines cannot 
be utilized. Special requirements mean that machines must be 
built to order, and involve special development which adds 
greatly tothecost. The time required for building the apparatus 
is also increased substantially. 
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J. H. Foote: Perhaps it is all right to standardize the volt- 
ages on the basis of utilization voltage. But we don’t want to 
forget that the correct basis for apparatus design is not the 
utilization voltage or multiples thereof. In my opinion, the 
correct basis is the maximum . voltage to which the apparatus 
will be subjected under the maximum load. 


For instance, we may say that the correct utilization voltage 
is 115 volts in terms of a distribution system with 20-to-1 ratio 
transformers. We can say that the nominal for the distribution 
voltage is 2300 volts. That is fine, but don’t buy 2300-volt 
generators and don’t buy 2300-volt secondary transformers to 
feed a 2300-volt system, or you are in just the same trouble that 
you are in now. 


That is what caused all this trouble—a generator which has 
a voltage rating and which was designed to supply that voltage 
at full load. That means that the generator will probably be a 
2500-volt generator. The paper of Messrs. Silver and Harding 
bring that our very nicely. 

Their paper seems to recognize the actual voltage situation 
more than the other papers in that they figure out what the volt- 
age should be, but apparently have not the courage to say that 
voltage is impossible and, therefore, they will change the trans- 
former ratio. To jump from the 2300-volt class to the 6600- 
volt class, a 6600-volt system is just three times a 2200-volt sys- 
tem. Therefore on the same basis on which we say a 2500-volt 
generator would be needed for a 2300-volt system, a 7500-volt 
generator would be needed for a 6600-volt system. 


Just double that and you have instead of a 13,200-volt genera- 
tor a 15,000-volt generator. 


You say, “That is impossible.” Well, it is done. Much 
13,200-volt equipment is now operating under full-load conditions 
at potentials largely in excess of 14,000 volts, and the only reason 
they don’t operate at 15,000 volts is that the machines would 
probably burn up if operated at that voltage at full load—and 
some of them do burn up once in a while. The temperatures 
run to excessive degrees, and the operators change the ratio of 
their distribution transformers from the 120-to-1 ratio, to a 
lower ratio by dropping down on the 5 per cent tap. 


That means that in place of using the taps in our transformers 
for line regulation or for transformer regulation, we have to use 
that range because of the inability of the generator to produce 
ẹ dequate voltage. 


Now that is the fundamental picture that comes to me when I 
think of this transformer standardization. I always have to 
think of the starting from the utilization voltage. Most of us 
are led astray in these profiles by starting at the generating end 
of the transmission system. We should start with the motor and 
the lamp and see what the voltage must be to supply their 
requirements adequately. 


Now there are some more complications that make the present 
situation, I believe, besides this tenacious hold on the 11-multiple 
and the like. One is that most of us are using standard distribu- 
tion transformers which are of straight ratio. Five or six years 
ago the Transformer Committee changed the ratio of the trans- 
former stepping down to primary voltages from standard to a 
little off standard at that time. For instance, they changed from 
13,200 /2200 volts, which was the former standard, to 13,200 /2300 
volts, giving us 100 volts boost and helping out the situation 
somewhat. 


Now we have all those transformers and we have the present 
generators and we have a situation. The sofution that we must 
arrive at is something which will utilize as much of this equip- 
ment as possible, and I do not think that the solutions as proposed 
generally take adequate care of that situation. 

There is another reason for our difficulty. We have without 
thought for many years brought transformers with either four 
214 per cent taps, or two 5 per cent taps, because it was standard 
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and because the manufacturers found it convenient to limit the 
tap range to 10 per cent. Ten per cent has been shown in any 
number of transmission systems to be an inadequate range. 


This is brought out in one or two of the papers, and most of us 
who operate systems involving ups and downs and transmission 
distances know that 10 per cent is not enough. The remainder of 
the required range is taken out by over-voltage apparatus. 


We have found in the systems I am connected with, that a tap 
range of 16 to 17 per cent seems to be indicated as necessary in 
an interconnected system for transmission transformers. That 
do»2s not mean distribution transformers. It is our opinion that 
distribution transformers should be without taps; that is, the 
generator voltage is adequate, and straight-ratio transformers 
and proper feed regulators are used, but there is no necessity for 
taps in a straight distribution transformer. 


Another difficulty is that due to following present standards 
we have been using not only generator voltages but also trans- 
former secondary voltages, which are too low to supply adequate 
voltage to the distribution systems. 


Perhaps the last difficulty, which has not been really brought 
out in this meeting, is that in the years that have passed, people 
have adopted two different schemes of raising the voltage on 
their system. One is to use multiples of two. For instance, a 
man who had a 6600-volt system, some day when he needed it 
doubled his voltage, and then he had 13,200. The other man 
bought the 6600-volt transformer, and instead of doubling his 
voltage he y-connected it and got 11,400 or thereabouts. 


Then a third man adopted 11,000 volts as his voltage. And 
so there are at least three voltages all in the same range and we 
wonder why they aren’t the same. 

Any new standard which we may adopt, which will displace 
those three lines of transformers or unify them must have a 
sufficient range of taps so that it will take care of the situation 
adequately and in following these proposed standards, limiting 
the taps to 10 per cent or so, that is impossible of solution. 

In the solutions which are offered, I note a dread to change 
the name of the voltage. Instead of that we change the ratio of 
the transformer. I seriously question that we should do that. 
Transformers are rather flexible. We have thousands of them 
already installed and in supplying the new standard transformers 
to operate on the same system they must, of course, have approx- 
imately the same ratio. I think that, that has been brought out 
by Mr. Kehoe in his discussion. 

There is another matter that seems to complicate the situation. 
That is, that all the new standards are proposed to be nominally 
rated. This was started four or five years ago and is a reversion 
to the old standard of rating at the receiving end and applying 
certain factors to take care of the drops and the like. It gets us 
into trouble. 


For instance, take the 132,000-volt class of transformers. A 
voltage of 132,000 is largely a nominal voltage and means abso- 
lutely nothing. If a man buys a 132,000-volt transformer, we 
would not know what he was talking about unless he specified 
whether it would have one 5 per cent tap, or two 5 per cent taps 
in an extended winding supposedly to hold voltage under load. 

That would mean that the extreme ratio of the transformer 
would give a no-load voltage of about 145,000 volts. If we rate 
that a maximum-rate transformer it would be a 145,000-volt 
transformer, and according to the present A. I. E. E. standards 
would be subject to a considerably higher test than a 132,000- 
volt transformer. 

Therefore the proponent of the nominal rating says that it is 
to our advantage to rate apparatus nominally and supply over- 
voltage specifications in order that the A. I. E. E. test be not 
increased and, therefore, the expense of the equipment. 

I think that that is a subterfuge. If the A. I. E. E. test at 
132,000 volts is adequate for a transformer with a top-tap ratio 
giving 140,000 volts, then the thing to do is to change the 
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standards. Instead of making them twice normal plus 1000, 
make them 1.9 normal plus 1000 or anything else. But why 
try to fool ourselves about this situation? 

Another difficulty is that by nominally rating equipment, the 
manufacturer rates his insulated apparatus, such as the lightning 
arresters and oil circuit breakers and other apparatus, at that 
nominal rating. This means that any engineer who is desirous 
that the apparatus be adequate as regards test voltage must go 
into the next class if he is honest with himself and specifies a 
transformer at the maximum rating. 

It seems to me that such apparatus should have the division 
point half-way between one class and the other class. This is 
particularly true of lightning arresters, because the performance 
of the arrester is absolutely dependent upon the actual voltage. 
Rating a lightning arrester at a maximum of 138,000 volts and a 
minimum of 126,000 or something like that, which is established 
practise, means that a system having 140,000 volts must either 
have special apparatus, or else must go into the next class which 
is 154,000. 

If the division point between the 132,000 volts and the 154,000 
volts were made at something around 147,000 volts just about 
half-way between, then the range of apparatus would fit the 
standard more adequately. 

As I see it, the result, if we go ahead on any such basis as has 


been proposed, namely to change the distribution transformer | 


ratios in order to keep the names correct, not a present standard 
and a present special, but a new standard, an old standard, anda 
present special. We are going to have three sets of transformers 
in a few years instead of two, and I should like to emphasize that 
in my opinion any new standard must be decidedly broader in 
sccpe than anything that has been offered yet, in order that it 
may not only include the present standard of transformers, but 
may also absorb as many of these present specials as possible. 

This circuit-voltage rating is something I should like to men- 
tion. This A. I. E. E. definition, I believe, should be clarified, 
the definitions for the purpose of fixing a value to be used in 
designing and testing electrical apparatus. The rated voltage is 
defined as the highest rated voltage of the apparatus. That 
means that if you rate a machine at anything less than maximum 
voltage that is the rated voltage. That keeps the test down and 
cheapens the apparatus without changing the test definition, but 
the A. I. E. E. says, ‘This voltage rating applies to all parts of 
the circuit. The actual operating voltage may vary from the 
rated circuit voltage but should not exceed it.” 

We are proposing in these new standards to exceed the voltage. 
If that is all right, the A. I. E. E. rule should be changed. I 
think the A. I. E. E. rule is all right except that it should say, “It 
must not exceed it,” instead of ‘‘should.’’ I think we should 
bring the ratings of our systems up to what they really are. 


To summarize the situation, as I see it: Adequate standards 
must be technically correct, or else engineers who really think 
they have worked out the solution adequately will continue as 
they are at present to buy so-called special apparatus. These 
new standards must include as much as possible of the present 
special standard apparatus. They must be based upon premises 
which will avoid the mistakes of the past, and I think the present 
standards are merely trying to make standard equipment which 
has been proved to be inadequate in the past. 


They must recognize transformers as ratio machines only, 
with a certain maximum voltage rating. They must have an 
adequate tap range, which inter-connected systems find is at 
least 15 per cent, although full capacity is not necessarily re- 
quired above 10 per cent. 


Generators particularly must be rated at maximum voltage in 
order that injurious heating will not be experienced. Transform- 
ers should be rated at maximum voltage in order to clarify the 
situation and work in accordance with the present A. I. E. E. 
installation standards. 

Finally, the general apparatus names should be such as to 
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place the nominal rating of the apparatus midway between the 
maximum and minimum ratings of the new standard itself. 

F. L. Hunts It is not difficult to pick out details in the va- 
rious papers which have been presented with which we disagree, 
but I believe, if possible, this discussion should be confined to 
the general features of the question before us. l 

I am willing to express my opinion as to one of the general 


points under discussion, and that is that we should base our 


standardization on the idea that power will flow in two directions 
on most of our important circuits. In general terms, I like the 
idea that Mr. Argersinger has proposed. 

H. C. Sutton: In my opinion, generators should be designed 
to deliver full rated output throughout a range of 10 per cent 
above or below rated voltage. The manufacturers’ proposal 
of 5 per cent voltage range does not give sufficient flexibility for 
operation. 

There is one other point that I particularly want to stress, 
and that is, the difficulty due to the present rating of apparatus 
for voltages above 66 kv. For instance, step-down transformers 
have a voltage rating in multiples of 11.5 up to 69,000 volts. 
This same rate should apply for the higher voltage ratings. 
There is no logical reason for changing the multiple to 11 when the 
figure of 6900 volts is exceeded. 

N. B. Ames: It seems to me that we have overlooked the 
main point in this proposition entirely. After all, is it a matter 
of the particular voltage to use or is it a matter of regulation? 
That seems to me to be the answer to the question. There are 
two very practical theories in conflict here, of course, (1) whether 
we shall have excessive reactance in our transformers and gen- 
erators producing poor regulation and ample protection, or (2) 
whether we shall reduce this reactance and get better regulation 
and depend upon our protective devices to give us the protection. 

Eugene Vinets To my mind the essential thing to decide as 
a first step is what planes or levels of voltages we want to take 
as standards. That is to say, do we want to take, say, 33,000 
volts as a standard or do we want to take 44,000 volts? Whether 
it is 33,600 or 31,500, etc., is only a matter of fluctuation or regu- 
lation as a result of the usual operation. Whatwe have to decide 
are the planes of voltages that we want to use. 

One thing which strikes me in these proposed voltages is that 
there are too many of them. The purpose of standardization 
is to reduce to a minimum. My feeling is that we should suggest 
only approximately 7 or 8 voltages. I speak from personal 
experience with the organization with which I am connected. 
Some two years ago we felt that there was a necessity for a 
standardization of voltages, as, owing to the growth of loads, 
a good many of the transformers became obsolete, and when we 
wanted to do some interchanging of transformers we were 
hindered because the voltages were too varied. We found on a 
survey of our conditions that we had 21 different voltages. 


We have standardized on seven, which is a considerable 
reduction, and have tried to make everything as simple as pos- 
sible. That was two years ago. Now every one is fairly well 
agreed that it has simplified matters considerably and has been 
of very great help in operation and interchangeability of material, 
not to mention the saving in money. 

It seems to me that it might be well to make a definite issue 
of certain voltages, and debate them and see whether we can 
agree on them. For instance, some people favor 11,400, others 
13,200. In our own case we have standardized on 11,400 volts 
star. The reason for that is because we have a. great many 
rural lines which are growing all the time. We felt that the thing 
to be considered first was the distribution in preference to the 
generation, because we have got to give service and that should 
be the dictating factor. 


In the case of rural distribution, very often the loads did not 
warrant voltages of 13,200. We can start at 6600 volts very 
often single-phase; then we make it three-phase, and then as the 
load grows we star it and get 11,400. That suits our purpose 
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very nicely. We also standardized on 33,000 volts. It was a 
question whether we should go up directly to 66,000 volts, but 
for economical reasons we felt that it was advisable to make a 
step between 11 kv. and 66 kv. We have situations where we 
have relatively small towns to reach for service. In scattered 
communities we may have a town of 5000 people or thereabout 
to serve. We may have to build 20 or 25 mi. of line to reach 
that town with smaller places to be served from such a line. 

It would not be economical to build a 66,000-volt line. We can’t 

build it at 11,000 volts because it won’t give the service. There- 

fore 33 kv. is a very nice intermediate step. That was one 
reason for our 33 kv. Then we go up to 66 kv. and 132 kv. 

The lower voltages are 115, 230, and 460. Then we have 2300 
delta or 4000 star. Those are the only standard voltages which 
we have. We take care of voltage variations by means of taps. 

I am mentioning these voltages because they may offer some 
ground for discussion. We have been very happy with these 
few voltages so far. I might mention in connection with the 
6600 volts 11,400 star that it might be a good thing to go up to 
6900 volts or 12,000 volts star. It occurs to me at this time that 
it might be a way of compromising with the advocates of 13,200 
volts. There isn’t any doubt that there will have to be com- 
promises. 

So far as we are concerned, we feel so much the importance and 
the benefit of standardization in voltages, that we certainly will 
do everything we can to cooperate in this movement and help get 
it over if possible. 

E. C. Stones It seems to me that there are certain funda- 
mental principles brought out in this discussion that we can all 
well recognize. The first one is that standardization will start 
at the utilization voltage. We have heard there were three 
utilization voltages—110, 115, 120. I wonder if it means that 
we have to start with three different standards and build up. 

The second point is that we must recognize the voltage 
regulation or drop in the transmission system. This varies 
widely on different systems, being small on some and large on 
others, but in any event, in the general problem of voltage stand- 
ardization, the voltage drop in the various parts of the trans- 

mission distribution system must be recognized. 

That means, I think, fundamentally that the old set-up of 
10-to-1 ratios for transformers and multiples of 10-to-1 ratios 
is no longer acceptable, and we must break away from that 
system of ratios to something else. 

The suggestion that I wish to offer for immediate consideration 
is that the essential mechanical features of power transformers be 
standardized. This is done to a considerable extent at the 

present time but might be carried further. By mechanical 
features I mean the core, bushings, end frames, tanks, terminal 
boards, terminal arrangements, number of taps, number and 
arrangement of outgoing leads. With these elements standard- 
ized, the actual number of turns in the winding, the ratios, and 
the exact location of taps in the winding might be left as the 
lowest-cost flexible link in the transmission system, to be worked 
out to meet to best advantage the local conditions which are 
peculiar to any particular system. .It hardly seems reasonable 
to install on the system which has very low voltage drops, 
transformers which are designed with perhaps 15 per cent and 
20 per cent full-capacity taps, to meet conditions on systems 
having long overhead transmission and correspondingly high- 
voltage drops. 

B. G. Jamieson: Mr. Stone has enumerated some funda- 
mentals that apply particularly to transformers, and there are 
others applying to transformers which will probably make the 
wisdom of such standardization apparent, as we find ourselves 
requiring exciting transformers and series transformers and tap 
changers and phase shifters and various other auxiliaries, that 
are now coming to be recognized as necessities with large trans- 
formers in the larger and more complex systems. 

Of course there are standards to be considered in connection 
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with generators. It is proposed by one of the authors that a 
simple way to get more flexibility without greater complication 
is to increase the range of generator voltage. That is something 
that might be discussed profitably. If, for example, we assume 
that generators will be built to deliver energy on the busses at 
25,000 or 30,000 volts in the near future, perhaps we have more 
to think about in that connection than we now have when we are 
generating at pressures below 15,000. 


It is quite a simple matter to specify any voltage and get any 
voltage in a generator so long as you stay below 15,000 volts, 
but before very long on account of general desirability of a lower 
current in these large machines, we shall probably see higher- 
voltage generators, and then it may not be so easy to get the 10 
or 15 per cent range suggested by the simple device of varying 
the voltage. 

There are other fundamentals in this problem. There is the 
general question of means of limiting the necessary voltage 
range, such as is accomplished in part by the use of synchronous 
condensers. The Pacific Coast companies are using 17% or 
20 per cent tap ranges partly because the use of the devices 
really makes it possible for them to keep within that range. 


We need to know whether we must allow our systems to 
respond to this upward urge or trend of voltage that seems to 
be so evident. We need to know, in order to meet that, on what 
basis a gradation of steps in system voltages is to be founded. 
We need to know whether they are to be on a Y-delta basis or 
on a preferred-number basis or on the basis of approximation of 
our old standards or whatnot. 

We need to know whether those steps can be met by apparatus 
having sufficient flexibility without being out of the pale of the 
‘standard class, or whether we must allow in our contemplated 
schemes for a very extended number of steps which will give us a 
minimum in flexibility requirements of individual apparatus 
forming part of the system. 

We need to know whether or not the problem of high voltage 
resulting from open circuits is something that can be successfully 
taken care of. 

In connection with the fundamentals of this matter, the 
Committee has made a survey and has been able to get almost 
universal assent to the basic acceptance of the principle of 
utilization voltage as a standard of reference in connection with 
any standard-voltage system. That point has been, we con- 
sider, gained and we hope it won’t be upset, though of course if it 
need be, it will be I presume. 

Another point referred to by Mr. Jones, namely the question 
of rated circuit voltage or, as he put it, the system voltage, was 
fixed by the Committee and approved by the Institute. Now it 
would be possible to undo that also, if necessary, but I mention 
that as another achievement of the Committee so that you will 
understand that at least two of the fundamentals necessary 
in consideration of a standard system voltage have been, we 
think, sufficiently settled so the discussion may proceed on that 
assumption. 

C. E. Skinners At the meeting of the International Electro- 
technical Commission in New York last spring, some of our 
European friends brought to us the term ‘voltage zones” 
and it seems to me that this is a very apt term in connection with 
certain features of our standardization program. By “voltage 
zone” is meant a certain range of voltages between which all 
dielectric tests for apparatus are to be the same. This would be 
of distinct advantage in allowing manufacturers to stock such 
parts as outlet bushings and other features of design which have a 
definite limit due to the dielectric test. In many cases, it would 
probably be cheaper to take an outlet bushing, for example, from 
the next zone than to manufacture one for a specific purpose 
which happened to fall just beyond the particular zone. I would 
suggest that this question of voltage zones be kept in mind in 
connection with this standardization proposition, especially with 
regard to the application of dielectric tests. 
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R. K. McMaster: An important point is the breaking away 
from any attempt to have transformers of a single ratio suitable 
for use on both the 6600- and the 7200/12,470-volt systems. 
There should be a ratio of 2-to-1 between the voltage ratings of 
transformers for the 6600- and 13,200-volt systems and a ratio of 
3-to-1 for the 2400/4150- and 7200/12,470-volt systems. 

In the paper by Messrs. Silver and Harding the reeommenda- 
tion is made that 120 volts be the accepted secondary voltage for 
transformers of the service class. This is quite a step forward, 
and also will do much toward the consolidation of the 12,470- 
and 13,200-volt systems. There is only 6 per cent difference 
between these two voltages. It would be quite possible to have 
a tap at about that point, or even to use one of the standard 
taps for 13,200-volt transformers. Jn the same paper it is 
recommended that the voltage ratings of motors for use on 6600- 
and 13,200-volt volt systems should be reduced. This is a good 
idea and will go a long way toward avoiding step-by-step in- 
creases above these voltages. 

One of the disadvantages of the 13,200-volt system is that 
twice this voltage, namely 26,400, is not standard. Might it not 
be that the real purpose of standardization would be served by 
adopting 16,500 volts as a standard voltage, this being half of 
33,000 volts? wai 

It is very important to maintain the ratio of 2-to-1 between 
66,000 and 132,000 volts and between 69,000 and 138,000 volts, 
allowing the use of series-parallel transformer connections with- 
out complications due to a little lower ratio. 

In the paper by Mr. Huber-Ruf voltage ratios based on the 
star-delta arrangement of motor and transformer connections are 
advocated. In some cases this is advantageous for motors. 
It is not, however, advantageous for high-voltage systems; not 
alone for the reason that there are already at least approxi- 
mately standard voltages which do not allow for this, but also 
because of the grounding of the neutral which should be pro- 
vided for at certain stations necessarily and at others as prac- 
ticable to provide alternate points of grounding. 

Regarding transformer taps in general the percentages of taps 
should be standardized, rather than the number of taps, so that 
transformers having a non-standard range of taps will parallel 
with standard transformers. Simple figures are desirable for 
tap voltages. An example of this would be the use of 64,500-, 
63,000-, 61,500- and 60,000-volt taps for 66,000-volt trans- 
formers. There will be a readjustment of parallel operating 
conditions in any event in connection with standardization of 
percentages of reactance as well as standardization of voltages. 


It is also desirable to give considerable attention from a 
standardization viewpoint to the phase angle between lines of all 
voltages, in the higher ranges to facilitate interconnections which 
are not thought of at the present time, and in the lower ranges to 
facilitate networks supplied from systems of more than une 
voltage. 


For transformers of all ratios, with the exception of those 
involving 120 volts and small multiples thereof, it should be 
recognized that a zero phase angle is permissible, at least under 
certain conditions. The cases where a 30-deg. angle is desirable 
or permissible should be standardized so that there will not be 
more than a minimum possibility of a 30-deg. angle existing 
between systems of the same voltage in the same vicinity. It is 
also important to have the 30-deg. angle in the same direction 
wherever it occurs between systems of any two voltages operating 
under similar conditions. 


Mr. Minor’s paper mentions the use of transformers having a 
ratio suitable for connection directly between the phase wires of 
4150-volt systems, permitting the omission of the fourth wire. 
Such transformers should be used wherever practicable, not only 
to eliminate the need for running the fourth wire, but also to 
facilitate the use of the combined light and power system with 
service voltages of 115 and 199. 

P. H. Chase: I should like to ask what the manufacturers 
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consider is the relative influence on transformer cost of standardi- 
zation of reactance, also of such things as insulation of the neutral 
lead for full-line potentials as against treating it as a fully 
grounded neutral lead? On lower-voltage distribution trans- 
formers, such as those for subway installation, what is the in- 
fluence of standardization on the number of phases? There are 
also certain dimensional and other manufacturing standardiza- 
tion points that, to my mind, must influence cost to a degree 
commensurate with the influence of voltage, as such. 

H. L. Wallau: The point has been raised about reducing the 
number of voltage standards in use. I think that is something 
we can all consider. The figure mentioned by one of the pre- 
vious speakers was a reduction from 21 to 7. I might say that in 
our own system we are gradually tending to 5, if we consider the 
2300-4600 volt class as one. Five might be plenty for most of us. 
It may not be enough for all of us. 

Messrs. Hanker and Summerhayes have enumerated five 
principles to which any proposed system of voltage standards 
should conform. These will not be challenged. 

Undoubtedly the definition of “rated circuit voltage” will 
meet with general approval, and it is obvious that equipment 
should tested in conformity with the maximum line to line 
voltage to which it may be subjected. 

The A. I. E. E. test, for transformers, Rule 6356, is twice line- 
to-line voltage plus 1000. An exception, Rule 6363 for ‘‘Trans- 
formers with Graded Insulation” is very vague. The manu- 
facturers’ present practise is to test at 2.73 times the voltage from 
line to ground. What test is proposed for this class of insulation? 
I quote in part ‘‘Such a rule. . . would definitely set the rated 
voltages of apparatus, their test voltages and maximum operating 
voltage.” 

If test voltages are to meet Rule 6356 even though induced 
in the windings must we not sacrifice graded insulation and its 
resultant economy? Should not the A. I. E. E. Standards 
Committee provide for a definite test voltage for transformers of 
this class? 

Among low-voltage distribution systems of today are some 
involving transformers with windings for 2080/4160 and 2300/ 
4600 volts delta. The proposed standards recognize only the 
2300-volt class. 

Cleveland, Detroit and, I believe, Chicago, have thousands 
of kilowatts of transformers connected of the above off-standard 
voltages. Too much is involved to discard these. By building 
transformers of this general class with coils for series or parallel 
connection, we establish the 4600-volt standard from the 2300- 
volt standard and by providing a 10 per cent tap, we can obtain 
2070/4140 volts from these, which probably would be acceptable 
to operators. 

For new systems the 11,500-volt standard may be abandoned 
in favor of the 13,800-volt. For many existing systems it must 
be maintained and transformers for both 6600 volts and 11,500 
volts delta connection are required. The former group has beer 
entirely eliminated. 


To me, another grave defect in these proposed standards is the 
lack of reversibility of power transfer, due to the use of different 
turn ratios for step-up and step-down transformers. With inter- 
connections growing apace, if full benefit is to be realized from 
them, power should be able to flow in the direction reverse from 
normal and the voltage delivered under this condition closely 
approximate the normal sending voltage. 


Mr. Argersinger has most clearly indicated this disadvantage 
and suggested a remedy. It merits close study. His proposed 
voltage standards retain the values made familiar to us by long 
usage and his 5 per cent over-voltage tap automatically brings 
his system into practical agreement with the manufacturers’. 
However, he omits the 88- and 154-kv. ratings and adds a 176- 
kv. rating. 

These changes would, I believe, be inadvisable because of 
considerable mileage in 88- to 90-kv. and of 140- to 154-kv. lines. 
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Also the 176-kv. standard would necessitate the design of a 
complete new line of equipment and there is a permissible 
argument that a project requiring at least 176 kv. should be 
developed at 220 kv. at the outset. _ 

I am in general agreement with his views which, though 
differently expressed, result in standards not far different from 
those proposed, except for an additional 24% per cent of over- 
voltage operation suggested and the omission of the emergency 
limitation. What constitutes an emergency and how long does it 
last? Mr. Argersinger’s proposal is the more clear-cut. 

Two taps per winding as suggested by him may not prove 
enough for certain long transmissions. It should be simple 
to provide others at a slight increase in cost, when required. 

All power transformers’ should be equipped with externally 
operated ratio adjusters. . 

Referring to maximum voltage rated ‘“‘apparatus,’’ when 
standards are agreed upon, cannot this apparatus be derated to 
fit, that is, name plate data changed and equipment left as is? 

F. C. Hanker: In considering the subject of voltage stand- 
ardization an effort has been made to investigate the possibility 
of developing a practical svstem of voltages that will meet the 
needs of a large percentage of electricity supply systems. 

There has been a tendency in the discussion to cite certain 
specific needs that appear of paramount importance for a 
particular district. Where there is sufficient justification for 
certain values they should unquestionably be adopted but we 
should carefully scrutinize these suggestions to be sure that they 
are not an expedient to care for a temporary condition. We 
should be sure that they conform to a logical plan. 


The Pacific Coast has a condition where they are meeting 
distribution requirements with transformers arranged for 
11,000-volt star connection and 6600-volt delta connection. 
The decision that we burden the entire industry with costs of a 
6600-volt transformer that will be satisfactory for operation on 
11,000 volts can only be determined by a survey to see whether 
the cost is justified. In the lower voltages the difference is not 
as great as it would be in the higher classes. It is very possible 
if the demand is sufficient that it would be justified. That same 
condition exists I feel throughout this standardization. We 
should study the conditions and where there is justification it 
should be recognized by being included in a standard line. 
Obviously it would be agreeable to everyone concerned if 
standards could be made flexible enough to meet all conditions. 
Unfortunately this cannot be done without increasing costs and 
only those that are suitable for general use would be included. 


The objection to the star-delta proposal is greater for the 
higher voltages. For example if you take a transformer suitable 
for delta connection on 66,000 volts and star connection on 
114,000 volts you must of necessity design the insulation for the 
higher voltage service. This means in the first place that the 
apparatus will cost from 35 to 40 per cent more for the star-delta 
combination than would be the case if it was designed for the 
66,000-volt service. The design must be satisfactory for insula- 
tion to ground and insulation between turns when operated on 
the higher voltage. This adds to the expense of those trans- 
formers that are equipped only for the 66,000-volt service. In 
addition to higher cost you havea lower performance. In view 
of these disadvantages it does not seem desirable that the entire 
capacity of 66,000-volt apparatus should be burdened with the 
greater expense for the possible benefit to those systems that 
would use the transformers at the higher voltage. 


It is generally recognized that the greatest return from stand- 
ardization is in those classes where quantity production is a 
possibility. Every effort should be made to reach an agreement 
on the lower voltages applying to utilization equipment, dis- 
tribution transformers, substation transformers, and possibly 
some of the lower transmission voltages that are generally used. 

In the higher voltage classes it may not be possible to secure 
a general agreement on the requirements. The range that has 
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been suggested by several of the groups varies from 5 per cent 
proposed by the manufacturers to a maximum of 25 per cent for 
those cases where reversal of power flow may be necessary. 
There are undoubtedly cases where a greater range than 5 per 
cent is necessary. We would suggest that a survey be made to 
establish the capacity of equipment that would come outside the 
proposed 5 per cent range. This study could be based on 
equipment already in service. It is probable that the curve 
would be somewhat similar to the ‘‘use-factor curve” showing 
the time generating apparatus is required to meet load conditions 
on a particular system. These curves show that the capacity 
required to care for the peak loads is in use only a relatively few 
hours during the year representing a high investment cost for 
these increments of load. If we establish the capacity of trans- 
formers operating at normal] voltage and at voltages up to 25 per 
cent above normal, and determine a corresponding cost for 
transformers with different voltage ranges, we would then be able 
to establish the total cost to the industry that would result from 
the adoption of different zones. At the present time the range is 
based on opinion. Before a final decision is made it is recom- 
mended that a study similar to that proposed would be of value 
in establishing the most satisfactory range. 

On the higher voltage transformers it is not the actual turn 
ratio that is so important as a standardization of the voltage 
classes. Such a standardization would minimize the number of 
designs necessary for the manufacturers and result in a reduction 
in development costs. With such a standardization the mechan- 
ical construction of the core, insulation structure, tanks and 
terminals could be standardized and advantage taken of this 
condition. 

Ernest Pragst: I should like to comment on these papers 
and the discussion largely from the point of view of the 
manufacturer. . 

A number of years ago, the operators of public utilities and the 
manufacturers of electrical apparatus undertook to standardize 
the voltages of apparatus. Out of this work a set of standards 
finally emerged which were sponsored and issued by the National 
Electric Light Association. 

The fact now seems to make itself apparent that when the 
standards were adopted, little or no consideration was given to 
the system asa whole. Each type of apparatus was standardized 
as to voltage with little or no consideration given to its operation 
in connection with other types of apparatus. Because of these 
oversights, we now find ourselves with an inoperative set of 
standards. 

Now, the manufacturer has accepted the standards and has a 
number of standard lines of generators, transformers and motors. 
When he attempts to sell this standard apparatus, he discovers 
that his customer cannot operate it in a system without exceeding 
the limits for which it has been designed and guaranteed. 


The operators of public utilities realized some time ago that 
the standards as adopted could not be used successfully, so they 
simply abandoned them. Each has sought his own solution in 
his own way, with the result that but little uniformity of practise 
now exists. 


After listening to the many diverse opinions expressed I find 
myself in a quandary when I try to reconcile them. Some 
might have been led to believe that the manufacturers seeking a 
new set of standards will be next asking the discarding of present 
equipment. Nothing like this is contemplated. Moreover, 
nothing particularly radical is being asked. 


In preparing the standards proposed by the manufacturers and 
presented by Messrs. Summerhayes and Hanker, I am sure every 
effort was made to depart as little as possible from the present 
standards. A comparison of the proposed standards with the 
present standards as issued by the National Electric Light 
Association will reveal the close similarity between the two. 
Generator voltages are such that the old can be paralleled with 
the new; transformer ratios-are such that through the use of taps 
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parallel operation of old with new transformers will usually be 
possible; motor voltages are to remain the same. 

I am convinced that greater benefits will accrue to the operator 
than to the manufacturer through standardization and that the 
manufacturers are seeking only a workable set of standards that 
will meet an appreciable part of the requirements of the operating 
companies. With such diverse views as now exist (most of 
which are not without merit) an agreement will be reached only 
if we can realize the necessity of compromise and practise it to the 
utmost. 

L. L. Elden: It is believed that an analysis of the value and 
quantities of equipment which have been found unsuited for 
operation under the voltage standards referred to, will be found 
to be only a relatively small percentage of the units in service and 
that such difficulties as have developed in this direction will be 
largely found in high-tension equipment. 

The discussion which I will present is one in which Mr. Oliver 
of the New England Power Company and the writer have col- 
laborated to some extent to present very briefly some views 
covering our experience in New England. One of us is operating 
a system utilizing moderate voltages in supplying a compact area, 
with interconnections to several adjacent systems. The other is 
operating an extensive transmission system reaching into five 
states and utilizing voltages of 66,000 and 110,000. The present 
transformer standards have been entirely satisfactory to the 
former, and with the addition of standard feeder regulators, high 
grade, efficient and reliable service has been maintained. 

For the second system existing transformer standards have 
been found unsatisfactory, and apparatus has been purchased 
which does not conform to A. I. E. E. standards in order to meet 
operating requirements. Power-factor correction equipment 
has been found necessary at several points to insure a proper 
degree of regulation, with the result that substantially uniform 
voltage conditions are maintained throughout the system. In 
passing it may also be said that the voltage standards proposed 
by the manufacturers would still be unsatisfactory for this 
system. 

In this discussion we have refrained from presenting any table 
of values, believing that the determination of final values 
applicable to the entire industry cannot be effected at this time. 
If broad principles applicable to the situation can be agreed 
upon, much will have been accomplished. 

Any undertaking aiming to standardize voltages is bound to 
meet with many difficulties in view of the many interests affected. 
Many of the conditions to be met are not fully appreciated. 
On this phase of the question we may refer to the proposed basis 
of standardization outlined in the manufacturers’ paper. 


An analysis of the hypothetical system shown therein discloses 
the fact that as between full- and no-load conditions, an overall 
uncontrolled regulation of about 30 per cent would be developed, 
an amount which could at best only be divided between the 
generator and receiver if any load be served from, or near the 
generating station. 


If the system is expanded and becomes an interconnected 
network with additional generating stations, difficulties im- 
mediately develop. For example, a second generating station 
connected to the 69,000-volt section of the system must experi- 
ence voltage or reactive-power difficulties with changing load 
conditions on the main system. It is, of course, granted that the 
addition of regulating apparatus may obviate some of these 
difficulties. 


The system described is hardly sufficiently comprehensive to 
illustrate the needs of practical application. Even if such a 
simple system exists, it may be short-sighted to design it so 
with no provision for expansion. If transmission systems or lines 
are interconnected, it is questionable whether a considerable 
difference of potential can be allowed to exist between any 
two parts. Probably it would always be found desirable to 
regulate the voltage very closely by power-factor control. 
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Even if not, a step-down transformer may be installed close 
(electrically) to a step-up transformer, so close that the voltages 
at the two points are practically identical, and in this case also 
the proposed standards become inadequate. Some of these 
difficulties would be eliminated by the following suggested 
changes in the proposed transformer standards. 


STEP-Up TRANSFORMERS 


Adhere to proposed secondary voltage ratings and provide one 
5 per cent tap above normal rating to maintain secondary rated 
voltages under load. 

Provide two 5 per cent (each) reduced-voltage full-capacity 
taps. 

Taps should preferably be located in the high-voltage windings 
(low-voltage taps in large transformers involve difficulties, 
particularly in regard to ratio-adjuster design on account of 
high current densities). 


Step-Down TRANSFORMERS 


Increase proposed primary voltage ratings 5 per cent (which 
raises this voltage rating to agree with the rating of step-up 
transformers at zero regulation). 

Provide three 5 per cent (each) reduced-voltage full-capacity 
taps. 

Transformers should be designed to operate under emergency 
conditions at 5 per cent over-voltage (over-excited). Emer- 
gency conditions should be defined as existing a considerable 
length of time, perhaps several days. 

Standardization to be effective must recognize that present- 
day developments Indicate that interconnected systems covering 
large areas, with many sources of power supply are to be more 
and more important features of transmission and distribution 
practise in the near future and that voltage requirements in such 
systems must be studied from all points of view. | 

It is believed that standardization of voltages cannot be 
effective if based upon conditions assumed in any radial system. 
At least one of the papers has presented the question from the 
network point of view with favorable results. 

Conservation of existing investments is no small portion of the 
main problem and any new standards must be devised to protect 
such investments. | 

Progress, however, has been made and agreement seems quite 
general upon certain items. Generators and transformers should 
be capable of operating at least 5 to 10 per cent above rated 
voltage. 

Step-up and step-down transformers should be identical in 
operating characteristics and be equipped with similar taps 
ranging from 5 per cent above to 15 per cent below rated voltage. 
The definition of “rated voltage” is logical and acceptable. 
Certain other features require further study. 

The point at which “system voltages” should be standardized 
must be agreed upon. European practise recognizes receiver 
voltage as most desirable. American opinion is divided upon 
this point, and before national progress can be made, agreement 
must be reached. 

There is much to be said in favor of receiver voltage as it is at 
receiver locations that constant and normal conditions are 
expected to prevail. Elsewhere wide variation may exist. 
A difference of opinion exists between Mr. Oliver and myself on 
account of the difference in the practise of our respective 
interests. 


Standards should be on same basis throughout the full range 
of systems and not change from receiver to sending values above 
66,000 volts as proposed by the manufacturers. 


In connection with test voltages applicable to apparatus 
specified under rated voltages, it is suggested that apparatus 
should be reclassified for test purposes. Apparatus including 
windings, for example transformers, should be tested sub- 
stantially in accordance with present standards as such apparatus 
has proved most reliable. Oil switches, disconnecting switches, 
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lightning arresters, high-tension bushings, ete., should be sub- 
jected to higher tests than at present. The many failures whic 
occur in this apparatus justify this recommendation. i 

Further support to this theory is afforded from the data 
submitted in papers on surge investigations presented at this 
convention. 

In general it is contended the switch ratings in the higher 
voltage classes (66,000 and over) are much too close to the 
operating voltages. The added cost of a higher voltage switch 
is sometimes considered prohibitive and as cost is too often a 
controlling element, the factor of safety secured is sometimes 
insufficient. Studies of dimensional data for switches in ad- 
jacent classes frequently show but small differences, which leads 
to the constructive suggestion that costs to the user might be 
lower all around if the manufacturers would eliminate certain 
classes of switches and utilize possibly 5 or 6 classes to cover the 
entire range of usage. l 

The following groupings are suggested: 


For System Voltages Use Switches of the 


of the Kv. Below Kv. Below 
220 to 154............. 000s 220 
132 to TIO eieaa ee 132 
8S to OOs beriede 88 
44 to 22 cst isiteiesese 44 

15 10 626 eruere 13.2 


Substantial savings in manufacturing costs would result. 
Substantial savings would accrue to users through more general 
interchangeability, reduction in stock of parts, ete. 

There never has appeared to be any justification for develop- 
ment of 33,000-volt switches as a separate class between 22,000 
and 44,000 volts, or for certain other intermediate classes. 


All switches should be designed with ample factor of safety 
in service at voltages 50 per cent above rated voltage. Puncture 
and flash-over tests should be based upon the 50 per cent excess 
voltages to enable apparatus to meet known impulse and surge 
values to be encountered under service conditions. 


The net result of this proposal should be a better and safer 
product at no higher, if not actually less, cost than at present. 
This proposal is not out of line with present practise in other 
branches of the industry, namely, one size of tank for several 
transformer sizes, one motor frame for several different motor 
capacities, ete. 

The suggested elimination of certain classes of switches leads to 
the further suggestion that certain system voltages might also be 
eliminated from the standards, for example, 4600, 11,000, 33,000, 
and 88,000. These might be considered exceptions and no new 
construction be undertaken for these voltages. 


The responsibility for the present situation rests upon all 
interests; users and manufacturers, utilities, consulting engineers, 
designing engineers, and owners of projects, all of whom have 
contributed to present conditions. Much construction has been 
created in which through lack of foresight, knowledge or appre- 
ciation of future requirements, great sums have actually been 
wasted. Even today construction is going forward which is 
limited in its future usefulness and as designed represents 
substantial waste. 


Failure to supply conductors of adequate capacity and suitable 
operating facilities leads to ultimate losses which are enormous 
when compared with the small additional investment required for 
an adequate arrangement. Isolated construction is frequently 
noted which involves factors preventing the use of any standard 
apparatus. 

It may well be that certain interests delay or obstruct stand- 
ardization in recommending that motors be designed for opera- 
tion for 90-110 per cent of normal voltage and then operate at the 
lower value contrary to the intent of the present standard. 
Systems should not be designed for 20 per cent variation in 
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voltage at receiver end as suggested. In short, responsibility for 
some of these matters must rest where it belongs. 

Standardization of voltages has been and is really being 
impeded to a great extent by manufacturing interests who, 
for competitive purposes, create new classifications in design of 
apparatus which might well be eliminated through liberality 
in existing designs. Users’ specifications may be responsible for 
certain of this undesirable effort, but a brief review of the many 
types of similar equipment which are offered from year to year is 
most convincing. Cooperative effort such as is being considered 
here should eliminate many of these conditions. 

Assuming that standardization is really effected, will costs be 
reduced? We believe not, at least so they can be distinguished 
since it appears that in high-voltage construction, for example, 
most equipment is non-standard and is usually designed to meet 
requirements of individual systems, hence if such methods are to 
continue there is little opportunity for cost reduction. With 
years of progress in present switch design, rising prices are 
encountered. 

On the other hand a review of many transactions involving 
purchases of apparatus under highly competitive conditions, 
manufacturing prices seem to have no anchor. Possibly we are 
really saving as much now as would be represented by increases 
in cost of higher rated apparatus which seems so necessary. It 
has been suggested that the cost of non-standardization in 
matters of voltages may total $150,000,000 to $200,000,000. 

This is really not an excessive expenditure to be incurred in the 
development of a $10,000,000,000 industry, it being only 2 per 
cent of the total. What industry can show equal efficiency 
through an extended development period? We are really not so 
badly off as might appear from some of the comparisons which 
have been made. 

Finally, if standardization is actually accomplished, the 
following queries suggest themselves: 

(a) Will prescribed standards be followed by all? We believe 
the answe, is “no,” that special construction will still continue as 
controlled by the acts of individuals, and that there will always 
be special classes outside of the standards which we may create. 

(b) Will not special voltages still be selected for certain proj- 
ects as best harmonizing with local conditions, such as load, 
distance, preferred sizes and types of conductors, economic 
conditions to be met, etc.? We believe the answer is ‘‘yes.”’ 


It is common knowledge that many projects are designed and 
built as isolated units, to meet certain local conditions with no 
thought of future connection with other systems. Where is this 
condition more prevalent than in industrial plants where every 
standard is sometimes sacrificed to make a sale. In many more 
important undertakings operating conditions are seriously 
affected by economical limitations, imposed by investment 
restrictions supposedly to meet some theoretical or calculated 
load cycle to the entire disregard of future requirements. 


P. H. Chase: It seems to me that Mr. Elden’s remarks 
reflect the well-reasoned attitude of the central station man 
considering the problem from the broad point of: view, looking 
forward to the day when we will have more interconnection, 
when the voltage regulation must be taken care of by voltage 
regulating means for power flow in both directions. 


W. R. Bullard (by letter): Messrs. Silver and Harding have 
presented a comprehensive picture of a rational and practical 
method of assigning voltage ratings to different types of ap- 
paratus, so as to maintain the proper voltage levels at different 
points in the system. Under this method, the starting point for 
assigning voltage ratings is the lamp socket. Thisis as it should 
be, since the lamp-socket voltage is fixed by service requirements 
and the values of other voltages are very largely dependent upon 
the necessity for holding this voltage practically constant at its 
nominal value. Therefore, in connection with the general 
problem of voltage standardization, it is highly desirable that a 
single lamp-socket or utilization voltage standard be ultimately 


214 


established, and a brief discussion of this phase of the problem 
may not be out of place. 

A lamp-socket voltage standard of 115 volts was assumed by 
Messrs. Silver and Harding in building up the tentative assign- 
ment of voltage ratings. Of the two remaining voltages in 
general use—namely, 110 and 120 volts,—the popularity of the 
lower voltage is on the decline; 110 volts can therefore probably 
be eliminated from consideration as far as eventual standards are 
concerned. This leaves the choice of the ultimate standard be- 
tween 115 and 120 volts, if the selection is to be made from 
existing standards. 

Of these two voltages the latter has the advantage of providing 
a slightly higher copper efficiency in the low-voltage distribution 
circuits, while the former has the advantage of conforming, on the 
whole, more nearly to existing voltage standards of utilization and 
distribution devices and apparatus, as will be seen from the 
following: 

Incandescent lamps are short-lived and are now furnished at 
the same cost and efficiency for both voltages. The selection 
_ of either 115 or 120 volts as a universal standard would therefore 
involve no difficulties as far as the manufacture of lamps is 
concerned. 


In the case of motors and devices of the 220-volt class, existing 
designs are not entirely suitable for delta-connected distribution 
systems of either 115 or 120 volts at the lamp socket. They are, 
however, more suitable for the former than for the latter voltage 
in delta systems, since 240 volts, the delta voltage for the 120- 
volt standard, is nearly 10 per cent high for equipment rated at 
220 volts. 


Delta-connected distribution systems will doubtless continue to 
be used for many years. However, low-voltage systems of the 
4-wire Y-connected type are rapidly coming into use in con- 
nection with underground distribution in business districts of 
both medium-sized and large cities, and therefore the relation of 
motor voltage standards to this type of system must he carefully 
considered. In Y-connected systems, the delta voltage corre- 
sponding to the 120-volt standard, or 208 volts, conforms more 
nearly to existing 220-volt apparatus designs than does the delta 
voltage corresponding to the 115-volt standard, or 199 volts. 
However, actual operating experience obtained in connection 
with several underground distribution systems of the 4-wire 
network type has demonstrated that 220-volt motors, both of 
ancient vintage and of present design, will with very few excep- 
tions, function satisfactorily at 199 volts, in much the same 
manner as they will function satisfactorily at 240 volts in a 
120 /240-volt delta system. 


In order to meet the demands of both delta and Y-connected 
systems and at the same time avoid developing two lines of 
motors and devices of the 220-volt class, the logical solution of 
this phase of the problem is to make slight changes in the future 
designs of this apparatus so as to make them conform to an 
intermediate voltage value between those of the two types of 
systems with the necessary tolerance above and below this value. 
This would be advantageous not only from the manufacturer’s 
viewpoint but also from that of the customer, since the latter 
would be enabled to use his motors interchangeably in both types 
of systems. Assuming this procedure, there is little to choose 
between 115 or 120 volts as a universal standard as far as this 
class of apparatus is concerned. In one case the mean value 
between the delta voltages of the two types of systems would be 
214.5 and in the other case, 224. Neither of these values con- 
conforms exactly to the present 220-volt rating, but the relation 
is so Close in each case that the necessary changes would be slight. 

The situation is slightly different with respect to appliances of 
the 115-volt class. Many of the existing standard lines are 
designed to apply to a voltage range from 110 to 120 volts. This 
of course makes them entirely satisfactory for 115-volt distribu- 
tion and in some measure out of line for a universal standard 
of 120 volts. Consequently, it seems fair to assume that the 
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adoption of 120 volts as a single utilization standard would 
eventually bring about some general changes in the design of 
appliances whereas a 115-volt standard would almost exactly fit 
existing designs. 

The most serious phase of the situation is encountered in the 
case of 2300-volt distribution transformers. The present voltage 
rating in this case, —namely 115/230, 2300 volts.—is primarily 
suitable for use in systems having nominal 110 lamp-socket 
voltage. In 115-volt systems, it is quite generally necessary to 
over-excite these transformers by some 5 per cent or more in order 
to maintain 115 volts at the lamp socket. This is working out 
fairly well in practise, particularly since present transformer 
designs are probably liberal as to the allowable upper limit of 
operating voltage. However, a lamp-socket voltage of 120 
would in many cases require an overexcitation of more than 10 
per cent and even then it would be difficult in many systems to 
maintain normal voltage at the Jamp socket with generators and 
station transformers of present voltage ratings. 

It can of course be assumed that these difficulties would 
eventually be taken care of by some comprehensive method of 
voltage ratings in the future design of system apparatus. How- 
ever, the number of standard distribution transformers of present 
ratings in service, and the present capital investment represented 
by other apparatus involved in the question of system voltage 
levels, are so great that existing equipment in this case must be 
given serious consideration. 


On the other side of the picture is the fact that the 120-volt 
standard would provide a slightly higher copper efficiency in the 
low-voltage distribution circuits. The difference would indeed 
be slight in the case of a-c. systems, since it would represent 
only some 10 per cent of the secondary copper losses or, in 
usual types of a-c. distribution systems, a fraction of 1 per cent of 
the delivered energy. In d-c. systems the situation is somewhat 
more serious, and it is worthy of note in this connection that the 
d-e. systems provide a very large portion of the present market 
for 120-volt lamps and appliances. This suggests that a satis- 
factory solution to the problem might be the general adoption of 
115 volts for a-c. systems and 120 volts for d-e. systems. This, 
however, has the serious disadvantage that in cities having both 
a-c. and d-c. distribution it would be necessary either to maintain 
two utilization voltage standards, or to depart from the standard 
voltage in one of the two systems. In practically all except the 
very largest cities, d-e. systems are being converted into or 
merged with a-c. systems, and the importance of es:ablishing 
standards which will facilitate this process can easily be ap- 
preciated. Furthermore, although lamps and appliances are now 
furnished for both voltages, and would have little influence upon 
the question of which voltage should be selected, nevertheless a 
considerable simplification of manufacture and stocking of these 
articles would be brought about by the establishment of a single 
standard. 


The ultimate solution of the problem must of course be based 
upon a very careful weighing of all the factors involved, and it 
will no doubt be a difficult matter to bring about, in any reason- 
able length of time the complete application of a single lamp- 
voltage standard. Nevertheless, in view of the large ultimate 
saving which would acerue to the industry, it can hardly be 
doubted that a well coordinated effort to fix upon such a single 
standard should be made in the near future. 


The general problem of standardization of apparatus voltage 
ratings is largely dependent upon the establishment of such a 
single standard. Messrs. Silver and Harding have suggested a 
schedule of standard voltage ratings that is entirely practicable 
if the ultimate lamp-voltage standard is to be 115 volts. If, 
however, 120 volts should ultimately be selected it would seem 
from the foregoing that a change from the existing standard 
voltage ratings of distribution transformers would be necessary. 
The logical form for this change to take would be a change in 
ratio. For instance, the ratio of 1S8-to-1 might be adopted, this 
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being an existing commercial rating in use in a number of sys- 
tems. For a 120-volt standard this ratio would permit operating 
the distribution transformers at a more favorable excitation 
voltage than does the present standard 20-to-1 ratio in connection 
with 115-volt systems. Furthermore, with this one change in the 
schedule of voltage ratings suggested by Messrs. Silver and 
Harding, this schedule would apply as well to the 120-volt 
standard as it does in its present form to the 115-volt standard. 
M. T. Crawford (by telegraph): I can endorse general plan of 
voltages proposed by Messrs. Silver and Harding as our dis- 
tribution installations recent years conform thereto. There is 
considerable investment in 6600-volt /11,00-volt-Y systems in the 
northwest, which are very economical for rural distribution. 
I doubt the possibility of their eventual elimination. I suggest 
careful consideration in the discussion of Mr. Argersinger’s 
scheme combining step-up and step-down types by adding taps. 
H. Carl Wolf (communicated after adjournment): Voltage 
standardization has been discussed from practically every view- 
point except that of the public, and in the final analysis we all 
fall into this latter classification. Speaking broadly and col- 
lectively, the consumer wants standardization of voltages and 
wants it to begin at what is to him the most tangible point, his 
equipment. From data presented on the sales of lamps, it 
appears that lamp voltages will very soon be standardized at 115 
The consumer is interested in service and is willing to pay the 
price to get the very best service obtainable. He is also interested 
in flexibility, simplicity, sturdiness, and universality of equipment. 
Simplification of practise as to voltages is the most effective 
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means of accomplishing these ends. A great deal of stress has 
been laid in discussions on this subject on the need for trans- 
former taps in order to keep the voltage up during loads. Greater 
stress should, in my opinion, be laid on the regulation of voltage, 
thus necessitating more care in the design of lines and equipment 
in order to reduce voltage drop to the lowest point commensurate 
with the economics of the situation. With the development of 
equipment for changing taps under load, a larger number of taps 
might be justified, but until such time the other engineering 
features of the system should be stressed. 

If we are to have simplified practise, the fewer the number of 
voltages agreed upon, the nearer will be attained the goal. It 
should not be forgotten that the electric industry is still in its 
infaney and present investment is still only a fraction of what 
will ultimately obtain. The present medley of voltages and 
practises should not be permitted to stand too much in the way. 
of adoption of standards for the future. After all, this question of 
voltage standardization is nothing more than the preparation of a 
voltage budget within the limits of which good practise can 
Present equipment and present standards should not be 
rendered obsolete over night, but the industry should be given a 
goal toward which to work. 

In selecting the voltages to be concentrated on and in con- 
sidering the relative merits of the delta-Y or other systems of 
connections, the telephone situation should not be lost sight of. 
Joint construction is very desirable in a large number of cases and 
any standardization adopted should conform as far as possible to 
that operating practise which will reduce to a minimum inductive 
interference. - 


Combined Light and Power Systems 


For A-C. Secondary Networks 
BY H. RICHTER* 


Associate, A. I. E. E. 


Synopsis.—If the situation being created by the extensive use 
of combined light and power systems for secondary distribution 
ts to be squarely met, widespread discussion is necessary. 

The increase of alternating-current low-voltage network systems 
employing automatic sectionalizing equipment has been very 
rapid. This move has been attended by a diversity of choice of 
combined light and power schemes for the secondary mains. 

Carrying this condition to its logical conclusion may result in an 
extremely complicated situation for apparatus connected to these 
mains. There might thus be imposed on the industry as a whole a 
heavy expense tending to cancel a part of the savings attributed to the 
advent of the combined system. 

Previous investigation of the probable effect of each of the principal 
light and power schemes on apparatus connected to the secondaries 
has been confined largely to general purpose motors. A study of the 
effects of six other types of equipment concerned showed, however, 
that general purpose motors are hardly more important than moat of 
the other devices. 


LOSE contact with the discussion and use of the 
various combined light and power connection 
schemes that are rapidly being adopted as part of 

a-c. network systems brings the realization that: 

a. The gross savings attributed to the combined 
scheme may be reduced by the expense incurred in the 
production of suitable utilization equipment, 

b. This expense might range from a minimum of 
75 million dollars to a maximum of 150 million dollars 
even under the favorable condition of a single combined 
scheme adopted universally, and 

c. The latter sum may be exceeded if the three 
principal combinations are continued without the 
advantage of standardization on one system. 


This gives good cause to wonder whether this may not 
be the proper time to investigate which method of 
supplying both power and light from the same secondary 
mains will give the greatest benefit with the least 
expense to the industry as a whole. 


The rapidity with which this combined secondary 
system is spreading is indicated by the increase in the 
number of automatic network systems in use or under 
actual construction. Beginning about four years ago 
with a single network installation in New York City, 
the progress has been such that 11 cities will have in 
operation by the end of this year (1926) networks 
embodying combined secondary schemes of one design 
or another. Furthermore, early next year, this number 
will be increased by three and the possibilities of these 
networks are now being investigated in at least 16 other 
cities. 


*General Engineer, Westinghouse E. & M. Company, 


East Pittsburgh, Pa. 
Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., February 7-11, 1927. 
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This analysis included not only the applicability of existing 
apparatus standards to each of the combined systems but also the 
probable developments that the future may bring. For a compre- 
hensive comparison of the various schemes it was found necessary to 
consider the commercial as well as the engineering aspects. 

If the operating companies decide to employ the combined light and 
power system universally for secondary networks, it is urged that 
they will soon apply the practise of standardization to the com- 
binations of connection and voltage. In this regard due con- 
sideration should be given to the bearing of numerous trends in the 
industry. 

The avoidance of such uneconomic situations as have attended 
failure to standardize in similar cases in the past makes all the more 
desirable a nation-wide discussion of this problem immediately. 
Such a discussion would also bring out the various points of view for 
the use of those groups which would choose the standard and promote 


its application. 
s s 2 s 2 


Where two networks are employed, one for light and 
the other for power, the distribution system may be- 
come very expensive and occupy too much space 
(ducts or pin positions). The combined secondary 
system, it is claimed, furnishes an economic solution for 
extending the a-c. network system into areas where 
lack of space would make very difficult the installation 
of two separate networks. And—just as in the d-c. 
three-wire system—the combined method permits the 
immediate servicing of any customer for either power 
or light, or both, from the same set of low-voltage 
mains. 

In attempting to avail themselves of the advantages 
of this system, the operating companies have considered 
many different combinations of connections and 
voltages, each scheme admirably suited to the local 
conditions surrounding its development. Un- 
fortunately, the three-phase schemes differ in the re- 
sulting voltages available for light and power, and the 
existence of the two-phase combined system further 
increases the number of possibilities. 


All of the proposed arrangements that have received 
marked attention, except one, the two-phase, furnish 
some voltage that does not coincide with the voltages 
at present accepted as standard. While the exception 
gives voltages that do agree with existing standards, it 
has been claimed* that except for existing two-phase 
systems it has certain features which, from the stand- 
point of the industry as a whole, may outweigh all of its 
advantages. 

There are indications that adoption of these various 
schemes on an extended scale may have considerable 


*Discussion of Engineering and Economic Elements of Two- 
Phase, Five-Wire Distribution, P. H. Chase, A. I. E. B. 
JouRNAL, XLIV, November 1925, p. 1249. 
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effect upon the operation of electrical devices now con- 
nected to secondary systems, and result in a more or less 
complete re-adaptation of many, if notall, of the devices 
for future applications. The magnitude of such a 
change in apparatus, for even one of the many types of 
combined schemes, can scarcely be realized without a 
careful study of all the factors involved. To gage the 
probable consequences of having several different 
schemes adopted for numerous large distribution sys- 
tems is impossible without a careful study requiring 
the earnest cooperation of all the operating companies. 

This paper is offered to show the result of an approxi- 
mate analysis of what might be the effect on various 
types of apparatus were networks incorporating any 
one of the principal combined light and power systems 
adopted extensively. The analysis included considera- 
tion of such major lines as: | 


Lamps 

Motors and Control Equipment 
Appliances 

Distribution Apparatus 


This preliminary study revealed decided differ- 
ences in probable expense to the industry when com- 
paring the principal combined schemes. From a 
minimum of some $75,000,000 in one plan, this expense 
rose toas much as $150,000,000 in another. Theconsid- 
erable difference in probable expense of the various 
schemes,and themagnitudeof even theminimum expense, 
urges the question whether there should not be initiated 
on the part of the operating companies a move to 
prevent the growth of an unnecessary number of new 
standards. 

If the advantages of this step become universally 
apparent, this paper may be the starting point for a 
wide spread discussion of how to minimize the expense 
of adopting the combined secondary system for a-c. 
networks. 


PRESENT STATUS OF APPLICATION OF COMBINED 
LIGHT AND POWER SECONDARY SYSTEMS 


To better understand the nature of these combined 


‘ systems and their extensive application, an outline of 


their present status may be of value. 

Spread of Combined Secondary Systems. The steps 
that have preceded the spread of the combined light 
and power secondary system may be reviewed as 


1. In the usual radial distribution system, power 
loads greater than about five kw. each are mostly 
supplied by transformers separate from those carrying 
lighting loads, as shown in Fig. 1A. If the two loads 
are connected to the same transformer and its capacity 
is correct for both lighting and steady motor loads, this 
capacity, in conjunction with the design of the rest 
of the distribution system, is usually not great enough 
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to keep the total voltage drop to the lamps within the 
limits required to prevent flickering of light. 

2. Seeking to decrease the total number of trans- 
formers on their overhead radial systems, several 
companies use a single bank of three single-phase 
transformers for both power and light. This is done 
mainly in outlying districts when minimum installation 
cost is essential. Where better voltage regulation must 
be maintained at the lamps the lighting secondaries 
are separate from the power; also, transformer and 
secondary capacities are liberal. The transformer 
low-voltage windings are usually connected 230 volts 
delta and lighting loads at 115/230 volts are supplied 
from one of the transformers with mid-point grounded. 

8. In one western New York city, a similar practise 
has been followed for the past few years in the down- 
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town area, but the transformers are connected in star 
to give 120 volts at lamps and 208 volts three-phase at 
motors. These banks are usually installed in base- 
ment vaults of large buildings and each serves only the 
building to which it is assigned. Power service lines 
are separate from lighting lines. The customers are 
well satisfied with the voltage supplied, even though 
motors up to 40 hp., including elevator motors, may 
be located in a pent house on the roof. 

4. Some companies have experimented with the 
combined light and power method for secondaries, 
as well as for transformers and services, on radial 
systems. In most cases the practise has been aban- 
doned upon the unexpected burning out of several 
motors, caused by heavy load occurring coincident 
with too low voltage. 
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5. For 14 years a city in California has operated 
a 120/208-volt three-phase four-wire system under- 
ground, using combined light and power secondaries 
as well as transformers. The latter are not banked 
and the secondaries are not bussed from block to block, 
but the low voltage mains are of ample size. 

6. A city in Minnesota has for many years used on 
its overhead lines a four-wire combined secondary 
network system giving 230 volts three-phase delta 
for power, and 115/230 volts for lighting, taken from 
one of the three transformers in the bank. As the 
lighting load is carried by only one phase in each dis- 
trict, each network is of small size and confined to the 
transformers from but one feeder, as in Fig. 1B. 

7. During the past 11 years a city in Tennessee 
has had a comparatively large three-phase underground 
network, supplied by numerous feeders and employing 
115/199 volts at the utilization devices. Motors up to 
50 hp. are connected to the combined light and power 
mains even at points between transformer banks. 
The majority of the motors are the standard 220-volt 
type; only rarely is a 200-volt motor encountered; and 
the very few complaints of low voltage due to the use of 
199 volts have been remedied in a simple and inexpen- 
sive manner by means of small boosting auto- 
transformers. 

8. About one year ago a city in Louisiana started up 
a combined light and power network system with 
nominal voltage of 115/199 volts. Many expected 
troubles proved imaginary and it was easy to dispose of 
the few that did materialize. 

The combined secondary system was first publicly 
urged for universal application in this country by Mr. 


W. C. L. Eglin,* who recommended that this scheme, in- 


three-phase form, be adopted as standard for all 
miscellaneous light and power distribution and street 
lighting. Active spread of the multiple primary feed 
low-voltage a-c. network using combined secondaries 
and automatic protective equipment, as illustrated in 
Fig. lc, started shortly after it was demonstrated in 
1924+ that this system was successful in operation, 
and more economical and reliable, than any previous 
a-c. system. t 

Past Discussion. The subject of combined light and 
power secondary systems has been discussed in detail 


*Paper before Association of Edison Illuminating Com- 
panies in 1922. See Bibliography. 

tSee A. H. Kehoe and W. R. Bullard in Bibliography. 

tConstruction of such networks is now going on in 13 cities, 
which are, in chronological order of starting work: Manhattan, 
N. Y., New Orleans, La., Memphis, Tenn., Dallas, Tex., Phila- 
delphia, Pa., Knoxville, Tenn., Atlanta, Ga., Bronx, N. Y., 
Miami, Fla., Ft. Wayne, Ind., Pittsburgh, Pa., Canton, O., and 
Brooklyn, N. Y. Construction has been started in one city in 
the east and a trial network is being installed in a western city. 
There are at least 10 networks of this type in successful operation 
in four of these cities. Adoption of such networks is now being 
planned for 3 other cities and is under consideration in at least 12 
more. The number of cities thus totals 30. In two of them, 
ovorhead networks of a similar kind are also being considered. 


RICHTER: COMBINED LIGHT AND POWER SYSTEMS 


Transactions A. I. E. E. 


in one A. I. E. E. paper specifically confined to com- 
bined secondary systems, in several papers concerned 
with networks, and in two Serial Reports, dated 1925 
and 1926, by the Electrical Apparatus Committee of the 
National Electric Light Association. § 

Some Combined Schemes. The combinations of 
connection and voltage for combined secondary sys- 
tems that have been given the most study are indicated 
in Fig. 2,—A, B, C, D, and F applying to three-phase 
and E to two-phase. It should be noted that Fig. 2p is 
a combined light and power transformer system and not 
a combined secondary system. A complete discussion 
of the advantages and disadvantages of each of these 
combinations is contained in the 1925 and 1926 Serial 
Reports previously referred to. The schemes of 
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Figs. 2E and 2F are receiving the most attention at the 
present time. 

Of the network systems now under construction, 
eleven will use Fig. 2F arrangement, two Fig. 2E, one 
Fig. 2D, and one Fig. 2c as a preliminary to Fig. 2F. 
For the majority of the fifteen networks planned and 
under consideration, Fig. 2F scheme is favored for the 
underground. For overhead network systems Fig. 2c 
is planned in one case. In the three-phase distribution 
systems to which Fig. 2F applies, 125/216 volts is being 
considered in only one place; for the remainder, about 
half prefer 115/199 volts at the utilization device and 
half 120/208 volts. While there are no present indica- 
tions that the number of two-phase combined secondary 


§See Bibliography. 
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miit systems will increase in the immediate future, un- 
BO fortunately the groups favoring 115/199 volts and 
Cte 120/208 volts for three-phase networks appear to have 


mite? 


"found no common ground for preventing complication 
| ofthe apparatus situation in the future. 


inci i | Probable Result of Present Tendencies. It often 
on happens that a given set of conditions, usually viewed 
reuse separately, take on a different aspect when correlated. 
thre This is largely true when the probable effects of present 


atii tendencies within each of the three groups—three-phase 


emi") network, two-phase network, and radial—are considered 
dx" collectively in the light of past experience. 
cht’ A. Three-phase Networks. There are indications 


Iwi! that a move will be made, as the number of systems 


chame E 


using the two principal combined secondary arrange- 


— ments increases, to change the design of apparatus used 


| 


_ on these systems to suit each combination. Such 
developments are matters of common occurrence. 
_ Whenever a new idea is adopted on a relatively small 


| seale it is fitted to conditions as found, in order that an 


immediate gain may be obtained from it. As the 


l 
7 application becomes more extensive, the natural 


j 


tendency is towards a change in the conditions to make 
_ itmore simple or economical. 
, Thus, 115/199-volt star systems are likely to require 
' changes eventually in the design of polyphase and 
other apparatus connected between phase-wires. It is 


estimated that if all underground distribution systems, 


= and the systems feeding two-thirds of the total over- 
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head miscellaneous distribution load in cities, should 
adopt networks using the combined method, this would 
affect up to about one-fifth of all phase-to-phase 
apparatus, the remainder being used outside of the 
' network areas and on isolated plant systems. 

The 120/208-volt star system will probably require 


l , changes in design for both apparatus connected between 
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| phase-wires and that connected from phase-wire to 
neutral. An effort to estimate what part of all the 
phase-to-neutral equipment would be thus affected 
might place it at about half. 
B. Two-phase Networks. For the few two-phase 
Systems, production and stocking of two-phase appara- 


_ tus will no doubt continue, tending to keep up the 
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“i prices of all polyphase equipment. In addition, the 


| copper in a two-phase motor is about 6 per cent less 


wie 
ri 


effective than in a three-phase motor; in some cases this 


. appears as a decrease of 0.6 per cent in power factor, 


0.4 per cent in efficiency, and 11.4 per cent in starting 
torque, as compared with a three-phase motor. Fur- 
. thermore, the companies operating two-phase systems 


5 may have somewhat higher annual charges than with 


` the three-phase system*. 

C. Radial Secondary Systems. It is probable that 
radial three-phase 110/220- and 115/230-volt distribu- 
tion systems, some of which use single-phase feed, and 


2 *P. H. Chase’s paper (see Bibliography) shows the annual 


charges in one system to be from 2 to 3 per cent higher for two 
phase. 


RICHTER: COMBINED LIGHT AND POWER SYSTEMS 219 


other radial systems giving 110 volts or less at the 
utilization devices, will be confined to miscellaneous 
load systems in cities, towns, villages, and farms where 
load density is light (up to about 2500 kv-a. per square 
mile);- to bulk loads fed by operating companies; 
and to isolated plant systems. These would thus 
ultimately take a little less than half of all phase-to- 
neutral apparatus and four-fifths of all phase-to-phase 
apparatus. As any change in standards would in- 
convenience the engineers of these systems and their 
customers, the present lines of equipment would 
probably be required in addition to all new lines. 

In an effort to obtain a more tangible conception of 
the relative effect these four systems would have on the 
total quantity of apparatus, exclusive of lamps, con- 
nected to secondary systems, Table I was derived. 
This assumes, for phase-to-neutral apparatus, that: 

a. Of all equipment, 6 per cent would be on two- 
phase systems and 94 per cent on three-phase systems; 

b. Of the apparatus on three-phase systems, half on 
radial and half on network systems; and 

c. Of the apparatus on three-phase networks, half on 
115/199-volt and half on 120/208-volt systems. 

The same assumptions were used with phase-to-phase 
devices, except that for equipment employed on three- 
phase systems 80 per cent were assumed on radial sys- 
tems and 20 per cent on networks. This ratio takes into 
consideration, first, the preponderance of polyphase 
apparatus in industrial plants on the outskirts of 
cities, and, second, the condition that a considerable 
number of large plants might follow the example of one 
in Brooklyn which buys its power wholesale and is 
planning to install its own automatic network system 
employing the combined secondary scheme. Practi- 
cally all such plants have hitherto been supplied by 
the radial method. 

The right half of Table I gives an approximate 
idea of the relative values of apparatus that would be 
affected by these four systems. Assuming the sales of 
phase-to-neutral equipment for the entire industry to be 
69 per cent of the total sales of all apparatus applied to 
secondary systems, the percentages in the left half of 
the table were multiplied by 0.69; similarly, for phase- 
to-phase equipment the percentages were multiplied by 
0.31. 

It thus appears, if existing tendencies continue, 
that about 23 per cent of all phase-to-neutral apparatus 
and 9 per cent of all phase-to-phase apparatus would be 
of non-standard voltage, while 6 per cent of the latter 
type of equipment would be two-phase. About 19 
per cent of all sales for both types of apparatus might 
be for non-standard voltages; also, about 2 per cent of 
all sales might be for 220-volt two-phase equipment. 
In addition to showing what a miscellaneous demand 
may arise if present tendencies continue, Table I 
indicates that the relative quantity and value of non- 
standard apparatus which would be affected by the 
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120/208-volt star system is much greater than that 
affected by the 115/199-volt system. 

The requirement of supplying various standard lines 
of equipment for a plurality of distribution groups will 
have a tendency to increase apparatus development and 
distributing costs. It is only reasonable to expect, as 
these costs become greater due to uncontrollable eco- 
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Furthermore, an increase in the number of classes 
of apparatus and of types of distribution system may be 
expected to add complications in the choice of equip- 
ment having the proper rating, and confusion to cus- 
tomers by change of system in moving from city to 
city. With the higher prices, these factors would 
tend to reduce consumption of apparatus and electric 


nomic factors, that an increase of prices in these linesis energy. 


TABLE I 
PERCENTAGE OF APPARATUS AFFECTED BY VARIQUS DISTRIBUTION SCHEMES 
ASSUMING EXISTING TENDENCIES 


Relating to number of units Weighted according to total sales 


mens een cm cg GSEs | <A) ear er SS 
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Phase-wire to Phase-wire to Phase-wire to Phase-wire to 
; neutral phase-wire neutral phase-wire 
Rating of Rating of Rating of Rating of 
apparatus apparatus apparatus apparatus 
120 199 220 220 115 120 199 220 220 
volts volts volts volts volts volts volts volts volts 
single three three two single single three three two 
Scheme phase phase phase phase phase phase phase phase phase 
1. Radial, three-phase................2. 75.2 32.4 23.3 
2. Network, 115/199 volts.............. 9.4 16.2 2.9 
3. Network, 120/208 volts.............. 23.5 9.4 16.2 2.9 
4. Two-phase, rad. and net 6.0 4.2 1.9 
TOUlS hxc ee Pisce on owe e teen es 23.5 9.4 84.6 6.0 52.8 16.2 2.9 26.2 1.9 
TABLE II 
ASSUMING THREE-PHASE NETWORKS ALL 120/208 VOLTS 
1. Radial, three-phase.................. 47.0 75.2 32.4 
2. Network, 120/208 volts.............. 18.8 
3. Two-phase, rad. and net.............. 
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TABLE III 
ASSUMING ALL NETWORKS THREE-PHASE, 120/208 VOLTS 
1. Radial, three-phase.................. 47.0 75.2 32.4 23.3 
2. Network, 120/208 volts.............. 53.0 24.8 36.6 7.7 
LOUIS es ere tweet Sie Oh ae eer 47.0 53.0 0 100.0 0 32.4 36.6 0 31.0 ı (0) 
TABLE IV 
ASSUMING ALL NETWORKS TWO-PHASE, 115/230 VOLTS 
1. Radial, three-phase.................. 47.0 75.2 32.4 23.3 
2. Network, two-phase................- 53.0 24.8 36.6 7.7 
Totali ech oc Lose eee ee eee eS ae 100.0 (0) 0 75.2 24.8 69.0 
TABLE V 
ASSUMING ALL NETWORKS THREE-PHASE, 115/199 VOLTS 
1. Radial, three-phase.................. 47.0 75.2 32.4 23.3 
2. Network, 115/199 volts.............. 53.0 24.8 36.6 7.7 | 
Totals Coure reserare nre eee eRe 100.0 (0) 24.8 75.2 (0) 69.0 (0) 7.7 23.3 | O 


likely to occur; this presupposes that the quality is not 
to be lowered. That higher prices sometimes do not im- 
mediately follow changed conditions must not be 
allowed to obscure the fact that such causes contribute 
largely to price advances. It is thus clear how an 
unbridled growth in the number of connection schemes 
and voltages may eventually result in higher prices to 
all purchasers of apparatus connected to secondary 
systems. 


Standardizationasa Remedy. These troubles previously 
discussed could be avoided by the adoption, as a standard 
for combined light and power secondary systems, of that 
scheme which fits in best with existing standards. Such 
standardization would also result in this benefit—that, 
instead of spending time on problems introduced by vari- 
ous kinds of systems, all interested parties could confine 

‘their research to improving the one standard combined 
system. 
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PREMISES OF THE QUALITATIVE ANALYSIS 

The result of an investigation into the effect of the 
various combined schemes upon the operation and 
manufacture of each of the types of apparatus con- 
nected tosecondary systems will be presented as a Quali- 
tative Analysis. Only the most important combina- 
tions have been chosen and each in turn has been 
assumed to be the standard. These are 115/199 volts 
three-phase star; 120/208 volts three-phase star, and 
115/230 volts two-phase five-wire, since they are now 
in use; also 125/216 volts and 110/190 volts star be- 
cause there appears to be some question as to the 
possibility of employing them. 

In the absence of any definite data easily available 
for use in such an analysis, approximations must 
necessarily be made. 
sort as a guide, even though approximate, the com- 
plexity of the problem might result in unduly stressing 
some one aspect. It is not surprising that such 
undue emphasis might easily be given. For example, 
if motors alone are considered, there appears the as- 
tounding total of some 10,000 different ratings. These 
may be grouped as follows: 


Capacities—at least 30 sizes in small and general 
purpose motors 

Windings—three types in small motors and five in 
general purpose motors 

Speeds—four standard speeds 

Enclosures—three types 

Power Supply—direct-current and alternating- 
current 

Phases—three kinds 

Frequencies—five 

Voltages—seven. 


To add yet another voltage rating would further 
complicate a situation that already seems burdensome 
to the industry. And yet a similar condition with 
regard to the other types of apparatus, such as control 
equipment, transformers, etc., stands out with equal 
prominence. This can be observed in the analysis that 
follows. 

Due to the numerous unforeseen factors that may 
affect the situation in the future, it is possible that the 
conclusions to be drawn from this analysis are as close 
to the conditions of the future as would be those based 
ona laborious research into the exact effect of every factor 
on each type of apparatus. It is the result of an in- 
vestigation lasting over a period of over two and one- 
half years. 

It should be clearly understood that in submitting 
this analysis there was no inclination to favor any 
particular system of secondary connection. Its main 
function is to point out what factors will tend to cancel 
the tangible savings and other benefits that have been 
counted on by those companies which are adopting 
the combined system. 
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Qualitative Analysis for Apparatus 
Connected to Secondary System 


EFFECT OF CHANGE TO COMBINED LIGHT AND POWER 
SYSTEM FOR THREE-PHASE STAR SECONDARY NETWORKS 


This analysis applies to the seven classes of ap- 
paratus that would be directly affected by the applica- 
tion of.a three-phase star connected combined system 
to network secondaries. These classes are: 

1. Small motors, 

General purpose motors, 

Motor control equipment, 

Safety switches, 

Distribution transformers, 

Miscellaneous apparatus, and 

Electric heating devices. 

The analysis was made on the assumption that all of the 
systems that may be networked would adopt this 
three-phase four-wire scheme, while all other systems 
would continue to be served by the three-phase radial 
method. | 

1. Effect on Small Motors. 110/220 volts is the 
present standard for this line, with allowable variation 
of 10 per cent plus or minus. 

Polyphase Motors: 125/216 Volts. There would be 
no trouble with this voltage. 

120/208 volts. Practically all standard 220-volt 
ratings could be used as they stand. However, it 
would be disadvantageous to put a double rating on 
the nameplate for, if performance guarantees at 208 
volts must be given, these motors would be at a dis- 
advantage as compared with lines designed for and rated 
at 208 volts. New designs could be reduced to a 
minimum, by having it generally agreed that 220- 
volt motors will be satisfactory for operation on 208- 
volt networks and that no change in the nameplate will 
be required. 

Both study and experience have brought about a 
general assumption that five per cent voltage variation 
at utilization apparatus should be considered an ex- 
treme condition in low-voltage. networks. If, as a 
result, five per cent plus or minus could be settled upon 
as the maximum tolerance for all types of apparatus 
connected to secondary networks, the extra expense due 
to adopting the combined system would be consider- 
ably reduced. This step would prevent penalizing a 
large number of customers for the relatively few cases 
where excessive voltage drop occurs in the interior 
wiring or distribution system. 

115/199 or 110/190 Volts. A separate line of motors 
would have to be brought out and the expenditure 
involved would be fairly large; it would even be exces- 
sive for 190 volts if the greater production of the future 
is considered. 

Single-Phase Motors, 2:1 Voltage Winding: For any 
voltage of the combined three-phase four-wire secon- 


etre ety 


dary system this class of motor must operate either 


across two phase wires or from phase-wire to neutral. 
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As this does not give a 2:1 ratio and the motor winding 
must be designed to operate satisfactorily on both the 
upper and the lower voltages, the tendency would be to 
design it for sufficient power on the series connection 
and with sufficient material to withstand the voltage to 
neutral on the parallel connection. 

For instance, with the 120/208-volt scheme, instead 
of 208 — 2 or 104 volts the parallel connection would 
have to withstand 120 volts. This means a range of 15 
per cent in nominal voltage, and to this must be added 
5 per cent to cover maximum regulation for the network. 
This would result in a motor considerably larger and 
from ten to fifteen per cent more expensive than the 
present standard. Double guarantees would be nec- 
essary and unusual care in application would be re- 
quired to ensure that sufficient capacity be always 
available for the connection between phase-wires. 

For these reasons, and also because the majority 
of single-phase small motors are used at the lower 
voltage (which would be phase-to-neutral voltage in the 
combined secondary system), it is hardly advisable to 
introduce 2:1 voltage winding motors for combined 
three-phase four-wire secondary networks. Any com- 
promise using a double rating would also be unwise, as so 
many single-phase motors are sold to resale manufac- 
turers who distribute their products throughout the 
country that it would be very embarrassing to these 
companies if they supplied motors with more than one 
rating. 

Single-Phase Motors, Single Voltage Winding: Only 
a small percentage of these motors are used at the 
higher voltage. The present 220-volt ratings could be 
employed for 216 or 208 volts on network systems, 
but the risk at 199 or 190 volts would require the 
development of a separate line for these voltages. 

On the few existing combined light and power sys- 
tems where potentials higher than 115 volts are actually 
obtained at the motor terminals, 110-volt motors have 
caused almost no complaints. However, it is antici- 
pated that if such systems become more numerous and 
are in the form of networks, whereby closer secondary 
voltage regulation is obtained, trouble may be ex- 
perienced due to overheating, noise, increased starting 
current, and lower efficiency and power factor. This 
would be particularly true for 125 volts, which means 
that motors for this voltage would have to be redesigned 
almost Immediately. 

With small motors future results cannot be deter- 
mined entirely from past experience of a more or less 
limited nature. For instance, in the case of 120 volts 
it is reasonably certain that difficulty would arise should 
customers begin to order 120-volt motors, making it 
necessary to give guarantees and eventually to mark the 
nameplates at 120 volts. To build a single line on the 
basis of such network voltages as 120 or 125 volts 
would result in unsatisfactory operation on the in- 
numerable circuits that now deliver less than 110 volts 
to single-phase motors; for example, considerable 
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trouble is already encountered on radial 110-volt 
systems due to low voltage at starting. Building and 
stocking a new line of 120- or 125-volt motors as a 
parallel to the present 110-volt line would require a 
fairly large expenditure. In addition, there would be 
considerable expense and confusion on the part of the 
utilization device manufacturers, for they would have to 
buy motors of both classes and carry large stocks at 
their factories and distributors’ warehouses. 

2. Effect on General Purpose Motors. 110/220 
volts is the existing standard for these motors, with 
permissible variation of 10 per cent plus or minus. 

The principal factors that limit the design of standard 
general purpose motors are: 

a. Starting torque, especially in the smaller sizes; 

b. Efficiency and power-factor (and principally the 
latter) which are of particular importance in low speed 
motors since heating ordinarily gives no difficulty if 
good performance is obtained; and 

c. Heating, mainly in connection with high-speed 
motors as good performance is inherent in them. 

The analysis, except for the sections on characteristic 
curves, 1s based on actual performance data for all 
sizes from 5 to 150 hp. in all lines. 

125/216 Volts: There would be practically no 
difficulty with this voltage. 

120/208 Volts:Starting Torque: Since starting torque 
varies approximately as the square of the voltage, the 
application of 208 volts to a 220-volt motor results ina 
reduction of about 11 per cent in starting torque. How- 
ever, at least 50 per cent of the standard 220-volt ratings 
would still give satisfactory torque at 208 volts plus or 
minus 10 per cent. 

For the remaining ratings it would be necessary to 
rewind the motors to provide the same guarantees. 
The expenditure in development and other costs 
would be large for the motors that would require 
rewinding. If the number of classes and sizes of motors 
that would have to be changed were relatively small it 
might be more expensive to keep a separate stock of 
motors for these ratings at 208 volts than to incorporate 
the rewound motors in one complete line good for 208 
to 220 volts plus or minus 10 per cent. The latter 
course would, however, result in a reduction of the 
power factor of these rewound machines when operating 
on 220-volt circuits. 


Were the principle of 5 per cent plus or minus | 


voltage regulation in secondary networks established, 
these changes could be avoided, provided only 
a small number of 220-volt motors would require 
rewinding to operate satisfactorily on 208 volts. Where 
this procedure might result in too low a starting torque 
because of the reduced voltage at starting, the motors 
might be thrown directly on the line at 208 volts. 
Starting these motors directly across the line at this 
voltage would probably not require any change within 
them. The starting current would be reduced at 208 
volts, just as when using a reduced voltage starter on a 


, 


Lii Feb. 1927 RICHTER: COMBINED LIGHT AND POWER SYSTEMS 223 


«  980-volt line. The starting torque, corresponding to PERFORMANCE AT 208 VOLTS COMPARED WITH 220 


€ the 208-volt point, would presumably be sufficient. 
u That the motors could stand this method of operation 
m mechanically seems assured because general purpose 
‘t, motors now in use, at least those up to 50 hp. in rating, 
le: can be and are connected directly across the line at the 
č present standard voltages. Furthermore, with the 
| frequency of starting usually encountered, there is also 
| not likely to be any trouble so far as heating is con- 
ï) cerned. 
| Should the number of motors that would need 
' rewinding be fairly large, however, and this may come to 
% bethe average condition a few years from now, it might 
be desirable to establish a new line of motors rated at 
* 208 volts. The performance in this case would natu- 
rally be improved as compared with the single line, but 
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the maintaining of a separate stock for each of the two 


. lines would prove extremely burdensome from both the 


investment and delivery standpoints. 


Characteristic Curves: The following characteristics 
are taken from the curves in Fig. 3 of a typical standard 
220-volt three-phase squirrel-cage induction motor 
showing performance at rated voltage and at 208 volts. 
For speeds lower than 1760 rev. per min. the perform- 
ance is not quite as good and the differences are some- 
what greater. The values for 50 to 60 per cent of full 
load are added as it is found that this is the average load 
on general purpose motors connected to typical under- 
ground distribution systems and these values are there- 
fore the ones that will be of more interest during the 

immediate future. All values are approximate. 


VOLTS 
At 100 per cent of At 50-60 per cent 
full load of full load 

Speed............. 0.3 per cent lower 0.15 per cent lower 
Power-factor...... 0.5 per cent higher 2.3 per cent higher 
Efficiency......... 0.5 per cent lower 0.5 ‘per cent higher 
Current........... 5.2 percent higher 3.0 per cent higher 
Pullout Torque.... 11.0 per cent lower 


115/199 Volts: Starting Torque: The starting torque 
of a 220-volt motor is reduced 18 per cent when a volt- 
age of only 199 volts is impressed. The number of 220- 
volt ratings that would give satisfactory torque at 199 
volts plus or minus 10 per cent ranges from about 50 
per cent of the total to a percentage considerably 
below this. 

The factors that would determine whether a single 
complete line of motors or two separate lines would be 
preferable are similar to those treated under the heading 
120/208 volts. The decision between one line or two 
lines in this case, however, might lean towards the 
latter on account of the difference in conditions under- 
lying the comparison between this and the 120/208-volt 
system. Two of the factors against a single line are 
the large number of motors that would require re- 
winding, and the fact that with a single line to operate 
at 220 or 199 volts the power-factor when 220 volts is 
used would be possibly 2 per cent lower at full load and 4 
to 5 per cent lower at half load. Due to the greater num- 
ber of ratings involved the expenditure would be much 
larger than in the case of 120/208 volts. 

Characteristic Curves: The differences listed below 
are taken from the curves of operation in Fig. 3 at 220 
volts and 199 volts. 


PERFORMANCE AT 199 VOLTS COMPARED WITH 220 


VOLTS 
AT 100 per cent of At 50-60 per cent 
full load of full load 

Speed............ 0.6 per cent lower 0.3 per cent lower 
Power-factor..... 1.0 per cent higher 4.0 per cent higher 
Efficiency........ 1.0 per cent lower 1.0 per cent higher 
Current.......... 10.3 per cent higher 6.0 per cent higher 
Pullout Torque... 19.0 per cent lower 


Temperature Rise: There is no reason for applying 
any higher temperature rise motor on 199 or 208 volts 
than on 220 volts. The customers will probably prefer 
40 degree rated motors for general purpose application 
if the combined systems adopted require the use of 
199-, 208-, or 216-volt motors. Should a motor rated at 
220 volts be operated at 208 volts or at 199 volts a 
higher temperature rise may be expected. As con- 
siderable variation in the results may be secured and 
induction motors in general must be considered, only 
very general statements can be made. 

The accepted custom which permits a maximum volt- 
age variation of 10 per cent from the nameplate rating 
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is based on the assumption that when so operated at full 
load the motor may rise 10 deg. higher than at its normal 
voltage and rated load. It may thus be assumed that 
at 199 volts the standard 220-volt 40-deg. general 
purpose motors will usually operate at close to 50 deg. 
rise and that at 208 volts they will operate at about 
45 deg. rise: These estimates will, of course, vary 
somewhat with the characteristics of the individual 
ratings. 

110/190 Volts: A decrease to 190 volts from the 
present standard of 220 volts is very great. In addi- 
tion, to provide for a further variation of 5 per cent 
(if this principle be accepted generally) widens the range 
to a point where difficulties might be encountered with 
the majority of existing motors. Should 10 per cent 
voltage variation be maintained as the accepted custom, 
the conditions would of course be even worse. 

If the original guarantees were required, the adoption 
of 110/190 volts would necessitate two lines and the 
expense would be so great as to be uneconomic. 

3. Motor Control Equipment. 220/440 volts is now 
standard for this apparatus, with allowable variation 
of 10 per cent plus or minus. 

In the past the transformer secondaries of power 
banks have usually been connected in delta and two 
overload trip coils have sufficed for full protection of 
motors. A new National Electrical Code rule permits 
the use of two trip coils with a fuse in the third phase 
for motor starters on three-phase four-wire systems 
with grounded neutral such as are employed in the 
majority of combined network systems. 

This rule may be used as an expedient to make 
unnecessary the equipping of existing control apparatus 
with additional trip coils when the secondary distribu- 
tion system is changed to the combined light and power 
type. It is reasonable to expect, however, that con- 
siderable experience with or study of the combined 
secondary system for networks will bring about a 
demand for that form of apparatus which suits the 
application best. 

It is thus justifiable to assume, regardless of the 
manufacturing costs involved, that extensive applica- 
tion of the combined system will finally result in a 
widespread demand for three-coil protection in starters 
for three-phase motors. Already there seems to be a 
move in this direction by numerous Underwriters’ 
inspectors. This would necessitate rearranging all 
general purpose motor controller designs to provide the 
third trip coil, and that would entail a large item of 
expense. 

125/216 Volts: The present standard coils could be 
used in most cases, but where the voltage is low special 
coils would be required. : 

120/208 Volts: 115/199 Volts: 110/190 Volts: Any 
of these voltages involves adding at least 33 per cent 
to the number of a-c. coils in stock and the maintaining 
of a double set of standards since the original standard 
of 220 volts will still hold for other than network 
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systems. The expense of all necessary changes would 
be large, especially for 190 volts. 

4. Safety Switches. 125/250 volts is standard at 
present for these switches and is the maximum rating. 

To comply with the latest safety code ruling it will 
be necessary to change the construction of the standard 
triple-pole entrance switches by adding a neutral strap, 
for such services as will be three-phase four-wire. It 
is probable that this will apply to all standard sizes. 


Where four-pole general purpose switches have been 
employed on delta-connected circuits, there might be 
a demand for three-pole switches with solid neutral 
connection. Motor starters having thermal cutouts 
may have to be redesigned to include an additional 
thermal cutout, for the same reasons as given under 
“Effect on Motor Control Equipment.” 

The expenditures thus incurred will be considerable. 


5. Distribution Transformers. 115/230 volts is the 
standard now. A tolerance of 5 per cent plus is 
allowed for single-rated transformers. The majority 
of tranformers are triple-rated at 110/115/120 volts, 
and 120 volts is the allowable upper limit. 


125/216 Volts: When the voltage impressed on a 
distribution transformer is raised within the limit that 
results in saturation of the iron, the per cent copper 
loss decrease is about the same as the per cent iron loss 
increase. In the sizes from 50 kv-a. up, which generally 
obtain in the present types of low-voltage networks, 
the copper loss is predominant at full load but is sub- 
ordinate to the iron loss at light loads. Therefore, at 
full load an increase in voltage to 125 volts results in a 
net decrease in total loss. 


Thus, for those networks in which the practise 
may be adopted of tripping out feeders during light- 
load periods to save iron loss and in which the trans- 
formers will be fairly well loaded throughout the day, 
heating will be reduced and efficiency improved by an 
increase in Impressed voltage. But where all feeders 
will be left in service the entire day and the transformers 
will be lightly loaded for a considerable number of 
hours, the all-day efficiency will be decreased by 
voltage increase. In either case, regulation is 
improved. | 7 

The salient effect is on exciting current, which 
increases about 300 per cent when a 115-volt trans- 
former is stressed to give 125 volts. As this is decidedly 
beyond the allowable limit for the majority of distribu- 
tion systems, all ratings would have to be redesigned. 
The expense of this would be excessive. 


120/208 Volts: Standard transformers will operate 
satisfactorily at this voltage. The exciting current of a 
115-volt transformer, however, is still increased con- 
siderably when operated at 120 volts. The very com- 
mendable effort being put forth at the present time by 
the operating companies to reduce the exciting current 
on their lines may make such an increase undesirable. 
There is also the necessity of allowing for the voltage 
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drop in secondary mains, services, and house wiring. 
Thus, the possibility that a line of 115/120/125-volt 
transformers would be required is apparent. The 
cost of such a change in all ratings would be very 
large. To this expense might be added that of continu- 
ing the present standard line of transformers, due to 
the probability that conditions on the majority 
of radial systems might make the new ratings 
unsatisfactory. 

115/199 or 110/190 Volts: No changes would be 
necessary. 

6. Miscellaneous Apparatus. This group includes 
carbon and oil circuit breakers, relays, meters, instru- 
ments, voltage regulators, rectifiers, rectigons, fan 
motors, condensers, and line material. 

115/230 Volts, with tolerance of 5 per cent plus, 
is the existing standard for the majority of this 
equipment. | 

125/216 Volts: As 120 volts is now the allowable 
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7. Electric Heating Devices. 115/230 volts is the 
present standard, with allowable variation of 5 per cent 
plus or minus. 

On a combined secondary system the lower voltage 
heating units are usually connected between the 
outside conductors and neutral, and balanced among the 
three phases as often as possible. 

125/216 Volts: Since the upper limit would be ex- 
ceeded at 125 volts, two separate lines of heating 
devices would very likely have to be maintained, both 
for industrial and household uses. The expense involved 
would be excessive and customers moving from one 
zone to another would undoubtedly experience trouble. 

This voltage, if applied to the enormous number of 
heating appliances now connected on distribution 
systems, is so much in excess of their present voltage 
ratings that great trouble could be reasonably expected 
because of too high temperature or even burnout of 
elements. 


TABLE VI 
EFFECT OF VARIOUS THREE-PHASE SCHEMES ON CLASSES OF APPARATUS 


Classes of apparatus 


Weighted according to total sales of each class 


eas | ae | CS | | A TER, | RATS SS a TE IS | a SE: ES E 
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Favorable................ No. 4 No. 4 No. 2 No. 2 1 1 29 29 
No. 5 No. 5 No. 4 No. 3 27 27 1 4 
No. 6 No. 6 No. 4 39 39 1 

No. 7 No. 7 8 8 
Totals. ........0cccccecece 2 4 4 3 28 75 77 34 
Not favorable............. No. 1 No. 1 No. 1 No. 1 6 6 6 6 
No. 2 No. 2 No. 3 No. 5 29 29 4 27 
No. 3 No. 3 No. 5 No. 6 4 4 27 39 
No. 6 No.7 39 8 

No.7 8 

Totals..........ssssssee.. 5 3 3 4 86 39 37 80 
NOG iio ee Os —3 +1 +1 -1 —58 +36 +40 —46 


Note: -+ Signifies net effect is favorable. 
— Signifies net effect is not favorable. 


upper limit for most of the apparatus, much re- 
design would be necessary, resulting in excessive 
expenditure. 

120/208 Volts: With most of the apparatus there 
would be little serious difficulty in operation, but there 


- would be considerable expense connected with changing 


the design of fan motors and rectifiers for 120 volts, 
and static condensers for 208 volts. 

The application of condensers is comparatively 
new and growing rapidly, so that present estimates of 
the effect of a non-standard voltage on them should be 
multiplied by a large factor when considering the in- 
fluence on future applications. 

115/199 Volts: For this voltage the expenditure 
would be the least. The only change might be a new 


- line of static condensers rated at 199 volts. 


-r 


110/190 Volts: Some 220-volt apparatus could not 
operate satisfactorily on 190 volts and there would be 
considerable expense in redesign and extra stock. 


120/208 Volts: There would be a small item of ex- 
pense to allow for voltage variation up to 5 per cent 
above 120 volts in connection with a few types of 
equipment. 

There is an advantage in having 230-volt elements 
for heavy duty service. In some cases the 230-volt 
elements in large electrically heated apparatus for 
industrial use, such as in furnaces and ovens, cannot be 
operated properly at 208 volts. This may or may not 
be a serious matter, according to the conditions 
encountered. 

115/199 Volts: 115-volt elements are standard, but 
the condition described for devices operated at 208 volts 
applies more particularly with 199 volts. 

110/190 Volts: There would be no difficulty with 
standard apparatus on 110 volts, but it is possible that 
a new line of 190-volt equipment would have to be de- 
veloped, with considerable expense attached. 

8. Summary for Three-Phase Combined Systems. 
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The study of the three-phase combined system for net- 
works has included an analysis of the effect of the four 
voltages—all that have been seriously proposed as yet 
in this country. 3 

The fact that 125 volts, the first voltage studied, has 
not yet been considered a recognized departure from the 
accepted standard lamp voltage, coupled with the 
excessive cost to consumers and operating companies 
for small motors, transformers, miscellaneous apparatus, 
and heating devices, would seem to weigh heavily 
against the general adoption of the 125 /216-volt scheme. 

The 110/190 volt system voltage of the analysis 
likewise appears to have serious disadvantages 
under existing conditions, due to similar excessive 
expense in connection with general purpose motors, 
small motors, and motor control equipment. 

There remain for further consideration in the three- 
phase combined system group only the two voltages, 
115/199 and 120/208. These will be studied later in 
the Quantitative Analysis. 

Table VI summarizes the effects of the various three- 
phase voltage combinations on the different classes of 
apparatus discussed in the Qualitative Analysis. The 
numbers in the left portion of the table are those ap- 
plied to the various classes in the Analysis. Basing a 
comparison between the various schemes only on the 
summary in the left portion might be incorrect, since 
the relative importance of each class of apparatus 
should be given due consideration. Hence, in the right 
portion of Table VI there has been substituted for each 
class a number proportional to the total annual sales of 
that product for the entire industry. The large adverse 
totals against 125/216 volts and 110/190 volts in this 
summary substantiate the proposition to eliminate those 
voltages; and the indicated parity between 115/199 
volts and 120/208 volts points to the desirability 
of studying these two voltages further. 


EFFECT OF CHANGE TO COMBINED LIGHT AND POWER 
SYSTEM FOR TWO-PHASE 115/230-VOLT SECONDARY 
NETWORKS 


This portion of the Qualitative Analysis considers 
only 115/280 volts, as that is the only two-phase voltage 
so far suggested for combined secondary systems. 
Similar to the analysis of the three-phase schemes, it is 
assumed that this two-phase five-wire scheme would be 
adopted in all areas that could be networked and that 
in all other systems the present methods of distribution 
would be maintained. 

1. Small Motors. The widespread retention of 
three-phase radial systems in addition to the general 
adoption of two-phase networks would, under 
conditions of the present, have an important effect 
on small motors as regards the industry as a 
whole. This would be due to the considerable expense 
in the production, distribution, and maintenance 
of an increased number of two-phase motors to parallel 
the line of three-phase motors. 
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2. General Purpose Motors. As with small motors, 
if all networks were two-phase the production and 
stocking of two-phase motors would be greatly in- 
creased, with a consequent very large increase in motor 
costs. 

For equal amounts of material, that part which is 
active in a three-phase motor is practically 6 per cent 
more effective than ina two-phase motor. In perform- 
ance, the actual results of this difference depend, of 
course, on the balance struck between the various motor 
characteristics when designing the machines. In any 
event, all parties would have to share this loss of 6 
per cent in the effective use of materials entering into 
the construction of apparatus. 

Regarding the feasibility of changing three-phase 
motors to two-phase, the potential should be reduced to 
188 volts when a three-phase 220-volt motor is recon- 
nected for two-phase, 220 volts. If operated at 230 
volts the power factor would decrease from 4 to 6 per 
cent depending on the motor speed, and efficiency 
would increase somewhat, but the motor would gener- 
ally operate within its temperature rating. Where 
extra insulation has been provided between phases in 
three-phase motors, similar insulation is required be- 
tween phases after reconnection. 

3. Motor Control Equipment. Due to the use 
of a grounded neutral in two-phase five-wire com- 
bined secondary systems, four overload trip coils may be 
required to give full protection, which means the addi- 
tion of two coils and rearrangement of all controllers 
for motors intended for connection to networks. A 
fourth pole must also beadded. Thecombined increased 
expense in development, manufacture, and stocking 
would be very large. 

4. Safety Switches. A neutral strap and fourth 
pole must be added where entrance switches will 
be used on five-wire services; all standard sizes will 
probably be affected. Four-pole general purpose 
switches used on lighting feeders may require the addi- 
tion of a solid neutral connection. Motor starters 
must have a fourth pole added and it is probable that 
where thermal cutouts are used two extra cutouts may 
have to be provided to make a total of four. 

The entire extra expenditure would be very large. 

5. Transformers. Since the majority of the feeders 
would eventually be three-phase, transformers would 
require Scott tap construction. Subway transformers 
of this type would have to be furnished. As the Scott 
connection for distribution transformers requires inter- 
laced windings, the design is special. 

There is some question as to whether a separate 
stock would have to be developed. If there were 
general agreement that these transformers would be 
used at full rating for other than network installations 
and at reduced rating in three-phase to two-phase net- 
work banks, one line would suffice. However, if the 
operating companies employing networks should desire 
to operate the transformers at full rated capacity and 
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the other companies could see no value in the special 
design, a separate line for each of these groups would 
have to be carried in stock. The total extra expense 
would be very large. i 

6. Miscellaneous Apparatus. The main changes 
would be the addition of a fourth pole on certain oil 
switches and carbon circuit breakers, and the extra 
cost of two double-pole network protectors or one four- 
pole in the place of a triple-pole protector at each 
polyphase transformer bank. The expenditure in- 
volved would be very large. 

7, Electric Heating Devices. 
uses devices of standard rating. 

8. Summary for Two-Phase Combined Systems. 
The Qualitative Analysis for the two-phase 115/230- 
volt five-wire combined light and power system thus 
indicates the possibility of certain disadvantages with 
regard to small motors, general purpose motors, motor 
control equipment, safety switches, transformers, and 
miscellaneous apparatus. 

To make it possible to gage how important these 
factors may be will require some form of quantitative 
analysis. 


The two-phase system 


Quantitative Analysis 


In any comprehensive study leading to a comparison 
between the most important of the combined secondary 
schemes thus far proposed, a qualitative analysis has 
its place. A quantitative analysis, however, may also 
be desirable, particularly to assist in forming a better 
conception of the increased cost that might be incurred if 
any one combination should be adopted for all network 
systems. 

As a step in this direction, Tables II, III, IV, and V 
were developed. Employing the assumptions used for 
Table I, these tables offeran approximate measure of the 
percentage of all apparatus connected to secondary 

systems that would be affected by each of the three 
principal combined schemes and also by the radial 
system. The combined schemes chosen for considera- 
tion are the two-phase combination and the two princi- 
pal three-phase arrangements selected for reasons 
previou sly explained in this paper. 

The left portion of each table applies to number 
of apparatus units grouped as phase-to-neutral and 
phase-to-phase equipment. The right portions repre- 
sent the percentages of the left parts weighted in pro- 
portion to total sales of the phase-to-neutral and phase- 
to-phase groups. 

In Table II, all the three-phase network systems are 
assumed to be 120/208-volt, but allowance has been 
made for some two-phase systems still existing. Table 
III is similar to Table II with the exception that all two- 
phase systems are supposed to have been converted into 
120/208 volt three-phase networks. Table IV gives the 
reverse condition, all systems operating as two-phase 
networks except the radial systems. In Table V the 

network system percentages of Table III are assumed 
to apply to 115/199 volt networks. 
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These tables indicate that apparatus to the value 
of about 37 per cent of the total sales would be different 
from the existing standard if all equipment in network 


. areas were exactly suited to the 120/208-volt system; 


and that the 115/199-volt and two-phase schemes would 
each involve non-standard apparatus valued at only 
about 8 per cent of the total. As the preference for 
three-phase appears to predominate among operating 
companies and manufacturers, these tables show that 
the 115/199-volt scheme as a common choice for com- 
bined secondary systems would probably affect the 
least apparatus. 

The main assumptions on which the Quantitative 
Analysis was based are listed in Tables VII, VIII, and 
IX. These tables bring out the changes that may be 
required in each of the seven apparatus classes of 
Table VI if any of the three principal schemes should be 
adopted as the standard for all networks. It was also 
assumed in this Analysis that the transition to network 
systems would be completed for the entire country 
within ten years. 

. Table X gives the results of the Quantitative Analysis. 
The relative index numbers represent the approximate 
expense to the entire electrical industry for small 
motors, general purpose motors, etc., and the totals 
summarize these expenses for each of the combined 
schemes considered. 

The operating companies that have applied the 
combined light and power method of secondary dis- 
tribution have been prompted mainly by the desire to 
effect a great saving to the entire electrical industry. 
Table X shows that if any type of combined secondary 
scheme is generally adopted for networks there will be a 
heavy expenditure tending to offset some of the gain. 
It also discloses that failure to standardize immediately 
will add further to this tendency. | 

Table X reveals the possibility that there may be a 
definite difference between the 120/208- and 115/199- 
volt three-phase systems, in favor of the latter; and that 
the adverse effect of the two-phase combined scheme 
may be relatively much greater than that of either of 
the three-phase combinations. 


Relation of Trends in the Industry to 
This Problem 


The Qualitative and Quantitative Analyses deal 
with the effect of the combined schemes themselves on 
apparatus as existing and as required in the future. 
If the task of choosing a standard scheme is undertaken, 
other influences should also be.considered. For in- 
stance, what bearing may the numerous trends in the 
industry have on the contemplated standard? A 
discussion of a few of these tendencies will serve to 
illustrate the importance of giving them proper weight. 


TREND OF LOW VOLTAGES 


The trend of system voltages throughout the country 
appears to have received the most attention among 
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these factors. 
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Both the voltages now existing at 
utilization devices and the trend of the various voltages 
should be of value in guiding the choice of a standard 


TABLE VII 


ASSUMPTIONS FOR QUANTITATIVE ANALYSIS 
EXPENSE TO ENTIRE INDUSTRY 
OVER TEN YEAR TRANSITION PERIOD 


THREE-PHASE 115/199 VOLT SCHEME 


Class No No changes required Changes required 
Single-phase motors | Rewind certain single-phase 
with 2:1 voltage wind- | 220 volt ratings for 199 volte: 
ing would not be de- a. Considerable development 
. veloped. cost. 
Single-phase 110/! b. Considerable shop cost 
220 volt motors satis- | increase. 
factory on 115 volts. c. Some additional expense 
1. due to stock increase. 
Small 
motors Rewind certain polyphase 
220 volt ratings for 199 volts: 

a. Considerable development 
cost. 

b. Some shop cost increase. 

c. Some additional expense 
due to stock increase. 

Less than 50% of] Rewind more than 50% of 
present ratings satis- | 220 volt ratings for 199 volts: 
2. factory on 199 volts. a. Large development cost. 
General b. Considerable shop cost 
purpose increase. 
motors c. Some additional expense 
due to stock increase. 

Add third coil for 3-coil 
overload protection; redesign 
all 3 coils for 199 volts: 

3. a. Considerable development 
Control cost. 
equipment b. Considerable shop cost 
increase. 

c. Considerable additional 
expense due to stock increase. 

No change in motor Add neutral strap in all en- 

starters that do not} trance switches; develop 3- 

use thermal cutouts. pole general purpose switch 

4. with neutral strap: add third 

Safety thermal cutout to certain 
switches motor starters: 

a. Considerable development 
cost. 

b. Some shop cost increase. 

c. Some additional expense 
due to stock increase. 

5. This system uses 
Transformers standard transformers. 
Relatively small New line of static condensers 
6. changes required in | for 199 volts: 
Miscellaneous apparatus other than a. Small development cost. 
apparatus static condensers. b. Some shop cost increase. 

c. Some additional expense 
due to stock increase. 

For 115 volts all 

7. apparatus is stand- 
Electric ard. Changes in in- 
heating dustrial apparatus for 
devices 199 volts would in- 


volve relatively little 
expense. 
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tend to predominate in low-voltage distribution systems 
is the analysis of the lamp sales in the voltages of the 
100-130-volt class. The curves in Figs. 4 and 5, 


TABLE VIII 


ASSUMPTIONS FOR QUANTITATIVE ANALYSIS 
EXPENSE TO ENTIRE INDUSTRY 
OVER TEN YEAR TRANSITION PERIOD 


THREE-PHASE 120/208 VOLT SOHEME 


Class No No changes required Changes required 
Single-phase motors Rewind certain single-phase 
with 2:1 voltage | 110 volt ratings for 120 volts: 
winding would not be| a. Considerable development 
developed. cost. 
Single-phase 110/| b. Considerable shop cost 
220 volt motors prob- | increase. 
ably satisfactory on| c. Large additional expense 
1. 208 volts. due to stock increase. 
Small ——— 
motors Polyphase 110/220 
volt motors probably 
satisfactory on 208 
volts. 
More than 50% of| Rewind less than 50% of 220 
2: present ratings satis- | volt ratings for 208 volts: 
General factory on 208 volts. a. Some development cost. 
purpose ` b. Some shop cost increase. 
motors Note: No stock increase. 
Add third coil for 3-coil 
overload protection; re-design 
all 3 coils for 208 volts: 
3. a. Considerable development 
Control cost. 
equipment b. Considerable shop cost 
increase. 
c. Considerable additional 
expense due to stock increase. 
No change in motor) Add neutral strap in all en- 
starters that do not | trance switches; develop 3- 
use thermal cutouts. | pole general purpose switch 
4. with neutral strap; add third 
Safety thermal cutout to certain 
switches motor starters: 
a. Considerable development 
cost. 
b. Some shop cost increase. 
c. Some additional expense 
due to stock increase. 
Change standard rating to 
5. 115/120/125 volts: 
Transformers a. Some development cost. 
b. Large shop cost increase. 
Note: No stock increase. 
Relatively small New line of static condensers 
changes required in| for 208 volts; new lines of fan 
6. apparatus other than | motors and rectiflers for 120 
Miscellaneous static condensers, fan | volts: 
apparatus motors, and rectifiers. | a. Considerable development 
cost. 
b. Some shop cost increase. 
c. Some additional expense 
due to stock increase. 
Changes in indus- Modification of some 115 
7. trial apparatus for | volt ratings for 120 volts: 
Electric 208 volts would in- a. Small development cost. 
heating volve relatively little |; Note: No shop cost or stock 
devices expense. increase. 
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scheme. Only a thorough survey can give a measure 
of the extent to which each voltage is now in use. 
One method often used in gaging which voltages will 


applying to lamps sold during the past nine years, are 
based on data contained in reports of the National 
Electric Light Association Lamp Committees. 
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Fig. 4* gives, for each year, the percentage of the 
sales in 115-volt lamps (the recognized lamp standard) 
as part of the sales in the entire 100-130-volt group, 
and also similar percentages for 110- and 120-volt lamps 
(the two recognized departures from the standard). 


TABLE IX 


ASSUMPTIONS FOR QUANTITATIVE ANALYSIS 
EXPENSE TO ENTIRE INDUSTRY 
OVER TEN YEAR TRANSITION PERIOD 


TWO-PHASE 115/230 VOLT SCHEME 


Class No. No changes required Changes required 
Single-phase 110/ 
220 volt motors satis- 
factory on 115 volts 
or 230 volts. 
1. ss | SA 
Smali No additional devel- Increased polyphase produc- 
motors opment required for | tion cost and stock: 
polyphase motors. a. Some shop cost increase. 
b. Some additional expense 
due to stock increase. 
No additional devel- Increased production cost 
2. opment required. and stock: 
General a. Some shop cost increase. 
purpose b. Large additional expense 
motors due to stock increasc. 
Add 2 more overload pro- 
tection coils and fourth pole: 
3. a. Very large development 
Control cost. 
equipme::t b. Large shop cost increase. 
c. Considerable additional 
expense due to stock increase. 
Add fourth pole and neutral 
strap in all entrance switches; 
add neutral strap to four pole 
4. general purpose switches; add 
Safety fourth pole to motor starters. 
switches also two thermal cutouts to 
certain types: 
a. Considerable development 
cost. 
b. Considerable shop cost 
increase. 
c. Some additional expense 
due to stock increase. 
Add Scott tap to all ratings: 
a. Considerable development 
5. cost. 
‘Transformers b. Considerable shop cost 
increase. 
Note: No stock increase. 
Practically no Modifications in oil switches, 
changes required in | carbon circuit breakers, and 
6. apparatus other than | automatic network units: 
M iscellaneous oil switches. carbon| a.Considerable development 
apparatus circuit breakers and | cost. 
automatic network b. Some increased shop cost. 
units. c. Considerable additional 
expense due to stock increase. 
T: This system uses 
Electric devices of standard 


heating devices | rating. 


The approximate parallelism of the 115- and 120-volt 
curves appears to indicate that 120 volts is not dis- 
placing 115 volts as the preferred voltage. The slight 


*Taken from Fig. 3, Page 3, of 1925-1926 Report of Lamp 
Committee, National Electric Light Association. Publication 
256-47. 


convergence of these two curves between 1923 and 1925 
is probably no more definite indication of a decided 
change in favor of 120 volts than was the divergence 
between the curves from 1921 to 1923 a sign that 115 
volts would soon outstrip 120 volts. 

The curves of Fig. 5 show another way of determining 
the probable tendency of system voltages. These 
curves give the total annual lamp sales for each of the 
three main voltages. In applying them it is assumed 
that the total number of lamps sold in a given voltage 


TABLE X 


QUANTITATIVE ANALYSIS 
EXPENSE TO ENTIRE INDUSTRY 
OVER TEN YEAR TRANSITION PERIOD 


Three-phase | Three-phase | Two-phase 


Class of apparatus 115/199 volt | 120/208 volt | 115/230 volt 
1. Small motors............. 19 30 8 
2. Gen’'l. purpose motors..... 18 2 26 
3. Control equipment........ 32 32 50 
4. Safety switches........... 5 5 17 
5. Transformers............ 0 21 17 
6. Miscellaneous apparatus.. 1 10 , 32 
7. Electric heating devices... o 0.2* 0 

TOUCOl8 fio 2 Sb oh eae $75,000,000 | $100,000.000 | $150,000 ,000 


PERCENTAGE OF 100-130 VOLT GROUP 


0 
1917 ‘19 ‘21 ‘23 25 


Fig. 4— PROPORTION oF Lampe SALES IN RECOGNIZED STANDARD 
Group To ToTau SALEs 1N 100-130 VoLT Grove 


voltage and hence of the extent to which the voltage is 
applied. 

Up to 1921 the total lamp sales for 120 volts appear 
to have kept pace with those for 115 volts, with the 
latter in the lead, but Fig. 5 shows that since 1921 
there has been a more rapid upward climb of the 115- 
volt sales. If the tendencies indicated by these curves 
become the realities of the future, then it is likely that 
115 volts will be the standard for.many years to come. 
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Furthermore, there appears to be little evidence at 
present of any trend that may change this situation. 
Noting the continued decrease in the number of 110 
volts lamps sold since 1921, it is interesting to determine 
whether the companies that are dropping 110 volts may 
be adopting 120 volts instead of 115 volts. It is 
difficult to draw any such conclusion from Figs. 4 and 5, 
for the curves give no indication as to how much of the 
increase in 115-volt or 120-volt lamp sales is attributable 
to, normal growth of connected load in 115- or 120- 
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MILLICNS OF LAMPS SOLD (ENTIRE INDUSTRY) 


Fie. 5—TorarL Lame SALES IN RECOGNIZED STANDARD VOLT 
Group 


volt systems and how much to Seduisiions from 110- 
volt systems. 

While the tendency in the past has been towards 
a steady upward climb of distribution voltage, this 
seems to have been checked by the approach towards 
standardization in the last few years. As an illustra- 
tion, there is the action of a few of the larger syndicates 
in standardizing on 115 volts for their properties, even 
though it appeared that the extra capacity available 
at 120 volts would have resulted in greater return on 
the investment. 

Considering the above deductions, namely: (a) the 
increase in use of 120 volts will probably not overreach 
that of 115 volts, while the use of 110 volts is declining; 
and (b) seemingly, no trend or development important 
enough to change these conditions has been brought to 
light thus far; it appears that what had the semblance 
of an endless process of increase in voltage standards 
has been halted. 

The subject of lamp standards brings to mind the 
method that was employed when the situation regarding 
lamp voltages was at least as difficult as is the combined 
secondary situation today—adoption of a single lamp 
standard with recognized departures. This precedent 
should be of value when considering the recommenda- 
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tion for a basis of standardization for combined light 
and power schemes to be made later in this paper. 


Goop PUBLIC RELATIONS 


The maintenance of good public relations is ac- 
knowledged by operating companies as increasingly 
Important. System changes are being made in the 
manner that disturbs the fewest number of customers. 
Universal adoption of a standard combined system may 
inconvenience some consumers at the start regardless 
of the kind of scheme chosen, but taking into account 
good public relations calls for minimizing the number 
thus involved. 

The motor users that would be affected by any 
standard combined system constitute a relatively small 
part of the entire group of customers. The simple 
means that have been employed to remedy the motor 
troubles have been pointed out previously herein. 
Thus, from the standpoint of good public relations, 
consideration of the other utilization devices would seem 
to be of more importance. 


From 125% Load Up 
5% of H.P. 
6% of Motors 


(From 0-125% Load 
95% of H.P. 
(94% of Motors 


From 0-100% Load 
88% of H.P. 
85% of Motors 


Maximum Rating - 45 H. P. 
Minimum Rating- 1 H.P. 
Average Rating- 9H. P. 


PER CENT OF TOTAL HORSE-POWER AND OF TOTAL NUMBER 
OF MOTORS SURVEYED 


0 40 80 120 
NORMAL MAXIMUM LOAD IN PER CENT OF MOTOR RATING 


Fia. 6—Loap SURVEY OF GENERAL Purpose MOTORS 


STANDARDIZATION OF TRANSMISSION SYSTEM VOLTAGES 


The present trend toward standardization of trans- 
mission system voltages will affect the ability of many 
companies to apply a given combined light and power 
secondary scheme chosen as the standard. This must 
be given due weight. There are numerous companies 
operating secondary systems at 110 and 115 volts that 
cannot raise the potential to 120 volts at peak load, 
the limit of voltage capacity of all apparatus on their 
systems having been reached. Usually 115 volts at 
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the utilization device requires 120 volts at the 
transformer. 

The choice of transmission voltage standards should 
take into consideration the possibility of adopting as 
the standard for combined secondary systems that 
scheme which conforms closest with all the requirements 
fora combined standard. These will be listed near the 
end of the paper*. | 


STANDARDIZATION ON SYSTEMS FOR DISTRIBUTION 


There appears to be a tendency for operating com- 
panies to standardize on certain designs of systems 
for distribution when the concensus of opinion agrees 
on such designs as the best obtainable. 

Thus, almost all direct-current distribution systems 
have the same pattern, some form of three-wire net- 
work at 120/240 volts. The majority of primary sys- 
tems in cities have been changed from 2300 volts three- 
wire three-phase and 2300 volts three-wire or four-wire 
two-phase to 2300/4000 volts four-wire three-phase or 
something similar. Sixty cycles has practically become 
the standard frequency for alternating-current distri- 
bution systems. Most street lighting systems use 
series circuits and railway distribution systems are 
usually 600 volts, d-c. 

Standardization on a single system for combined light 
and power secondaries in network systems would 
not therefore be a radical departure from existing 
tendencies. 

OVER-MOTORING 


Many operating companies favor making use of the 
present degree of over-motoring where possible, yet dis- 
courage its continuance into the future. These ten- 
dencies will improve the power-factor and make less 
costly both the plant required to render power service 
and the motor installations. To avoid any injustice to 
customers who have purposely allowed spare capacity in 
motors for future increase in loads, these operating 
companies stand ready to install the boosting auto- 
transformers whenever required. 

Fig. 6 is the result of a load survey of all the general 
purpose motors served by a large underground distribu- 
tion system. Load concentrations averaging 20,000 
to 40,000 kv-a. per square mile prevailed. Every type 
of motor encountered was tested carefully and it may be 
said that the results are fairly typical for most of the 
underground areas where a-c. networks will be applied. 

T hese curves indicate that for the majority of motors 
and motor hp. in such districts the maximum load is 
only 50 to 60 per cent of the rating, and that in but 10 
to 15 per cent of the cases is 100 per cent or more load 
encountered. How the power-factor of underloaded 
motors is somewhat improved by operation at reduced 
voltage has been disclosed in the Qualitative Analysis. 


*It is also pertinent to take into account the probable choice of 
ap international standard for low voltages in distribution systems. 
See Report of New York Plenary Meeting, April, 1926, Inter- 
national Electrotechnical Commission, Publication 36, Page 167. 
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TWO-PHASE DISTRIBUTION 


The original alternating-current system was two- 
phase. The fact that the use of the newer three-phase 
system has increased so rapidly in radial distribution 
practise leads one to the conclusion that it has some 
important advantages over two-phase. At the thresh- 
old of selecting a standard combined scheme for net- 
work systems it may be desirable to investigate whether 
the choice of three-phase would likewise be on a sound 
economic basis. 

In some quarters there appears to be the general 
impression that two-phase is becoming obsolete, but 
there is not much information available whereby this 
may be investigated. A recent survey of motors used 
in industrial plants* indicates a decrease in the number 
of two-phase motors by slightly more than 18 per cent 
in five years. As was brought out in the discussion of a 
recent Institute paper,t the assumption that approxi- 
mately 6 per cent of all polyphase motors in use are 
two-phase may not be far from correct. Combining 
this rate of decrease with this present status gives 
only about 2 per cent as the percentage of two-phase 
motors 25 years from now. 

It costs a little more to manufacture a two-phase 
motor than a three-phase motor of the same nameplate 
rating. At some time in the future, when two-phase 
motors are fewer in number than at present, this extra 
cost may become proportionately so large as to warrant 
an increase in the price of two-phase motors over three- 
phase; deliveries of two-phase machines would also be 
slower. At that time, the combination of these factors 
may have a very noteworthy influence on the de- 
mand for three phase in those areas now supplied with 
two-phase. 

Consideration from all angles makes it appear un- 
likely that there will be additions to the two-phase 
group from companies now operating three-phase 
systems or contemplating new systems. Due mainly 
to the motor problem, several companies have expressed 
great opposition to any change to two-phase for net- 
works. Although a two-phase five-wire secondary 
network with mains on both sides of the street involves 
only a small increase in total annual charges over a 
three-phase four-wire network,{ this difference would 
be much increased in the many systems that would 
desire or be compelled to use only one side of the street 
for mains. In such cases the companies object to the 
fifth wire even if it can be pulled into the existing ducts. 


SUPPLEMENTARY RATING FOR MOTORS 


The supplementary load rating of 1.15 that has 
recently been generally accepted for application to 
standard 40-deg. general purpose motors is based on 
permitting operation at 1.15 times the rated full load 

*Electrical World, January 23, 1926, Page 206. 


tA. I. E. E. Journat, Vol. XLIV, November, 1925, Page 1252. 
{Paper by P. H. Chaser See Bibliography. 
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provided the motor is operated at its rated voltage and 
frequency. 

This rule has been interpreted as not applying to 
standard motors operated at either 208 or 199 volts. 
The same is true for 40-deg. 208- or 199-volt rated 
motors since these ratings have not been recognized 
as standard for general purpose motors. Hence, if 
the combined secondary system chosen as standard 
should employ a voltage less than 220 volts, it would be 
necessary to warn customers using motors in network 
areas to avoid applying the supplementary rating 
without a load check by the operating company. 

It is likely, however, that the motor users in network 
districts receiving reduced voltage would also want 
the supplementary rating, as otherwise there would bea 
15 per cent differential against their motors merely 
because they were not located in radial distribution 
districts. This would make the application of rated 
voltage to motors more necessary and so increase the 
tendency towards a change in motor design to fit the 
115/199- and 120,'208-volt schemes. 

It has been previously noted that present lines of 
general purpose motors would probably require re- 
winding of almost 50 per cent of the ratings to give the 
original torque guarantees at 208 volts. If the supple- 
mentary rating were also applied, a large majority of 
the 220-volt ratings would have to be rewound.to 
ensure satisfactory heating and characteristics at 208 
volts. For operation at 199 volts, practicaly all of the 
ratings would need rewinding. 

Standard two-phase motors need not be changed 
to permit application of the supplementary rating, but 
its use on three-phase motors at 199 volts might call for 
an entirely new line. A recalculation of the quantita- 
tive comparison between the costs of the 115,/199-volt 
three-phase and the two-phase combinations was there- 
fore made on that basis. The two-phase system still 
appeared to be considerably more expensive than the 
three-phase, the main reason for this being that general 
purpose motors constitute only one of six factors in- 
fluencing the results, as can be seen from Table X. 

Since the limiting feature in most applications of 
small motors, including fan motors, is not heating but 
torque, it is questionable whether the supplementary 
rating will even be applied to them. 


FREQUENCY OF REDESIGN OF APPARATUS 


The strides of the industry in the past seem to have 
brought about the impression that redesign of apparatus 
is not only frequent but periodic. It might be thought 
that these rapid changes will absorb the expense 
for such alterations in design as would be required if 
any one of the principal combined systems is chosen 
as standard. 

Apparatus redesigns however, are very irregular 
in occurrence and are sometimes quite infrequent. 
In one case there was a lapse of 10 years for general 
purpose motors and in another a line of distribution 
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transformers stood unchanged for 13 years. Where 
redesigns occur more often it is generally because in- 
dividual parts must be modified in successive stages. 
Seldom does it become possible to combine many of 
these changes in one general redesign and thus minimize 
the expense of each individual change. 

Even if demands on the part of the public or the 
operating companies for new classes of equipment 
should be coincident, it is only rarely that they would 
apply to the same parts. Hence there would still be 
the increases in shop cost and stocking, which are the 
main items of expense that would be incurred in an 
extensive change to combined light and power 
secondaries. 

Based on this past experience there is little probabil- 
ity that redesigns of apparatus to suit a given combined 
secondary scheme could be included without increase 
of cost at the time of some other modification. 


Weighing of the Principal Combined 
Systems and Recommendation ofa 
Basis for Standardization 


After determining the effect of each of the principal 
combined schemes on apparatus connected to the 
secondary system and the bearing of trends in the in- 
dustry upon the establishing of a standard, the value 
of a given choice will depend on the proper weighing of 
these factors. 

It may be well to list the main points to be considered 
in this regard, without attempting to arrange them in 
the order of importance. 

1. The scheme chosen must involve the least 
possible expense to purchasers of apparatus affected; 
these are mainly the consumers. 

The thought has often been expressed that it costs 
more to purchase and maintain the current-consuming 
equipment than it does to buy the power for operating 
it. If this is true, 1t may be even more important to 
adopt that policy which will result in the least increase 
in cost of this apparatus and its upkeep than it has been 
to make the greatest possible savings in the cost of 
generating and distributing the power. 

2. The scheme should give minimum trouble to 
users and purchasers of apparatus, by conforming 
closely with present tendencies in the industry, and 
should not destroy the results obtained by years of 
effort, without due compensation. 

3. It should be the cheapest to the operating com- 
panies when considered from all angles. This applies 
to total annual cost of the entire distribution system, 
and also to first cost if possible, as based on studies 
looking ten years into the future. Consideration of the 
effect of the scheme on future revenue may even require 
projecting these studies beyond the usual ten year 
period. 

4. The scheme should be an improvement from the 
operating point of view, by giving the simplest outside 
plant and the least maintenance, 
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5. It should be such that non-standard systems can 
change to it with minimum expense and effort; for 
instance, in the case of changing two-phase systems 
to three-phase, or 110-volt systems to a higher voltage. 

The completeness with which standardizing for com- 
bined secondary systems may be adopted would pre- 
sumably be affected by the manner in which the plan 
is carried out. Having determined upon a single 
standard, its acceptance might thus be greatly helped if 
consideration were given to any other combination 
already employed by an appreciable number of 
companies. 

It is therefore recommended that (a) in determining 
upon a basis for standardization, that combined scheme 
be chosen as the standard which is preferable according to 
the most important of the requirements that have been 
listed above, and (b) if the next best combined system has 
already received wide application, it be adopted as a 
recognized departure. 


Concluding Suggestions 


To have a complete study of these requirements 
made as promptly as the importance of the problem 
merits and to allocate to each its proper relative weight 
will require the concerted attention of the electrical 
operating companies. Nor can the manufacturing com- 
panies hope to avoid their proper share of any task that 
may arise as the result of a decision based upon that 
study. The full cooperation of both branches of the 
industry will be necessary to arrive at a solution involv- 
ing the least burden to all concerned. 

The following are a few suggestions for action 
whereby this purpose may be accomplished. 

The active interest of the leading men in the industry 
should be enlisted. Their long experience with such 
problems and their intimate knowledge of the losses 
due to lack of prompt action in the past should be 
brought to bear. Their efforts would result in arrang- 

ing@ in the order of importance not only the factors 
discussed in this paper but also those aspects that have 
not been brought out. 

An intensive effort to improve the design of combined 
light and power systems for networks, in order to 
eliminate compromise as far as possible, would be of 
distinct value. The translator scheme is a praiseworthy 
step in this direction, but apparently it is not the 
final solution*. 

Agreement among the operating companies on a 
standard scheme of connection and voltages, with an 
accepted departure if necessary, is recommended. 
Steps should be taken immediately to bring about 
such standardization before too much damage is done 
by the rapid increase of systems requiring non-standard 
apparatus. 

*One authority describes it as ‘‘complicated, costly, and 
inflexible,” although it delivers standard voltages in a three- 


phase light and power system. For other opinions see A. I. E. E. 
JoUuRMXaAL, Vol. XLV, February, 1926, page 180. 
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Cooperative effort will be needed to encourage the 
active support of this agreement on the part of all 
operating companies. Experience with other problems 
shows that this is usually necessary, for at the beginning 
of any standardization there is often considerable 
inertia to overcome. A conservative campaign of 
education on the value of adopting one standard for 
combined secondary systems would decidedly aid this 
effort. | 

The manufacturing companies should make sure 
that none of their policies tends to promote the use of 
such schemes and voltages for combined light and power 
secondary systems as may differ from the standard 
that will be chosen. 
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Appendix A 


DETAILS OF NETWORK SYSTEM DESIGN APPLYING 
TO UNDERGROUND COMBINED LIGHT AND POWER 
SECONDARIES 


Observations and analysis of the operation of com- 
bined secondary systems have shown that close atten- 
tion to the details of system design is necessary to 
obtain the full benefits of the combined method of 
secondary distribution for networks. Without due 
regard to such details, complications detrimental to 
operating companies, or customers, or manufacturers, 
or all three, might result from some well-meant effort. 
For example, a certain part of the network system 
might be designed to better one condition at too great 
disadvantage to another part; or too expensive appara- 
tus might be added to permit an economic advantage 
over d-c. network or a-c. radial systems, where contin- 
uity of service is not of paramount importance. Some 
types of network systems call for equipment that makes 
operation cumbersome or dangerous; for others, special 
apparatus might be considered necessary to meet a 
given local condition whereas a change of system plan 
would be more beneficial*. 


*The desirable characteristics of network design, as dis- 
tinguished from the necessary features, are discussed in ‘‘Evolu- 
tion of Alternating-Current Secondary Networks,” H. Richter, 
Electric Journal, July, 1925. 
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The following details of distribution system design, 
applying specifically to three-phase four-wire under- 
ground low-voltage networks, are suggested in the 
light of the present art. Some of these requirements 
are still controversial among those designing networks. 

1. Where extra heavy motor load occurs in the same 
building with lighting load, the power service should be 
separate from the lighting service. 

2. Service lines carrying power loads should be of 
ample size, and architects and electricians should be 
counselled to be particularly liberal in the design of 
power wiring in buildings. 

3. Service lines should be as short as possible to 
cut down the voltage drop from the secondary mains 
to the utilization devices. 

4. Where motors already installed require full rated 
voltage for normal operation, auto-transformers or 
booster starting compensators should be employed. 
This measure gives the least trouble to customers and 
the operating company. 

There are several precedents for using such auxiliary 
apparatus. Among these are the small transformers 
or auto-transformers in street lighting systems to adapt 
the form of energy supplied to the form required by the 
lamps, in order to transmit by the most advantageous 
method. There are also the auto-transformers for 
serving 2300-volt three-phase motors from 2300/4000- 
volt star primary lines that have been changed over 
from 2300 volts delta. 

The boosting apparatus employed should be well- 
built and have ample capacity. To reduce its cost it 
should be of indoor type and located inside the building 
where possible. Where manhole location is necessary, 
valuable space can be saved by mounting the auto- 
transformers on the ceiling or high up ona wall. When 
several power services coming from the same trans- 
- former bank all require full rated voltage for motors, 
one auto-transformer may be employed for all such 
services. 

5. All three phase wires of a set of secondary mains 
should be put in the same duct. Where feasible, the 
neutral should also be installed in this duct. 

6. The copper cross-section of secondary mains 
should be ample, that 1s 200,000 to 500,000 cir. mils. 

7. Transformer banks should be of liberal capacity. 
As the saving in transformer capacity by diversity is 
usually large, some spare capacity to prevent high 
voltage drops on starting of the larger size motors can 
be afforded. 

8. Care should be taken against spacing transformer 
banks too far apart. 

9. High voltage for feeders (11,000, 13,200, and 
even 27,600 volt primary lines are being planned) 
will greatly assist in cutting down the voltage drop on 
motor starting. By this means one company will 
obtain a maximum voltage variation not exceeding 
2 per cent when a 100 hp. motor starts up anywhere 
on the secondary network. 
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10. The copper cross-section of primary feeders 
should be of ample size, for instance, 1/0 to 300,000 
cir. mils. This is inexpensive, due to savings by diver- 
sity and the ability to evenly load the feeders at all 
times. l 


11. There should always be connected to the net- 
work enough feeders to minimize the feeder voltage 
drop when the largest motor on the network is started. 
This usually fits in with the proper practise for securing 
continuity of service on the network on outage of one 
or more feeders. 


12. The system design should be such that the 
voltage variation at lamps when a motor is started 
should be not greater than 2 per cent for the best class 
of service and 3 per cent for the next best. 


Discussion 


D. K. Blake: Mr. Richter’s paper does not attempt to take 
sides. He tried very hard to avoid that. Some years ago, 
together with others, I made a similar study and obtained similar 
results, showing that the 115/199-volt system had the lowest 
cost, the 120/208 next, and then the two-phase system. 


Of course this problem will not be settled in this meeting. It 
will have to be settled by the N. E. L. A., the Power Club, and the 
N. E. M. A., but I would like to state my positive convictions 
along these lines. 


I believe, based upon my discussion with various operating 
engineers and knowing the manufacturers’ conditions, that the 
115/199-volt system will be the solution to our problem. I 
am just going to make three statements, without attempting to 
prove them. They are by no means all of the reasons. 

The first is because of the lower cost. The second is because of 
the large number of consumers unaffeeted by retaining the 115- 
volt standard. When! stopand think of the data that were given 
in the Electrical World showing that we have somewhere around 
14,000,000 domestic customers, about 2,000,000 commercial 
lighting customers, and about a half-million power customers, I 
think that in view of our attempts at good public relations, it is 
by far better to change things that affect the least number of 
consumers even though they may have more kilowatt demand 
and about an equivalent revenue. 


The third thing is that I recognize the work that has already 
heen done by the N. E. L. A. in attempting to make the 115-volt 
svstem a standard. Now of course if that is the answer. if the 
committee's work proves that 115/199-volt system is preferable, 
it means two lines of polyphase induction motors. I know posi- 
tively that no manufacturer recommends the use of 220-volt 
motors on systems rated nominally 199 volts. 

Now I want to say a word about the practise of using 220-volt 
motors on 208-volt systems. 
volt system, and use the old arguments of lower power factor 
and over-motoring, etc., to justify utilizing the 220-volt motor. 
You then have a system that 110-volt single-phase devices do not 
fit. I think those arguments are perfectly valid for existing 
conditions, and during the period of change-over, but I think it is 
wrong to continue to grow throughout the vears without having 
a system supplying devices that do not fit the system voltage. 

Therefore I ean see no other answer than two lines of motors. 


Now the manufacturers in the past have always. to the best of 
my knowledge, built additional lines of devices whenever there 
was a sufficient demand. I have no doubt in my own mind that 
they will do so in case it is the general opinion that two lines of 
motors would be desirable. 


Suppose you decide on a 120,208- 


EEE a r i E Gee 


Feb. 1927 


P. H. Chasez: Mr. Richter’s paper covers a very broad field 
and has so many angles both from the manufacturing point of 
view and also from the central-station public-relations and 
economic points of view, that it is difficult to make an adequate 
analysis. 

I would like to take the liberty at this time of discussing a few 
of his assumptions and points of view. His paper, as I under- 
stand it, first presents a statement that the expense incurred in 
suitable utilization equipment may range from $75,000,000 to 
$150,000,000 even under the unlikely condition of a single com- 
bined scheme adopted universally. 

Mr. Elden’s remarks on voltage standardization could well be 
read into the record on this paper. It is open to serious question 
whether we ever can get to a single, universally adopted standard, 
because each operating company has its own local publie policy, 
financial and construction conditions to meet. It may be true 
that one svstem compared with other systems theoretically may 
show an economic advantage a few per cent better. When that 
situation is reduced to terms of the existing system, as many of us 
have done, a change to another system may impair the quality of 
service, damage public relations, decrease flexibility, and involve 
expensive change-over costs for at best a small saving, which may 
not even be realized. This leads one to question whether a 
figure of $75,000,000 to $150,000,000 spread over a ten-year 
transition period is really important, compared with the expense 
that must be incurred to effect the change and with the hazards 
involved. 

Now this figure of $75,000,000 to $150,000,000 on a ten-year 
transition period means $7,500,000 to $15,000,000 a year. 
That is compared with what other plan or plans? The paper 
does not give any figures showing what it will cost to continue 
with the present standards so far as the utilization of equipment 
is concerned. In other words, we have no base line with which 
to compare these figures. It seems to me that there should be 
further analysis to draw up a bill of the costs of continuing with a 
diverse standard basis. Certainly it will not be necessary to 
spend this $75,000,000 to $150,000,000 if the present standards 
are kept. 

Possibly the central-station companies may have to spend 
money in continuing with the development of existing systems 
which may not be quite so efficient theoretically as one uni- 
versal system might be. However, those operating systems 
will have avoided the very heavy costs, which this paper does not 
pretend to deal with, of changing over to some other system than 
the one they now have. The paper does not deal with the extra 
operating expenses that will exist during the transition period 
which, on a ten-year basis, are very appreciable. There is also 
extra investment during transition. , 

To come back again to this $75,000,000 to $150,000,000, are 
those gross figures, or are they net figures, after allowing for 
the expected manufacturing economies that would come from 
the adoption of a single standard? If these are gross figures, 
then they are misleading. If they are net, the public in one way 
or another must pay what seems like a high price for standardiza- 
tion unless it is assumed that in the overall problem there are 
marked savings over the present diversity of systems. 


The paper is admittedly written from the manufacturers’ 
point of view. The magnitude of the potential savings to the 
operating company of any proposed system over the existing 
system gets down to a very elaborate analysis. Let us take the 
X. Y. Z. Electrice Light and Power Co. operating in a metro- 
politan area, covering suburban areas and some rural areas. 
As has been brought out, by far the largest number of customers 
are the residence customers, and all their needs can be supplied 
by single-phase, three-wire service. Power loads may be three- 
phase, three-wire; three-phase, four-wire; two-phase, four-wire, 
and so on. 

Moost of its distribution plant and most of the load is not in the 
dense portion of the territory. Also, possibly the dense portion 
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of the territory requires underground construction; possibly the 
local conditions require only 10 or 15 per cent of the low-voltage 
load to be underground. 

Such a company will not determine its system for all its 
territory from conditions pertaining to a small fraction of the 
load. Can it afford to start out on a policy that involves asking 
its customers to have a different type of motor in different 
portions of its territory? Is that company going to consider 
seriously, without a great deal of study, changing its miles and 
miles of aerial secondary distribution and its hundreds of thou- 
sands of services to residence customers to conform to a svstem 
that may be slightly advantageous from a theoretical point of 
view only for this central densely loaded area? 

I think, as has been mentioned ly Mr. Blake, this whole sub- 
ject deserves and must have extended study by the N. E. L. A. 
and the Power Club before there can be an overall answer. 


H. L. Wallau: Mr. Richter has pointed out to us the enor- 
mous expense to be charged against the electrical industry due 
to the redesigning of utilization equipment if any of the present 
a-c. low-tension network schemes is adopted. The tentative 
figures set up by him are appalling. 

In Cleveland for over ten years we have been using the three- 
phase, 230-volt system with the four-wire lighting neutral 
(Fig. C-2 of his paper) with radial feed. This system was first 
installed in a new underground district. Later, a similar system 
was used to replace a three-phase, four-wire, 115/199-volt 
system, then at least 15 vears old. This system has the ad- 
vantage of using lamps, appliances, motors, control equipment, 
ete., as now standardized. 


Can this system be modified slightly and become suitable for 
network use? I believe it can, but do not recall that the fol- 
lowing scheme has ever been suggested. Referring to the 
accompanying diagram vou will note three primary feeders which 
may issue from one or more substations and are supposed to 
have the customary over-current protection at the substation 
end. I have shown these connected to merely one transformer 
bank each. The transformer banks are shown connected delta- 
delta but might be Y-connected on the primary. A network 
protector is assumed cut into the secondary leads between the 
transformers and the network. Cut-outs, ete., have not been 
indicated. The cables forming the three-phase, 230-volt mains 
are continuous and the transformer banks consist of three units 
of equal capacity, or of one three-phase unit. The lighting 
neutrals carrving the out-of-balance current are discontinuous, 
there being one section per transformer bank. Between a pair 
of 230-volt phase wires there is connected a balance coil at 
each bank location, each successive balance coil being rotated so 
The middle points of 
these balance coils are respectively connected to the lighting 
neutral of their particular section. We now have a system 
having 230 volts between any two-phase wires and 115 volts 
between any neutral and its corresponding phase wires. There 
is also a difference of potential of 115 volts hetween any two 
lighting neutrals, hence these neutrals should preferably remain 
discontinuous but could be made continuous by the insertion of 
a suitable iron-cored reactance between the junction points. 
So far we have not grounded this system. <A ground is provided 
by means of a star-connected auto-transformer, wound with 
133-volt coils, the common junction point of which is grounded. 
This provides a difference of potential of 133 volts between phases 
and ground and 66215 volts between neutrals and ground. If the 
secondary, three-phase mains are to be arranged for sectionali- 
zation at times, it would be desirable to have a grounding trans- 
former for each section. If not so arranged, fewer might be 
used but at least two should be provided in ease of failure of one. 
The total number would depend somewhat upon the extent of 
the intereonneected network. The balance coils used need 
be only large enough to carry safely the maximum unbalanced 
load of any section. They would probably be standardized for 
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any network as of the maximum size required, due to local 
conditions. In certain specific cases where a large amount of 
lighting load was connected to one section, as compared with 
adjacent sections, it would be advisable to select certain buildings 
and connect their lighting load across phases other than that 
normally supplying that section, additional balance eoils being 
located either in the street or in the buildings selected. 


The lighting neutral should be fused preferably to at least twice 
the value of the phase wires at both service entranee and in all 
house circuit panel boards, in order that internal faults might 
not cause the neutral to open, thereby unbalancing the voltage 
across the three-wire lighting svstem. Should a ground develop 
on a neutral within a building, the neutral fuse would, of course, 
blow. No ground should be installed on any of the house or 
service wires but the grounding transformers should preferably 
have their neutral leads securely bonded to the nearest water 
system in some adjacent building. I assume that the present 
network protectors may he used as now designed or with some 
slight modification; possibly a zigzag, instead of a star-connected 
grounding transformer, would be required to obtain eertain 
necessary phase relations for relay operations. l 

Before this system could be adopted, certain changes in the 
code would probably have to be agreed upon, sueh as over- 
fusing a lighting neutral in order that the neutral wire size need 
not be increased. There may be others. 
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I advance this scheme as being worthy of study at this time 
when standardization is still in the embryo. If feasible, l believe 
that the cost to the industry of additional equipment required, 
in the way of balance coils and grounding transformers, would be 
many millions lower than Mr. Richter’s lowest estimate of the 
cost of the required changes in present equipment using the most 
favorable of the schemes at present contemplated. Perhaps 
Mr. Richter could contribute a comparative estimate later. 


In the time at my disposal between the conception of this idea 
and the present, | have not thought of any vital objection to 
it. It may have some very vulnerable features which make it 
impractical. It should, therefore, be thoroughly checked for 
any such faults and if none can be pointed out, given serious 
consideration before being thrown into the discard. 


A. H. Kehoe: I disagree with the conclusions whieh would 
be inferred from reading the paper, and claim that the 120. 205- 
volt system is the preferable one to adopt. In discussions before 
the Institute on voltage standardization, it has been stated that 
110-, 115-, and 120-volt systems are each being operated success- 
fully throughout the country on a single-phase, three-wire 
basis. One unfamiliar with eonditions might readily think in 
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reading the paper that 120/240-volt supply existed only on some 
of the older d-c. systems. It should also be noted that items of 
cost are included for changes in single-phase equipment that is 
regularly sold by the manufacturers, who guarantee its successful 
operation for the same service which in the paper is indicated as 
causing these heavy redesign expenses. Such single-phase 
equipment, today, as in the past, is designed to operate suc- 
cessfully on 110-, 115-, and 120-volt services. It is difficult to 
understand how any charges for changes in these conditions will 
be incurred in time to affect the economics of the situation here 
under consideration. 

The paper states in the qualitative treatment of the 120/208- 
volt system that there is a possibility of using either a 5-per cent 
or a 10-per cent maximum allowable voltage variation. The 
5-per cent variation is ignored in the quantitative results. This 
omission is made regardless of the fact that it has been many 
times stated that the 120; 208-volt system operating with a 
maximum terminal voltage variation of 5 per cent is the only one 
of the combined balanced light and power systems which can 
supply all of the standard utilization equipment within the limits 
covered by existing agreements at which the equipment is guaran- 
teed to operate successfully. Needless to say, such a system is 
the only one whieh will avoid the expense which in the paper is 
estimated in the millions. 

It is questionable whether third-leg protection on some motor 
circuits should be included in the costs, as the industry now uses 
this and will have to do so with any of the combined systems. 
Watthour meter costs, on the other hand, are not mentioned, 
presumably because the meters have been developed and are 
required in practise today. However, the watthour meter charge 
is an important one to consider in any three-phase case, and 
should not be overlooked when considering costs. A fact to note, 
in this connection, is that for the moment three-element meters 
cost more than three separate single-element meters. 

I am not in accord with most of the statements made on publie 
relations. Jt is paramount for good publie relations that a 
customer never be inconvenienced from the viewpoint of our 
service to him, and that equipment which he wishes to buy, sell, 
or use ean be readily utilized. Universal use covers more than 
equipment; it means service availability as well, on the fifth or 
fiftieth floor, if need be, without major reconstruction of the 
system while the consumer waits. The principal objection to 
the 115,199-volt system is due to public relations, in that it is 
impossible to guarantee delivery of a terminal voltage at which 
standard equipment is sold to operate successfully within its 
rating. 

From time to time it has been stated that a special motor of 
200 volts will be produeed. Such a motor should not be pro- 
duced unless it ean be designed for universal application. How- 
ever, if one is produced, it will be possible to operate it success- 
fully on a well-regulated 120 20S-volt system. 

I am of the opinion that no single combined light and power 
system will be used for some time to come; but if one system 
should be generally adopted in the next few years, it will be the 
120:20S-volt, three-phase, four-wire with a maximum variation 
of 5 per cent in terminal voltage. 

W. B. Kirke: I heartily agree with Mr. Kehoe on what he 
has to say in regard to the 120-volt versus the 115-volt system; 
I also am definitely on the 120-volt side. 

If we look ahead to the future and consider possibly a 10- or 
15-vear period, we might make the assumption that in that time 
there will be a possible 10,000,000-kw. demand on network 
systems. If we ascribe a figure of $20 or $25 a kilowatt to the 
cost of secondary mains and subways, if it represents 
underground system, we shall have a capital investment of 
$250,000.000. A comparison of the kilowatt capacity of the 
115-volt system with that of the 120-volt svstem has to be based 
primarily upon voltage regulations, and in round figures one is 
10 per cent greater than the other. Ten per cent of $250.000,000 
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is $25,000,000 which you can add as a credit on the 120-volt 
system. That makes up the difference in cost between 
$75,000,000 and $100,000,000 as represented in the Table X, 
on the assumption that the other figures are correct. I seriously 
question the values as given. 

L. L. Elden: In discussing this paper I must confess my 
inability to analyze some of the prospective savings which are 
computed for certain types of network systems. In some 
estimates which were presented recently it appeared that in a 
single system the cost of extensions during the next ten years 
was estimated to total something like $100,000,000 for distribu- 
tion equipment if present methods of construction and supply 
were followed. 


It was suggested that the adoption of the network system 
would mean a saving of approximately $7,000,000. J wonder if 
there is anybody here—engineer, commercial man, or otherwise— 
who will guarantee that over a period of ten years his estimate for 
such construction will fall within 7 per cent of the actual cost. 


Such an estimate must take into consideration the future 
developments in the art, obsolescence of equipment, changing 
rates of interest, taxes, and many other contingencies. It is 
doubtful if anyone here would undertake such responsibility. 


It has become increasingly evident that in the maintenance of 
favorable public relations, we must consider everything that we 
do primarily from the standpoint of the user and for that reason 
must carefully review any investment and its effect upon future 
operating and maintenance costs. | 

An important feature of the networks under discussion is the 
propriety of operating motors at subnormal voltages as appears 
necessary through the adoption of any four-wire, three-phase 
secondary networks where the lamp voltages range from 110 to 
120 volts. 

Manufacturers’ data on motor operation show very con- 
clusively that operation at the subnormal voltages referred to 
results in a reduction of efficiency if the motors are operated at 
anywhere near full load. This method of operation takes ad- 
vantage of the 1G-per cent tolerance factor provided by the manu- 
facturers in their guarantees. From this point of view it may 
appear that our utilities are within their rights in providing for 
operating such motors at lower than normal voltages. 


As this tolerance factor, however, is not intended to he used 
in such a manner since it is well known that there will be varia- 
tions in almost any system voltage below normal voltage, it 
must be that in most cases the motor will be operated under 
conditions unfavorable to the customer. 


It is unfortunate that this situation has arisen but while it is 
desirable to construct motors which are capable of operating 
within a 10-per cent range of voltage plus and minus from 
norma], it does not appear desirable to recommend the construc- 
tion of systems on that basis as has been suggested in the con- 
sulting engineer’s paper presented on this subject. 

Considerable time has been spent upon a study of the motor 
situation in the hope that some development might be suggested 
to the manufacturers which would provide motors adapted to 
network operation and at the same time not require a change 
in present standards. 

It appears that the bulk of the requirements will naturally fall 
in the 115/199-volt class, so that unless some special scheme 
can be developed, there appears to be a logical need for another 
motor possibly rated at 200 volts as Mr. Blake has suggested. 

An extension of motor windings has been suggested with taps 
which may be utilized for either 200- or 220-volt operation as a 
possible solution. Motors are moved from one part of a system 
to another so that a motor arranged with a combination of taps 
as above suggested would be suitable for use in any location. 
If this method of construction is feasible, and I have been told 
by one designer that there is nothing to prevent such an arrange- 

ment being incorporated in motor construction except a slight 
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additional cost, it may be the way out of the situation with which 
we are contending. 

Mr. Blake has very definitely stated that manufacturers do 
not approve of the operation of 220-volt standard motors on 199- 
volt service. It appears, however, that manufacturers’ represen- 
tatives are guaranteeing such motors for operation on the lower 
voltages without hesitation. This appears to be a most un- 
desirable procedure and in the end will be very destructive of 
any efforts which may be made to secure a definite standardiza- 
tion of motor ratings. 

It is to be hoped that out of this situation something will be 
developed in the form of a motor product which will be universal 
in application and leave us free to develop networks at will 
without detriment to other interests. 


D. K. Blake: It is by no means out of the question to have a 
motor that will operate successfully, a universal motor, on 199 
or 220 volts. It may be a little difficult to do, but it seems that 
a great deal can be accomplished by a combination of parallel-Y 
and series-delta. I would merely suggest something like perhaps 
parallel-Y 195 volts, series-delta 225 volts. Not all motors can 
be built that way easily, but a large number can. 


P. H. Chases I would like to ask whether a motor of that 
type will run into considerable extra expense? It means heavier 
coil cost and it may affect the frame. 

D. K. Blake: It is my understanding that it will not run into 
@ very heavy expense except on some sizes and speeds. I can't 
say definitely because that has not been pursued far enough, but 
there is that hope. . 

W. B. Kirke: I would like to add one more point. In 
Brooklyn we have the 120-volt service standard. Weattempt to 
keep that voltage within the limits of 116 to 124 volts. 

Our complaints on utilization equipments connected from line 
to neutral due to 120-volt standard are practically nil. It may 
have some bearing upon the costs which Mr. Richter has given 
on rewinding of 120-volt parallel-conneected or 220-volt series- 
connected motors. The network system that we intend to install 
will take care of loads up to 10-kw. demand from line to neutral. 
This will take care of the great majority of small motors. Above 
that capacity we expect to serve on a four-wire basis. 

Our distribution transformers are operating above the 120- 
volt maximum rating. I should say 60 per cent of them are 
operating close to 124 volts or above, or rather 60 per cent are 
operating above 120 volts, and 40 per cent are operating below. 

I would like to make one other reference to Fig. 4 showing the 
proportion of lamp sales. I believe the figures for 1926 on the 
120-volt group are about 35 per cent, and on the 115-volt group 
approximately 47 per cent. This shows an increase of approxi- 
mately 4 per cent during the past year at 120 volts and closer to a 
3-per cent gain on 115 volts. 

The parallelism is, therefore, converging, and there seems to 
be a very good economic justification for the increase in 120-volt 
service. 

P. H. Chase: I would like to ask one specifice question. 
These figures of $75,000,0000 to $150,000,QU0 stick in my mind 
very definitely. Mr. Richter explained that those figures were 
the net figures. In a ten-year period there would accumulate 
$75,000,000 to $150,000,000 deficit that somebody has got to pay. 
I don’t imagine that the manufacturing companies will absorb 
that kind of a deficit out of profit and loss account. It will 
be passed on. | 

How many years after that ten-year transition period will it 
take to make up that deficit? In other words, I am asking in 
another way, what is the gross figure? After we have spent the 
$150,000,000, there must be some economies resulting at the end 
of the transition period that are going to pay back, we would 
hope very shortly, the money we spent. 

I am much interested in that figure and how long it is going to 
take. If it is 25 years we must have a great deal of hope. 

M. T. Crawford: (by>telegraph)| I suggest for discussion 
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that consideration be given to the delta system, Fig. 2c, as it 
permits the supply of full normal voltage to all utilization equip- 
ment which will become more necessary with increased use of 
heating devices. Seattle has had multiple primary feed low- 
voltage networks in operation six years with success, using this 
delta system for combined light and power on recent work. We 
have no difficulty in balancing phase loads on primary feeders. 


H. P. Seelye: (by letter) One cannot help but agree that the 
adoption of one svstem as a standard would be very desirable, if 
possible. It usually occurs, however, that standardization follows 
considerably behind utilization and is accomplished for the pur- 
pose of bringing order out of chaos but after the chaos is pretty 
well established. It would appear somewhat doubtful if the use 
of combined secondaries has vet reached such a point as to make a 
general agreement on a single standard possible, no matter how 
desirable it may be. A comparatively small percentage of the 
industry is using such secondaries as yet although consideration 
is being given to the subject quite universally. A satisfactory 
generally accepted standard cannot be impressed on such a 
situation but will come only after a wide experience with all the 
Variations points to one ty pe as most desirable. 

The present trend seems to be quite generally toward the 
adoption of a Y-connected, 4-wire, three-phase scheme at either 
120/208 volts or 115/199 volts. There seem to be enough argu- 
ments in favor of both these voltage combinations to make it 
quite certain that neither one will be universally accepted for 
some time. Companies will probably choose the voltage which 
corresponds best with their present standards and those which 
they will use elsewhere on the system (the combined secondaries 
will in most cases form only a part of the total secondary system). 
This might point to the adoption of one as a standard and the 
other as an accepted departure, as Mr. Richter suggests, but aside 
from the probable controversy as to which will be the standard 
and which the departure, can the desired result be gained by such 
a standardization? The two voltages are far enough apart so 
that most of the changes noted by Mr. Richter for both systems 
would be necessary. The manufacturer would be bound to 
furnish apparatus both for the standard and the accepted de- 
parture. A possible solution might be a compromise between 
the two, say 117.5/203.5 volts for apparatus which would be 
only about 2 per cent away from either utilization voltage. 

Regardless of which voltage might be accepted as standard, 
there will no doubt be a demand by motor users for motors in the 
200-volt range. This demand will probably not be entirely 
satisfied by 220-volt motors either with or without supplemental 
ratings or understandings as to reduced allowable voltage 
variation. It will be met by some manufacturer by 200-volt 
motors. It would seem the best practicable solution to accept 
the fact that there probably will be systems at both 115/199 and 
120,208 volts (as well as at 115/230 volts) and to develop a line 
of apparatus, if possible, which will be suitable for both voltages 
with satisfactory rating and guarantees. 

H. Richter: The question was raised by Mr. Chase as to 
whether the diverse conditions in the various distribution 
systems will allow the application of any standard for com- 
bined light and power secondaries. I wish to call attention to the 
fact that when standardization of frequencies was suggested 
many years ago, and of lamp voltages more recently, similar 
doubts were raised. Time has shown that in the general good of 
the industry the numerous local objections were relinquished. 
Basically, the conditions treated in the paper are the same as were 
those of the frequency and lamp-voltage problems. 


There seems to be a doubt that the cost of continuing the 
present unstandardized conditions would exceed the total of 
$75,000,000 to $150,000,000, An approximate analysis made a 
short time ago gave a sum greatly in excess of 3150,000,000. 
The assumptions included the usual process of developing equip- 
ment exactly fitted to each of the different systems. 

The total expenditures given in Table II, incidentally, are net. 
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In pointing out that the paper omits consideration of increase 
in investment and operating costs due to incidentals during the 
ten-year transition period, Mr. Chase lends support to those parts 
of the conclusions that suggest a comprehensive study by the 
leading men of the industry. His question as to how soon the 
huge totals against the combined system may be cancelled by 
economies introduced by this system can also be answered 
properly only by sucha study. 

I fail to see wherein there would be undue difficulty in stand- 
ardizing on one combined scheme for secondary networks 
because of objections to operating in the congested area of a 
city a system differing from that in the remainder of the city or 
to changing the rest of the distribution system to conform with 
the network. What of the numerous d-e. underground systems 
now surrounded by extensive a-c. overhead systems? At least, 
with the Fig. 2F scheme, many of the motors can be used inter- 
changeably on both radial and network systems. In one large 
city there are 120/240 volts direct current; 120,208 volts, three- 
phase, four-wire; 115/230 volts radial a'ternating current; and 
115/230 volts, two-phase, five-wire. Of course, this is ideal but 
it shows what is done in practise for expediency. 

Mr. Wallau's suggestion, like J. C. Parker’s translator system, 
is another of those admirable attempts to derive a combined 
scheme for three-phase networks which I hope will eventually 
result in eliminating compromises with existing standards. 
It should be given due consideration, but already I see some of the 
vulnerable features that he seemed to feel impending as he closed 
his remarks. The necessity of leaving the neutral wires un- 
grounded does not meet the National Electrical Safety Code 
requirement to ground the neutrals at all services. The advan- 
tage of a thoroughly grounded solid neutral network over the 
entire system is also lost. Similar to the translator scheme, 
Mr. Wallau’s suggestion involves that added complexity in the 
distribution system due to auxiliary apparatus which is directly 
opposed to the simplicity of the Fig. 2F scheme and may therefore 
be undesirable to the operating companies. 

Mr. Kehoe objects to those assumptions in the paper that 
provide for changes in phase-to-neutral apparatus to suit the 
120/208-volt system. Surely we cannot ignore the fact that on a 
nominal 120-volt system the apparatus must be guaranteed for 
at least 120 volts plus or minus 5 per cent. It is incorrect to 
think that the guarantees on all standard equipment are covered 
at these limits, which are 126 to 114 volts. This would ignore 
the electric heating devices rated at 115 volts plus or minus 5 
per cent, or 121 volts maximum; miscellaneous apparatus, in- 
cluding fan motors, rectifiers, static condensers, ete., with the 
same rating; and distribution transformers rated at 110,115,120 
volts, that is, 120 volts maximum. 

It was even considered necessary to assume 10 per cent plus 
or minus for the limits on small motors, general-purpose motors 
and motor-control equipment. The reason was that this is the 
only standard that has been definitely agreed upon. It can be 
readily understood that such limits may not suit metropolitan 
network svstems maintaining very close regulation at utilization 
devices. But the guarantees are formulated according to the 
requirements of the majority of the systems in the country. 
For years the apparatus connected to radial systems in large 
cities has similarly had the same limitations as equipment for 
outlying towns and villages. 

Likewise, it is probable that the combined secondary scheme 
acceptable to the majority of companies operating networks may 
not be applicable to skyscraper services as well as to small stores 
and apartment houses, without some modification. 


Mr. Kirke claims that the 5-per cent economic advantage of 
120 volts over 115 volts will cancel the difference between the 
$100,000,000 expenditure for the 120/208-volt system and the 
$75,000,000 for 115/199 volts. In view of the decision of the 
industry to standardize on 115 volts for lamps and the indications 
that this decision is being put into effect, it would seem that the 
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sum total of the disadvantages of going to 120 volts for phase-to- 
neutral apparatus must outweigh all the advantages. 

In neglecting to be governed by this gain of 5 per cent, im- 
portant consideration was apparently given to the condition 
illustrated by some figures published in the Electrical World. 
These state that the application of 110, 115, and 120 volts to 
residential customers is in the approximate ratio of 76 to 37 to 17. 

The Europeans appear to be swayed by this economic factor 
and not only carry the process to its logical conclusion by using 
the 220,'380-volt combined system but also point to the undue 
conservatism of our 115/230-volt separate light and power system. 

Mr. Kirke thinks that the 1926 lamp sale totals will cause the 
115- and 120-volt curves in Fig. 4 to converge further. It may 
be too early to make this prediction, as it is quite possible that 
there will be no further convergence. Furthermore, the 120-volt 
curve is not conclusive. No effort has been made to differen- 
tiate between the lamps on d-c. systems and those on a-c. I 
have obtained data from a reliable source that show that as of 
January 1, 1926, the percentage of domestic lighting customers 
using direct current to those served with alternating current was: 
for 110 volts—0.33 per cent; for 115 volts—0.25 per cent; and for 
120 volts—25 percent. Applying these corrections to the curves 
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in Fig. 4 results in dropping the 120-volt curve considerably 
below the position shown. It is thus apparent that 115 volts is 
decidedly the standard at the present time. 

If a standard combined system were chosen in conjunction with 
a recognized departure, Mr. Seelye believes the development of 
apparatus with guarantees for the departure would come about. 
I think this unlikely. At present, 120 volts is a recognized de- 
parture from 115 volts, yet the majority of electric heating 
devices, distribution transformers and those devices listed in the 
paper as miscellaneous are still rated at 115 volts plus or minus 
5 per cent. l 

In the discussion of standardization of transmission voltages, 
mention was made that there had been omitted a review of the 
conditions that had brought about certain of the off-standard 
voltages. With these voltages so firmly entrenched, it certainly 
appears to be a difficult task to choose a series of transmission 
voltage standards satisfactory to the majority of systems. This 
situation is one more eloquent plea that the small differences 
here and there in the combined light and power secondary 
problem be reconciled as quickly as possible. There will thus be 
no past history to reveal the huge expenditures that might have 
been prevented by the adoption of a standard system at this time. 


A New 132,000-Volt Cable Joint 
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Synopsis.— This paper describes what is believed to be a new 
form of high-voltage joint. The main novelties in the joint are that 
the metallic union of the conductors is insulated by wrapping ona 
single sheet of wide, impregnated paper by machine. The ends of 
the cable insulation are cut into a series of steps, or a taper, and 
knives on the machine cut the wide sheet of paper exactly to fit the 
steps or taper as the wide paper is being applied, until a smooth 
cylinder is built up to the original diameter of cable insulation. Alt 
this moment, the knives are removed, and at cach end of the wide piece 
of paper, strips of tinfoil which have previously been cemented to the 


I. THE PROBLEM 


HE problem to be faced (and our description will 
deal in terms of single-conductor joints only), can 
be explained in Fig. 1, in which we have diagramat- 

ically shown two single-conductor cable ends, the 
conductors of which have been mechanically joined by 
connector No. 1. For any single-conductor joint, the 
first problem is to insulate the region of No. 2, in order 
to build up the insulation over the connector to the 


diameter of the original cable. The classic methods of 
preparing the cable ends are to pencil (or bevel) the 
insulation as shown in the drawing, or to cut the sur- 
faces into steps. 

When this is done, additional insulation must be 
applied, and this is shown as made up of insulation 
No. 3, which is ordinarily applied in tape form. In 
place of this, tubes could be used, or a combination of 
tape and tubes. The metal sleeve is then passed over 
the insulated union, wiped to the lead at each end, and 
the whole is filled with compound. This is sufficient 
for the lower voltages. 

As voltages go up, however, a new point of weakness 
appears, due to the concentration of stress at the point 
where the diameter of the outer electrode changes, under 
the slope AB in Fig. 1. For medium voltages, it 
becomes necessary to bell out the lead sheath, thus re- 
ducing the stresses at this point; and in fact joint casings 
have been designed so as to be practically a continuation 
of the bell of the lead, and act, themselves, as a flaring 
of the lead sheath. This, however, did not remove all 
the difficulties. As voltages became higher, it was 
found that the oil or compound in the region where the 
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paper appear, and these strips gradually taper inward so that as the 
wide paper ts applied, a flaring cone of metal is formed in the body 
of the insulation itself. This metallic cone acts as an electrostatic 
screen to control the longitudinal and radial stresses. It is formed 
automatically without any attention on the part of the splicer in the 
field, and it insures that all the insulation under stress is solid 
laminate paper insulation of the highest quality and breakdown 
strength, especially in the regions where the diameter is enlarged 
from that of the cable sheath to that of the joint sleeve. Test results 
are given. 


lead sleeve tapers under the slope, A B, would be over- 
stressed, break down, and would lead to eventual 
breakdown of the cable at that point, or to a surface are 
from the connector No. 1. 

This phenomenon is rather an interesting one, and is 
apparently due to the following: A liquid insulator has 
the characteristic that its breakdown strength decreases 
with thickness. Of course the breakdown voltage (in 
volts) will increase the thicker the layer of liquid, but its 
specific strength (in volts per mil) will decrease. A 
certain voltage is impressed between the conductor and 
the outer electrode, which, in the cable, is the cable 
sheath and in most of the joint is the cylindrical surface 
of the joint sleeve. In the region, A B, however, there 
is a taper, and proceeding from A to B, more and more 
of the voltage is impressed on the oil or compound in the 
joint, and less and less on the factory-made insulation 
of the cable. As we proceed from A to B, however, 
the thickness of the oil which is under stress becomes 
greater and greater. From A to B, the voltage im- 
pressed on the oil becomes greater and greater, and yet 
its breakdown strength becomes less and less. A point 


is reached therefore at which the oil becomes over- 
stressed and breaks down, and this leads to failure of the 
cable. The author once had a striking illustration of 
this principle in developing some extra-high-voltage 
cable terminals. The occurrence is illustrated by Fig. 
2, which represents the metallic end-bell at the bottom 
of a terminal. A is the conductor, B is the end-bell. 
The end-bell was filled in the space C with oil, and of 
course breakdown would have taken place in the region 
where the taper of the end-bell approached the cable 
surface had we not taken some precaution to relieve the 
condition. This region, therefore, was wrapped with 
saturated fibrous material in the mass marked D. 
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The diameter of this wrapping could not be increased 
further as we desired to do because of a projecting flange 
at the right of B; but we hoped that we had enough 
there to relieve conditions. Voltage was applied, and 
breakdown took place as shown by the dotted line. In 
other words, the puncture took place through an inch 
of cable insulation, about 114 in. of saturated fibrous 
material, and about 1 in. of oil, rather than in the cable 
itself where we had merely the 1 in. of insulation. 

The method of preventing breakdown in the oil under 
the tapering sleeve consists in general in filling this 
region with solid material, such as paper tape, V. C. 
tape, or impregnated candle wicking, shown as No. 4 in 
Fig. 1. Thereason that these materials are effective 
is twofold; in the first place, these saturated materials 
have a higher S. I. C. than the liquid oil, and thus the 
actual voltage to be withstood is less; and secondly, 
the insertion of these materials in effect splits the oil up 
into thin layers, and we thus get away from the reduc- 
tion in breakdown strength of oil in thick layers. 

The question is, how to apply this principle. In one 
well-known and successful joint for high voltages, this 
was accomplished by building up a tapering surface of 
candle wicking at each end of the joint, the sleeve being 
split in the middle in a plane perpendicular to the axis 
of the cable. These two half-sleeves could therefore be 
brought up against the candle wicking, and since this is 
more or less flexible, it would take the shape of the 
tapering surface, A B. There are two objections to 
this method, though it has been entirely successful for 
the purpose for which it was designed. The objections 
are the time required to apply this wicking, which is 
considerable, and the fact that paper tape and V. C. 
tape have a higher breakdown strength. If it is desired 
to fill this region with tape insulation of paper or 
V. C., this also takes a long time and the tape has the 
disadvantage of being very difficult to apply to a given 
curvature, and when it is applied there is very little 
flexibility, and it is thus practically impossible to make 


the curvature at the ends fit the surface A B which may 
have any desired curvature; the tapering surface of the 
wrapped material must therefore be metallized in some 
form, up to a certain distance, which again is a difficult 
process in the field. 

It will be seen, therefore, that in a very high-voltage 
joint not only must the regions No. 2 and No. 8 of 
Fig. 1 be insulated, but steps must be taken to insulate 
the regions under the tapering section of the outer 
sleeve AB; namely the two regions No. 4. The 
taping by hand of the regions No. 2, No. 3, and the 
masses of insulation No. 4 at each end of the joint, and 
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the application of metal to the outer surface of the latter 
sections, is something which requires time, the building 
up of large masses of insulation by hand application of 
thin tape being a slow process. 


II. THE NEw JOINT 


In the new joint which we will now describe, the insula- 
tions in No. 2, No. 3, and the two regions No. 4, as well 
as the metallization, is all done by applying one sheet of 
insulation, and this is applied by machine. The joint 
is shown in Fig. 3; the length of the joint is about 40 in., 
the distance from edge of sheath to edge of sheath being 
38 in., and the inside diameter of the lead sleeve being 


Fie. 4—LoNa, UNROLLED, SINGLE SHEET OF IMPREGNATED 
Parer, UGNOV, Usep TO INSULATE THE JOINT or Fia. 3 
(To very DIFFERENT SCALE) THE REGION TO THE LEFT HAS 
BEEN CUT so AS TO FIT THE STEPS OF THE JOINT WHEN THE 
SHEET 18 ROLLED AROUND THE JOINT. THE Lines GH AND 
I K are THIN Strips oF TINFOIL CEMENTED TO THE PAPER. 
Tae Reaion H K L M 18 CovERED WITH TINFOIL. 


5 in., the length of the applied insulation C E is 35.5 in., 
and its thickness E F is 1 in.; the conductor diameter 
‘and cable insulation thickness are each about 1 in. 
An ordinary connector is used, and a few layers of 
ordinary hand-applied tape and saturated twine are 
applied over the beveled ends of the connector, filling 
up the lowest step until a smooth cylinder is obtained. 
From that point on up to the surface C E, a long roll of 
paper the full width of the joint 1s wrapped around, 
this being one continuous operation with one piece of 
paper shown diagramatically in Fig. 4. This long sheet 
of impregnated paper, which is 165 ft. long and 3514 in. 
wide, could be cut in advance to fit the steps, as shown 
in Fig. 4. Actually, we cut it by machine as it is being 
applied, thus making a very perfect fit. Referring to 
Fig. 4, lines G H and I K have been metallized (as will 
be described later) and also the region HKLM. It 
should be pointed out that Fig. 4 is quite diagramatic, 
as in the actual roll the ratio of length to width is about 
eleven times as greatasin Fig. 4. When, therefore, this 
wide roll of paper is wrapped around the joint in its 
final position, it will be obvious that there will be 
formed in effect a solid tube of paper, containing metal 
cones. AB and DF in Fig. 3 are the metal cones 
imbedded in the tube, and the entire outer surface of the 
applied insulation B D will also be metal-covered due to 
the metallized region H K LM. After the wide roll has 
been applied, the usual metal sleeve is applied, which 
may be of any diameter desired as long as it clears the 
line C E, and then this sleeve can be filled with com- 
pound which has low dielectric loss. It may be a hard 
compound if desired, so that the joint itself will 
require no maintenancé at all, in view of the fact that 
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the compound is entirely shielded from stress in the 
joint. There is no problem of a suitable jointing 
compound for this joint. 

As to the details of applying the wide roll of paper to 
the steps, and the latter part containing the metal, this 
is done by the machine shown mounted in place in the 
manhole, Fig.5. The picture was taken actually on the 
laboratory wall, but the stanchions are actual stanchions 
used and the spacing between joints is the same as that 
used in the case of a Philadelphia company’s 75-kv. 
cable. The cable ends can be seen sweated together by 


Fig. 5—MacuHinE READY TO Wrap PAPER INSULATION 
IN STEPS 


the connector in the middle, with the insulation cut 
into a series of steps. 
wide roll of metallized paper, and on the bottom rods of 
the machine can be seen the knives for cutting the 
paper to fit the steps; also the two V-blocks which bear 
against the steps and hold the cable central in the 
machine against the tension of the wide paper. Fig. 6 
shows the process after the steps have been filled with 
paper, the full-width paper being wrapped on. The 
strips of tapering tinfoil can be seen at each end. 
The roll of wide paper is mounted on the drum and the 
drum revolved around the cable, feeding off the wide 
paper as it goes. The paper passes in and out of 
alternate rods and is put under tension, adjustable by 
the number of rods used, by the course of the paper on 
the rods, and by the location of the movable rods. 
Tension is also applied by pressure on the roll of paper. 

The two cable ends are stripped to have enough con- 
ductor exposed at each end to permit their being 
jointed together by a copper tube which is sweated to 
both of them. The lead sheath is then removed for the 
required distance from each end and the necessary 
number of steps are cut in the cable insulation by 
hand, though we have planned to have this also done by 
the same or another machine. The jointing machine is 
then clamped onto the cable, and in its latest form it is 
supported by brackets which are held by the same 
vertical racks that hold the cable hangers. After the 
steps have been cut, saturated twine and a few layers 
of paper tape are applied over the connector to build it 
up to a smooth cylindrical surface at about the level of 
the lowest step. In another form, no twine nor tape is 
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used. Perforated tinfoil is then applied to the cable 
insulation for a few inches at each end adjacent to the 
lead sheath (i. e., from the sheath to slightly beyond A 
and F respectively), and grounded to it so as to con- 
tinue, electrically, the lead sheath out to the point 
where the tinfoil cone will eventually be formed. The 
foil is perforated so as to offer an easy path for the flow 
of fresh compound from the joint (and its reservoir, if 
used) to the cable insulation. 

Then the wide roll of paper is put on the machine and 
the two small cutters are set on one of the tie-rods 
directly opposite the shoulders of the first step. The 
paper is drawn through the cutters by hand to cut a few 
inches of the right width, and this is fastened to the 
hand-applied tape around the connector. The machine 
is then started, being driven either by motor or by hand. 
As the paper is rolled onto the cable, the two knives cut 
it exactly to the width of the first step, the spare paper 
at each side being cut off and thrown away as it accumu- 
lates. When the space between the first steps is filled 
up, the cutters are moved out to the shoulders of the 
next step and the paper is cut to fit there, and so on, 
until the paper has been wrapped up to the diameter of 
the original cable. 

At this point the tinfoil strips appear on the sheet of 
paper (points G and J of Fig. 4), and are wrapped over 
the tinfoil which extends out from the lead sheath at 
each end. The knives are removed from the machine 
and the machine revolves, wrapping on the wide roll of 
metallized paper continuously until it forms the com- 
pleted tube, the metallized portions taking care of them- 


Fig. 6—SHOWING CABLE AFTER STEPS HAVE BEEN FILLED WITH 
PAPER AND FuLit-WipTtH PAPER WRAPPED ON 


selves. Compound is poured onto the wide roll at 
each revolution. The tension is maintained steadily, 
and thus the final result is a mass of solid insulation, 
free from air and of the highest quality. 

The fundamental requirement of a joint is high break- 
down strength, and the test results will be given 
later. We have, however, in this joint the fortunate 
combination of high breakdown strength with excellent 
and simple mechanical qualities. It will be seen that 
the whole operation is extremely,simple, only one article 
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being applied to insulate the entire joint, and the differ- 
ence in time between this method and the method of 
hand or machine taping is very great. For instance, in 
an actual field installation in a rather small manhole 
and with a crude and rudimentary form of machine, the 
entire process of applying the metallized tube, in- 
cluding cutting the paper to fit the steps and wrapping 
it on the steps, was done in a minimum time of 1 hr. 
and 2 min., and a maximum time of about 1 hr. and 30 
min. In the field, with the final design of machine, 
75-kv. joints have been insulated in as short a time as 
20 min. This means that the entire insulating of the 
joint with the exception of one or two layers of hand- 
applied tape over the connector was done in these 
respective periods of time. 

One additional feature should be emphasized: The 
first joints made were somewhat different. Narrow 
tape used to be applied to the stepped region by hand 
and then the metallized tube was applied from that 
point on, making a much longer process because of the 
time required for the taping. It is extremely difficult 
to start a sheet of paper as wide as 36 in. without 
entrapping air, and there is always some curvature 
of the cable core, which greatly increases the trouble. 
In fact, the only reason good results were obtained was 
because even though air-gaps may have existed when 
the wide paper was first put on, the later tension 
applied squeezed out the air and compound and 
straightened the cable. The author thinks that it 
would be almost impracticable, however, to attempt 
the use by hand of any roll of paper wider than the 
3-ft. When wide paper is applied to the steps by 
machine, however, the paper roll is essentially a straight 
cylinder after its application. 
that as it is applied, the cable core is straightened 
automatically and gradually, as it is held central against 
the tension of the paper by adjustable arms on the 
machine. As soon as the paper has filled up any 
particular set of steps, that region is straight, and it is 
believed that the method could be used for almost any 
length of joint which need be considered, because the 
cable core will be straightened, step by step, and when 
the final metallized tube is to be applied, a perfectly 
straight cylindrical surface will be available. 


IIL. TEST RESULTS 


In developing this joint, there have been made and 
tested over 100 of the metallized tube joints. The first 
60 joints tested were in the form of short, straight pieces 
of cable, there being only about 1 ft. of lead between the 
wipe of the joint and the temporary test terminal, 
this straight sample being tested in oil. From that 
time on, due to the difficulties with temporary terminals 
for the higher voltages, we have jointed two 15-ft. sec- 
tions of cable, bending the cable into a U, and applying 
complete out-door porcelain terminals to each end. 

The joint is of such a type that its breakdown 
strength for voltages applied for a short time will be 
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considerably above its long-time breakdown strength. 
For that reason, most of our tests have been at voltages 
which the joint could maintain for a period of hours. 
It hardly seems worth while to present a tabulation of 
the tests on all the hundred odd joints made, as this 
would involve details of their construction, a great deal 
of which would not be of permanent value, due to changes 
later made in the joint. The author will therefore 
merely give the tests on the final design of joints, after 
numerous small modifications had been made in view 
of his earlier work. Table I gives the test results on all 
of the joints of the final design of cable insulated with 
30/32-in. 

After completing this series of tests, tests on cable 
insulated with 24/32-in. were started and it was found 


TABLE I 


EXPERIMENTAL JOINTS 
SINGLE-CONDUOTOR OABLE INSULATED WITH 30/32-IN. 


PAPER 
Time Location 
Test of 
voltage Hrs. Min failure Remarks 
200 kv. 28 0 Joint 
200 kv. 23 27 Cable 
200 kv. 31 50 Cable 
200 kv. 30 8 Joint 
200 kv. 15 38 Cable 
200 kv. 8 25 Oable 
200 kv. 17 40 Cable 
200 kv. 16 28 Cable 
200 kv. 30 30 Cable 
200 kv. 48 is Teat discontinued 
200 kv. 40 17 Cable 
TABLE II 


EXPERIMENTAL JOINTS 
SINGLE-CONDUOTOR OABLE INSULATED WITH 24/32-IN. 
PAPER 


that the breakdown strength of the joint was by no 
means as good, the failures invariably occurring in the 
joint rather than in the cable. After a series of experi- 
ments, it was found that with the higher stresses due to 
the thinner insulation, it was necessary to make the 
change in the field less abrupt as the diameter enlarged 
in the joint. The angle between the cone of tinfoil 
and the axis of the cable in the joint described above was 
1ldeg. Fora cable with 24/32 in., excelient test results 
could be obtained if the slope was decreased to 7 deg., 
and Table II gives a tabulation of the tests made on 
cable with thin insulation and modified slope of foil. 
For purposes of convenience, since the tests took such 
long periods of time and tied up the whole laboratory, 
it was decided to accelerate the tests by ‘keeping the 
voltage at 200,000 for 6-hrs. only, and then increasing 
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the voltage 10 per cent per hour. Unfortunately, it was 
not practicable to make a series of tests to tie together 
the two tables and make them directly comparable. 

All voltages mentioned in this section are 60 cycles, 
a-c. (r. m.s.) the voltage being measured by a crest 
voltmeter, checked by a 50-cm. sphere-gap with the load 
on, and are between the conductors and lead sheath of 
a cable. | 

In addition to this experimental evidence, six of the 
joints have been in service since February 1926 at 75 kv. 
in Philadelphia, at the end of a cable line and where it 
connects to an overhead line about 40 mi. long, where 
the joints are thus exposed to all incoming voltage rises. 
One hundred forty of these joints have been in service 
also in Philadelphia since October 1926, and it is planned 
to use this joint on three of the experimental lines of 
132-kv. cable shortly to be installed. 


IV. METAL-BEARING PAPER 


The principle embodied in the long sheet of paper 
which when applied forms a cone of metal, has a wider 
application than merely to joints. It may be applied 
wherever it is desired to reduce stresses by enlarging the 
surface of an electrode and at the same time to insulate 


Fig. 7—SINGLE SHEET OF IMPREGNATED PAPER BEARING 
Two STRIPS or TINFOIL, CONVERGING AT THEIR ENDS, USED TO 
FORM THE TERMINAL SHOWN BELOW. (THE VERTICAL SCALE I8 
CoRRECT; THE HORIZONTAL SHOULD BE INCREASED ABOUT ONE 
HUNDRED TIMES) 
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Fic- 7A—TEMPORARY TEST TERMINAL FOR A CABLE 


this enlarged surface. It has an obvious application in 
connection with terminals, either temporary terminals 
or permanent terminals, for cables, or in connection with 
bushings in general. One form we have tried out is 
illustrated in Fig. 7, where the lines of metallization of 
the paper and a cross-section of the completed terminal 
areshown. By applying metal toa wide roll of paper as 
shown in Fig. 7A, and applying it to the cable, a com- 
plete torus can be formed which, itself, is insulated 
positively and definitely by solid insulation of high 
quality. This greatly reduces the stresses at the edge of 


the sheath, and at the same time insulates the points to 
which flashover is likely to take place. There is an 
endless variety of shapes which can be thus formed by 
different methods of applying the metal to the long 
sheet of paper. 


In regard to actual details of how the metal is 
applied, this can be done in various ways. A thin 
strip of tinfoil can be applied on one or both sides of the 
sheet. The paper can be metallized by a spray process 
on one or both sides, on one side by a spray process and 
having this region perforated so that the metal would 
go through the sheet. It also could be done in a very 
perfect way by metallic inlays so that the surface would 
be entirely smooth and there would be no building up of 
thickness at this point. In our actual joints, we have 
used throughout the very simple method of cementing a 
1-mil strip of tinfoil 34 in. wide to one side of the paper. 
We have never had any trouble with the tinfoil; it 


stays on through impregnation, it is not bothered by the ` 


jointing machine, and it has given no difficulty. In 
fact, we had so little difficulty with the wide paper rolls 
that when we were using the wide paper over the outer 
part, applying it over a hand-taped stepped region, 
we used the same roll for as many as four test joints, 
reimpregnating each time. Even with this handling the 
foil gave us no difficulty. Obviously the foil does not 
make a continuous cylinder but is really in the form of a 
flaring spiral, whose edges simulate a cone. The only 
trouble we have had at all with this simple construction 
has been in making terminals such as that shown in 
Fig. 7. In this figure the layers of foil are superimposed 
over each other so many times that there is a building 
up, and some spaces are formed between paper layers, 
tending to form wrinkles. For a construction such as 
in Fig. 7, special means should be taken. 


- V. CONCLUSIONS 


The main purpose of this paper is to describe what is 
believed to be a new principle in the making of cable 
joints and to give the experimental results obtained with 
a joint of given dimensions. Whether the particular 
tests shown in Table I are sufficient for cable for 132,000 
volts, three-phase is a point which may be debatable. 
If it should be considered that they are not sufficiently 
high, better results may be obtained by making a larger 
joint, and this is entirely practicable. Obviously, it 
will be seen that the joint could be applied also to three- 
conductor cable with some modifications, or without 
modifications to the three-conductor Type H cable. 


This method of making joints is applicable to the 
jointing of paper-insulated cable impregnated with such 
a thin and fluid oil that the oil would escape if the lead is 
cut. It is merely necessary to surround the present 
machine with a tank full of clear oil and, without going 
into all the details, remove the lead sheath of the cable 
under the oil, thus preventing any loss of oil. The 
present joint can then be made under oil, and, in fact, 
there are some advantages of insulating under oil in any 
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case, since the trapping of air is even more definitely 
impossible. The completed joint is then enclosed in a 
split oil-tight casing which can be bolted together, the 
machine and oil tank are removed, and finally an outer 
sleeve is wiped to the cable at each end around the 
inner sleeve and the space between them filled with oil. 
The various features of the joint are covered by 
patents of the author, and the machine, by a joint 
patent held by him and F. D. Barbour, all being 
the property of the company with which they are both 
associated. 
The cooperation and assistance of Mr. J. Cadwallader 
and Mr. W. C. Cadwallader, in the development of the 
joint, are gratefully acknowledged. 


Diseussion 


D. W. Roper: Mr. Simons has introduced several new points 
in cable-joint design for which he should receive due credit. 

We have used a few of these joints in Chicago. In making 
up the joints, the cable splicers and the engineers who were super- 
vising the construction, had occasion to suggest one compara- 
tively minor change which they thought would improve the 
joint. The change was not acted upon or received with any 
great degree of enthusiasm and we did not urge it. However, in 
giving some further thought to the subject and in looking over 
some of the patents that have been issued on joints to others, 
we discovered that the suggestion which we had made for a 
change in this particular joint was covered by a patent issued to 
another individual, and controlled by another manufacturer. 

This situation appears to be getting somewhat worse and ap- 
parently it is going to become more complicated within the next 
few years. During the past year the industry has, for a con- 
sideration, acquired a fundamental patent covering one feature 
of central-station design which threatened to hamper the devel- 


opment of the industry, and after its acquisition threw the ` 


patent open to everybody without further charge. 

If the cable joint patent situation develops into a somewhat 
similar state, it may be expedient for the industry to consider, 
in the same way, the taking over of the patents for a considera- 
tion, so that by a combination of the features, covered by the 
patents of various individuals, a much better joint ean be made, 
than from the patents of any one individual or corporation. 

T. F. Peterson: One point which the author emphasizes 
seems to me to be questionable. Failure of the composite struc- 
ture consisting of oil, paper, ete., along the dotted line of Fig. 2 is 

attributed to the deereased strength of the so-called long oil path. 
This should be more fully demonstrated, or substantiated by 
proof before being adopted as to the true reason for the 
occurrence. ; 

Consider the elementary case of two insulating materials in 
series, 

lengths 1,, 1, permittivities. K,, Ke 
gradients gı, g: and applied voltage E 


E = gili + g2 12, and since D, density of electric displacement 
D1, D 
E= 1 2 
K, + K, 2 (2) 
E 
D = (3) 
1, + l: 
h, K: 
D E (4) 
ye aeg Ss n 
K, keins. 
Ky 
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When 1,, the thickness of oil path is small 


E K, 
l: K; 
value possible. 

From equation (4) it is evident that as 1, increases g, decreases. 
It seems quite improbable that, even though oil with maximum 
stress is not broken down, a path can be found where a lower 
stress is actually in excess of breakdown value. Such a condi- 
tion could exist only when rate of change of strength with in- 


; K oe i 
= Average Gradient X >. which is maximum 


fi = K, 


d gi 


1 


crease in 1, is greater than I doubt very much whether 
this is the case for series oil paths less than 1 in. (Breakdown 
gradient of oil remains fairly constant within this range.) 

I should much prefer to consider failure as being due to over- 
stressing a comparatively short path of oil (kı = 2.5) in series 
with a long path of paper (k: = approx. 3.5). This is in 
accord with my experience with testing crotches, composite 
insulation, ete. The latter has lead ta our avoiding short paths of 
oil in series with high-dielectric-constant materials rather than 


- long ones. 


Turning now to the joint proper, it is indeed surprising to note 
that the author considers the use of hard compound permissible. 
In Brooklyn we have a great mass of data on the migration of 
petrolatum compound from joints. This has seriously weakened 
penciled paths and necessitated refilling at 6-month intervals or 
continually by means of reservoirs. If this has been found neces- 
sary at 33 kv., how much more so is it necessary to insure keeping 
even a ‘‘sticky”’ oil in paper of a 132-kv. joint. 

Mr. Simons complains of difficulties experienced in wrapping 
metal foil on conical surfaces. We have been doing this in the 
field for about 11% years, without any apparent trouble. 

I am somewhat skeptical concerning the use of the machine or 
single paper application to three-conductor joints in metal- 
sheathed cable. First, the general method does not lend itself 
very well to jointing sector cable. Then too, its use makes it 
impossible to maintain a lay or twist of conductors through joints. 
This is of considerable advantage in ‘‘phasing out” cable. It 
would seem that hand wrapping must needs continue in such 
cases. 

In concluding I might say that I consider none of the funda- 
mental principles used in the design of the joint as being new. 
We have used built-up conical structures of solid insulation 
wrapped with metal foil—thus getting a flared zero-potential 
surface—for several years; stepped insulation is standard in 
many joints; one-piece paper wrapping is an important feature of 
the Pirelli joint. 

However, the method of construction which results in the 
practical introduction and use of all these principles, in one opera- 
tion, is decidedly unique. 

S. I. Oesterreichers Aside from the new and comparatively 
simple method of making an almost factory-taped insulation in 
the field, it seems to me that this joint is no radical departure 
from other shielded cable joints. 

The method of paper application may eliminate the much 
feared voids; however, the fact that the joint is also shielded, 
would indicate that there are other weak places besides voids in 
eable joints. 

Naturally, one may ask, where? 

Mr. Simons partly answers this by describing the breakdown 
of some extra high-voltage cable terminals which failed at a 
certain point on the flare of the end bell, where there was by far 
more insulation than in the cable proper. I have had similar 
disappointing experiences about the behavior of certain di- 
electries. However, I do not believe that the insulation failed 
because I lowered the dielectrie strength per unit thickness, but 
it failed because it had a greater stress along the line of breakdown 
than anywhere else. 
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In my opinion, the shape of the end bell, or that of a cable 
sleeve, or in more general terms the size and shape of two elec- 
trodes separated by a dielectric may considerably increase the 
dielectric layer stress at certain critical points. 

In his classical work, Maxwell shows the field laver displace- 
ment upon unsymmetrical electrodes by his model condenser 
consisting of two electrodes, one a half plane, the other a full 
plane. While this model condenser might not be the exact 
duplicate of the conditions existing in a cable joint, the similarity 
is apparent. 

Disregarding the ends and joints of a single-eonductor cable, 
it may be represented by a concentric coaxial condenser of infinite 
length, or in a diagrammatic way by two symmetrical electrodes 
separated by a unifarm dielectric. At the ends or at the joints 
the symmetry of electrode arrangement is disturbed, and the 
internal layer stress becomes distorted. With certain assump- 
tions, Loebner, a research worker of the Duisburg Cable Works, 


obtained for cable ends identical curves to the ones of Maxwell's 
model condenser. 
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Fig. 1—StrreAMER DISCHARGE Srarts ar A—30 Kv., 
B—40 Kv., C—60 Kv. and D—80 Kv., PLus or Minvs 2.5 Kv. 


From this data a nomogram was constructed by which—if the 
normal internal cable field intensity is known, the horizontal 
critical stresses may he readily found. 

The practical importance of this investigation is readily under- 
stood by the following diagram from Loebner’s work in which 
four sections of the same cable are shown. The outer sleeve of 
each section is formed to a different shape. While the straight 
sleeve shows streamer discharge at 30 kv., already, the funnel- 
shaped sleeve may he stressed to 80 kv. before streamer dis- 
charges appear. 

Thus, I helieve that a cable joint insulated in the most careful 
manner, may be unsatisfactory if the sleeve design is not fitted 
to the other characteristics of the Joint. 

While an electrostatie shield, if properly applied does distrib- 
ute the unequal strains, it will not protect without reservations. 

In view of this, it seems to me that the claim in the paper, 
that any diameter of a sleeve may be put over the insulated joint, 
providing it clears the paper insulation, should not be accepted 
in its strict sense. 
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R. J. Wiseman: For testing the joints, in Table I, Mr. 
Simons used 200 kv. In Table II, he started with 200 kv. 
and then raised the voltage in steps. Now we cannot evaluate 
just hy looking at the tables, the relative advantages of this type 
of joint for the two different operating voltages. If we can only 
decide upon some single method of testing cable joints, and then 
‘evaluate to a specified voltage stress at the conductor rather than 
the average stress, I think we shall all get a better idea of how 
good joints ean he. Today we do not do it, one company uses 
one method and another company a different method. 

W. A. Del Mar: Dr. Wiseman has made a very good point, 
in my opinion, in making a plea for standardization of such tests. 

One of the features that should be standardized is the internal 
pressure of the joint when it is being tested. Ordinarily, tests on 
joints have been made with the joint closed in the ordinary way. 
When voltage is applied, there is dielectric loss, which causes a 
temperature rise with consequent expansion, and internal pres- 
sure in the joint. The result is that the breakdown voltage in the 
joint is materially increased over what it would be with atmos- 
pheric pressure. 

Under the term “dielectric loss” I include and refer particularly 
to the energy liberated just prior to failure by destructive 
ionization. 

This situation can he averted either by attaching a bellows 
device to the joint, or by leaving an opening in the sleeve, either 
of which will introduce atmospheric pressure. If we do not do 
this, a high breakdown voltage may mean nothing more or less 
than a high dielectric loss or ionization in the joint, and this 
defect would be accounted a virtue on the hasis of a high break- 
down voltage. 

C. N. Rakestraw: I want to discuss the fact that Mr. 
Simons apparently takes for granted that the type of Joint 
should be a stepped or penciled joint, as far as the insulation is 
concerned. 


As a good many of you probably know, in connection with our 
development work in Cleveland about four years ago we did a con- 
siderable amount of experimenting with just this type of joint, 
and in fact eventually did develop a joint of wrapped or taped 
insulation which apparently would stand up. Our experiments 
showed very conclusively that one certain number of steps was 
preferable to anything else, and a considerably less number than 
Mr. Simons has shown in his diagram. As a matter of fact, of 
course we later found a combination still better than that, and 
abandoned the idea of a stepped insulation entirely. We went to 
a conical connector obtained by undercutting the insulation, and 
the use of this conical connector increased the voltage of any joint 
on which it was used about 50,000 volts. So it seems to me that 
it isa step backward to use the insulation wrapped joint. 

With a joint made by cutting the original cable insulation in 
steps, and then wrapping these with tape, I think it is universally 
found that a breakdown, when a breakdown can be accomplished, 
starts somewhere in the center of the joint, very often under the 
first step or the second step, and passes almost entirely within 
the original insulation, and then to whatever sleeve encloses 
the joint. 


In Mr. Simon’s joint, the end is protected at an angle of about 
15 deg. Now, it doesn’t seem to me that the difference made by 
wrapping the center of the joint with one single sheet of paper 
as compared with tape makes a great deal of difference; but it 
does make a great deal of difference if the insulation is carried 
unbroken to the center and the central connector is protected at 
an angle of about 15 deg. This, as I say, has shown an increase 
in breakdown voltage of about 50,000 volts on this type of cable. 

E. D. Eby: This paper conveys the impression that there 
are insurmountable difficulties in the way of making a successful 
joint. with tape, whieh is economically competitive with the joint 
insulated with a single sheet of paper. It would seem proper to 
correct this impression by referring to the fact, that practically 
all the joints which have been made on these high-voltage cables 
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during the past year, have been made either with paper tape or 
specially processed varnished cambric tape. The 75-kv. joints 
made in Chicago were produced complete in about 4 hr. The 
132-kv. joints now being made in Chicago, I am told, are being 
completed in about 6 hr. In our experience, both in factory 
tests and customer’s tests, this type of joint has proved stronger 
than the cable in every case. From these facts, I think it is 
evident that the taped joint is entirely practical. 


With reference to the practise of removing the cable insulation 
in steps, the merit of this is well illustrated in its application to 
some of the Cleveland-type joints in Philadelphia, which were 
made with the enlarged connector having the same diameter as 
the conductor insulation. Some of these joints failed when the 
cable line was tested, apparently because of incomplete filling 
of the under-cut in the insulation with the solder. These joints 
were successfully repaired by stepping the insulation and apply- 
ing varnished-cambric tape, without having to renew the cable 
section. 


I want to add a word to the subject of testing. It is highly 
desirable that our tests should be comparative and I would 
recommend, as a basis of tests for joints and terminals, the pro- 
gram of testing set forth in the A. E. I. C. rules for cables. We 
have been following these rules in our development work on 
joints so that our own tests could be compared. If this program 
were generally used, the different designs of joints could be readily 
compared. 

Let me emphasize also that any high-voltage joint, as well as 
the adjoining cable, is greatly benefited if a thin mineral oil is 
used as a filler. The migration of the oil into the cable, if it 
is not already a so-called oil-filled cable, improves the cable by 
preventing the formation of voids in the insulation. By placing 
an oil reservoir in the form of an oil-filled joint in each end of 
the cable section, each length of cable is fed from two directions. 
Some operating companies have already found that the filling of 
joints with oil has sufficiently improved the strength of old cable 
so that the operating voltage could be materially raised and 
successful operation secured. 

D. M. Simons: 
me in my explanation of the failure shown in Fig. 2. There are 
of course two effects, namely the decreased strength of oil in 
thicker layers, and also the difference in specific inductive capacity 
between the oil and the impregnated fibrous insulation. Mr. 
Peterson emphasizes the latter, while I emphasize the former. 
The actual truth is probably a combination of the two effects, 
but I cannot agree with Mr. Peterson that the breakdown 
gradient of oil remains constant up to paths 1 in. long, and would 
refer him to Peek’s Dielectric Phenomena, Table LXIV for 
instance. A third effect is undoubtedly the tangential or 
longitudinal stress in the fibrous insulation and particularly 
along the dividing surface between the fibrous insulation and the 
oil, which stress is a function of the slope of the sleeve as empha- 
sized by Mr. Oesterreicher in his discussion. 


It is of course very necessary that the correct slope should be 
used in the tapering portion of a joint or terminal, and I brought 
out the importance of this in the text immediately following 
Table II. Theoretically, I agree with Mr. Oesterreicher that the 
slope should not be a straight line. Practically, however, with 
the small angles used, there seems no sufficient justification for 
using other than the straight-line construction for the slope. 
Mr. Oesterreicher questioned my statement that the diameter of 
the sleeve was of no consequence. Possibly he has forgotten 
that the entire joint is shielded inside by a metal coating of the 
cylindrical portion and by the tapering tinfoil at the ends. That 
is, the joint is completely shielded inside, and the outer sleeve is 
merely a mechanical covering, and its shape and dimensions have 
no electrical function. 
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I heartily agree with all the remarks about joint-testing stand- 
ardization. It is usually pussible to obtain a joint or to design 
a joint, which will stand any given test up to the demands of 
present cable practise, if the correct design principles are used. 
One of the most difficult questions for a given voltage however is 
to determine what the proper tests should be. 


Mr. Del Mar’s remarks on internal -pressures are much to the 
point. I might add that some of our tests on joints were made 
with the joints as cold as minus 10 deg. cent. and up to about 
20 deg. cent. without observing any effects on the strength. 

Mr. Rakestraw tells us that in their design of joint, they are 
able to add 50,000 volts breakdown strength by abandoning 
stepped insulation and developing their enlarged connector with 
undercut insulation. He unfortunately does not mention 
whether the increase of 50,000 volts was in short-time strength 
or in long-time strength, and there is a vast difference in signifi- 
cance between the two. He also indicates that a certain number 
of steps seems better than either a greater or less number. It is 
difficult to generalize on such questions, and all that can usually 
be stated is that a specific number of steps or a particular type of 
connector is better with a certain design of joint. I formerly 
shared Mr. Rakestraw’s belief that a certain number of steps 
was the best. While not desiring to generalize too much myself, 
I believe now that the greater the number of steps the stronger 
the joint, but that the percentage gain is so slight after a certain 
number of steps have been chosen as not to justify the increased 
labor of cutting more steps. In regard to the enlarged connector 
and undercut insulation, while this construction has increased the 
strength of the type of joint Mr. Rakestraw was discussing, it 
distinctly is not as effective as the stepped insulation with our 
type of joint, as determined by practical experience. I do not 
believe that it is safe to state that any one construction of con- 
nector is better than any other, but merely that certain types are 
best for certain designs of joints, and the only criterion is the 
strength of the completed joint, which in our case is indicated in 
the tables given. 

I am glad that Mr. Eby has commented on their success with 
applying tapes by hand, as opposed to the use of wide paper. 
I may state to Mr. Eby that my paper was actually written 
before the development of the joint to which he refers, and that 
possibly my statements were a little too emphatic. In general, 
however, the application of wide paper is inherently quicker than 
that of narrow tape. For instance, if the applied insulation is to 
be 3 ft. long and tape 1 in. wide is to be used, the roll of tape must 
be wrapped about 36 times around the joint to form one layer of 
insulation, while one turn of wide paper will do the equivalent 
amount of work I am sure that we all agree with Mr. Eby in 
his remarks about oil for filling joints, and the beneficial effect 
of such oil upon the insulation of the high-voltage cable which is 
being jointed. 


Mr. Peterson questions the novelty of the joint, and possibly 
I was not clear enough in emphasizing exactly what new points 
were presented in the paper. Stepped joints and electrostatic 
shields at the ends of a joint are of course known, but I believe 
that a stepped joint with wide paper in the steps (particularly a 
stepped joint with wide paper cut to fit the steps at the moment 
of application), and shields formed by metal previously applied 
to sheets of insulation in a predetermined slope are new develop- 
ments. In addition, I might include the machine-wrapping 
of wide paper, which prccess insulates from the connector to the 
outside and automatically forms the electrostatie shields. 


As a matter of general interest, I might add that eight of these 
joints have gone into service at 132,000 volts, three-phase, within 
the 214 months since the presentation of the paper, on February 
24 in an experimental 132-kv. line, and have operated without 
incident to the present time. 


Oil Breakdown at Large Spacings 


BY DOUGLAS F. MINER: 
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` Synapsis.—Much work has been done on the breakdown of 
insulatine oil at small spacings between electrodes. Information 
fo: “tude separations of several inches is not as complete. It 
has been found that sources of ionization external to the gap influence 
the gap breakdown, so that the design of electrode supports and 
parts ts of great importance. 

Data on several sizes of spherically terminated rods or cylinders 
are presented. Short-time breakdown tests are shown to be quite 
erratic and a form of long-time test schedule was developed which 
gives more consistent results. The final test used is called a ten- 
minute-hold and yields values for a given condilion representing 


N common with other dielectrics, whether gaseous, 
liquid, or solid, transformer and switch oils ex- 
hibit a non-linear relation between breakdown 

voltage and spacing of electrodes in the dielectric. 
The breakdown value of the standard test cup spacing 
gives no clue as to the breakdown at large spacings. 
In bulk, oil has a relatively low dielectric strength 
due to the rapid increase in ionization by collision. 
Ionization at the electrodes leads to local breakdown 
and consequent total rupture. Thus the shape of the 
electrodes and supports is of prime importance. It is 
essential that the breakdown between the electrodes 
chosen is not influenced by corona in the neighborhood, 
originating in some part of the support with a smaller 
radius of curvature than the electrode itself. In order 
to yield useful data on large oil spacings, work has been 
carried on under carefully controlled conditions. 


A number of excellent studies of oil breakdown at ` 


small spacings (below two to four in.) have been made? 
and reliable data are available. At larger distances, 
however, the data are not as complete. The results to 
to be discussed help to fill out this region and will serve 
as guides to design where such spacings are necessary. 

When the characteristics of materials are investi- 
gated, it is always a question whether the material 
tested should be in ideal condition—a perfect sample, 
or an average. This will depend on whether the object 
is to arrive at the maximum quality or at that which can 
be relied upon for a general run. In the case of insula- 
ting oil, extremely high dielectric strength can be ob- 
tained with carefully filtered and vacuum dried samples 
(50 kv. r. m. s. for standard 0.1-in. gap between one-in. 
diameter flat electrodes). 


This quality is exceptional, however, and cannot be 
commercially maintained. Both the designer and the 
operator of apparatus have to rely on what more nearly 
approaches the allowable minimum instead of the maxi- 
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the maximum voltage that can be held consistently. This is of 
special interest in design. 

The empirical curves of oil breakdown are analyzed by mathe- 
matical methods. A general equation for breakdown voltage 
in terms of electrode diameter and separation is developed which 
agrees quite well with the ex perimental data. 

Evidence is presented to show that water in globular form sus- 
pended in oil may increase the breakdown potential considerably 
with spherical electrodes if the separation is several times the 


diameter. 
* * * * * 


mum quality. For example, good oil of commercial 
grade may test 30 to 35 kv., r. m. s. for standard test, 
but in apparatus the oil may be allowed to deteriorate 
to the point where it tests 22 kv., r. m. s. before it is 
considered unsatisfactory. The weakest point in 
insulation or the poorest condition the oil may be in, 
under normal good practise, may determine the factor 
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of safety of the insulation. These tests, therefore, 
were made at room temperature using transformer oil 
of good commercial quality testing 30 to 35 kv. for 0.1 
in. in the standard test cup. 


I—Effect of Ionization on Oil Breakdown 


Before considering the test data on large spacings, 
it will be necessary to present evidence to show why it is 
important to eliminate ionization other than that of the 
electrode itself. A set-up was made using 5¢-in. 
diameter spherical electrodes, placed vertically in 
an insulating frame under oil. Comparison of break- 
down was made with 

a. 5-in. sphere with !/,-in. diameter shanks, 

b. 5%-in. spherical ended rods, 

c. cin spherical ended rods with sharp wire 
attached. 

Test Conditions. The oil was in very good condition, 
having been obtained fresh, and testing better than 35 
kv. for 0.1-in. gap. The test tank was 315 ft. in diam- 
eter and 5 ft. deep. Voltage supply was a 300-kv., 
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100-kv-a., 60-cycle testing transformer with drum con- 
troller giving 500-volt steps on the high side. The 
tests were what is known as three-minute-hold tests in 
which the voltage is raised continuously to about 70 
per cent of breakdown and then increased at the end 
of three-min. intervals by five per cent increments. 
The value used is the last voltage successfully held. 
The frame for holding the electrodes was made of bake- 
lite paper micarta strips ) in. thick and four in. wide 
with a length of 24 in. and width of 20 in. The 
arrangement is shown in Fig. 1. The sharp wire was a 
piece of No. 18 B & S copper wire wound around the 
upper electrode and bent down, the tip being two in. 
back of the end of the electrode and two in. out to the 
side. 

The three curves of Fig. 1 show clearly the relative 
breakdown. At spacings up to 115 in., the rods show 
slightly higher breakdown (15 per cent) but with separa- 
tions from 2 in. to 5 in., a pronounced increase over 
the spheres is apparent. The rod curve can be brought 
down nearly to the sphere curve by the addition of the 
auxiliary source of ionization shown. This test, being 
typical of results obtained, shows the effect of the 
electrode support shape. For this reason the tests 


Fic. 2—- ARRANGEMENT OF OIL TESTING ELECTRODES 
subsequently described were undertaken with electrodes 
of such a design that no metal part had a radius of 
curvature less than the end of the electrode. Spherical- 
ended cylinders or rods satisfy this requirement. 


IH— Oil Breakdown at Large Spacings 


In undertaking to obtain data under the limitations 
imposed, a considerable amount of study and work was 
put on the design and construction of testing apparatus. 
A description of this will be given to show difficulties 
encountered and methods used. The two chief diff- 
culties were in bringing the high potential lead into the 
oil and in building a test frame that would not fail 
mechanically or electrically. 

A small-sized wire (No. 18) was first used for a lead- 
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in, entering the oil surface in the center of a 20-it. 2 


diameter tank and connecting several feet below the — i 
This form of ` 


surface to the electrodes under test. 
lead showed great disturbance, especially at the oil 
surface, and flashover occurred over a radial distance of 
10 ft. at 350 kv. This was due to the excess gradient 
adjacent to the oil surface which accompanies the dis- 
tortion of flux due to difference in dielectric constants 
of air and oil. Excessive corona was evident above the 
oil surface. A 31%-in. diameter brass pipe was later 
used, being suspended from a string of suspension in- 
sulators. This brought about very little improve- 
ment, allowing tests up to 400 kv. only, before. flash- 
over occurred. This means that the average gradient 
over the 10-ft. distance is only about three kv. per in. 
whereas needle points 10 ft. apart flash at 1200 kv. 
or 10 kv. per in. 3k | 

The final form of lead adopted is shòwmip Figs: Zand 
3. It consists of a micarta tube 8 ft long (spliced) 
and 21 in. in diameter, covered with thin sheet metal 
smoothly applied and carefully soldered at the joints. 
The lower end was fitted with a toroidal piece of wood © 
sprayed with copper. The torus (4-in. section) .was 
cut away to fit flush with the outside of the cylinder. 
This device was suspended from insulators.and électri- 
cally connected to a 3)%-in. diameter brass tube 
running through the center. The testing rig was hung 
on this tube. Test voltages up to 700 kv. or more are 
successfully brought beneath the oil surface with this 
form of lead. 


- * The first structure used to hold the rod electrodes was 


a crude affair built to determine the requirements of the 
problem. It consisted of a spruce board on which two 
porcelain pillars were mounted 31 in. apart and the rods 
clamped to these. This arrangement was tied to an 
18-ft. wooden ladder and suspended horizontally in the 
20-ft. tank. Ropes on the ladder aided in raising and 
lowering the outfit for adjustment. 

The board soon failed by leakage and when the 
ground wire was arranged not to touch the board, the 
ladder and supporting rope finally showed leakage and 
burned badly. The porcelain pillars were also chipped 
and fused. From this it was shown that a highly 
insulating frame must be made with no metal parts to 
cause corona or parts of widely differing specific in- 
ductive capacity to cause stress concentration. 

The second frame was built of micarta tubes and 
wooden end clamps arranged for a vertical gap. See 
Fig. 3. 

Two micarta tubes 2-in. in diameter were used with 
split end pieces of maple clamped around the tubes 
with 34-in. threaded wooden rods and micarta nuts. 
The upper electrode was a 31%-in. brass tube passing 
through the upper wooden pieces for an adjustable 
length. The frame was clamped to this tube so that the 
whole rig was hung from it. The lower electrode was a 
similar brass tube extending below the frame three ft. 
and ending in a chain which was dropped-to-the bottom 


250 MINER: OIL BREAKDOWN AT LARGE SPACINGS 


of the tank for a ground connection. The inner ends of 
the brass tubes were closed with a hemispherical 
plug tapped to receive various-sized rods, so designed 
that no threads or parts were exposed with a radius of 
curvature smaller than the electrodes under test. 

The conclusion drawn from these experiences is that 
for very high voltage tests under oil, wood, even the best 
seasoned hardwood commercially obtainable, is un- 
satisfactory as an insulator. It is suitable for a non- 
metallic spacer or mechanical support but the insulation 
must be obtained from porcelain, micarta, fuller board, 
or similar high class dielectrics. 

Two transformers were used in these tests, one 500 
kv., 500 kv-a., 60 cycle, 5000 volts primary; and the 
other 1000 kv., 1000 kv-a., 60 cycle, 5000 volts primary. 
Both of these are single-terminal, one end grounded 
units. 


Electrodes 
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Fig. 3—Test FRAME. ELECTRODES AND ARRANGEMENT OF 
APPARATUS 


Voltage was measured by both crest voltmeter and 
ratio meter checked against sphere spark-gap values. 

Test Methods and Results. Early tests demonstrated 
that with favorably controlled conditions (no neighbor- 
ing ionization due to sharp corners, bolts, etc., and no 
adjacent field-distorting bodies) instantaneous break- 
down values were obtained higher than those given in 
any existing data. This is of great value in determin- 
ing the maximum strength of oil. Wide variations in 
test results were found, however. Later work involved 
the introduction of time tests and the tendency has been 
towards data on maximum holding voltages for longer 
times, one min., three min., five min., and finally 10 min. 
More consistent data, although much lower than 
instantaneous breakdown, are hereby obtained. From 
a design standpoint, these are the values usable in 
calculating oil insulation—the long-time holding volt- 
ages and not the occasional extra high voltages. The 
curves shown in this report are based on over 1850 
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observations or applications of potential, a large number 
being for 10 min. 

The discouraging diversity of points shown in the 
instantaneous breakdown curves led to a study of test 
conditions, voltage measurement, etc., but reasonble 
control of these factors did not yield satisfactory results. 

Curves of average values do not tell the whole story, 
especially with instantaneous breakdowns. We con- 
sequently have shown in some cases a number of repre- 
sentative points. The relation of average to maximum 
and minimum can be seen and the dispersion 
demonstrated. 


Instantaneous Breakdown. It has been noted by 


several observers that oil breakdown for short-time 


application of voltage is quite variable, even when 
greatest care in controlling conditions is exercised. 
This deviation from an average value is far greater than 
with air’. This variation was shown by Hayden 
and Eddy to be a characteristic of oil apparently due 
to its chemical complexity. Other dielectrics, such as 
benzol, were not as erratic. Filtering, vacuum treat- 
ment, high temperature, etc., were found to be ineffec- 
tive in changing this behavior. 

Fig. 4, a typical curve, shows the individual break- 
down points for one-in. diameter electrodes against 
spacing. 

Voltage was raised continuously by induction regu- 
lator to breakdown in less than one min. It is at once 
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apparent that the widest deviation occurs at small 
spacings (two in.). For example, with the one-in. 
electrodes, two-in. breakdown varies between 125 kv. 
and 320 kv., over 100 per cent. 

The following table shows typical results obtained, 
being data for the two-in. diameter curve. 


Spacing 


Instantaneous Breakdown in Kv. 


2 310, 285, 285, 285, 328, 260, 315, 190, 265, 315, 140, 180, 165, 175 
4 320, 235, 310, 390, 275, 210 

5 375, 340, 295, 285, 410, 365, 340, 295, 345, 325 

8 360, 345, 390, 350, 345, 410, 450, 340, 470 

11 425, 450, 390, 460, 340, 480, 475, 480, 480 

12 380, 380, 380 

14 410, 425, 370, 350, 450, 360, 460, 470, 450 
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This dispersion decreases in all cases with increased 
spacing, giving credance to the idea that with small 
gaps, there is an erratic lining-up of conducting particles 
or ionized oil. With longer distances, these variations 
are ironed out into an average state of conductivity. 
Thus the effect of poor oil will be more evident at small 
separation. The instantaneous data are presented to 
show that even an average of a large number of points 
cannot mean much when individual tests may depart 
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50 per cent in either direction from the average curve. 
After spending months trying to improve the consis- 
tency by a study of test conditions and voltage measure- 
ment, we were thoroughly convinced that the proper 
form of test of oil spaces is a time test in’ which the 
‘minimum consistent holding value of potential will be 
found. 

One-Minute and Three-Minute Tests. This test is 
defined as the maximum voltage that can be held 
for one min. without breakdown. Two methods 
were tried in determining these data, the step method 
and the curve method (see Fig. 5). After several 
series of tests made with these methods, the improve- 
ment in the matter of consistency hoped for, was not 


400 z = 
PPP TT TE devise | TT | et 
ehee a 


ee ee Be a2sekikre 
œ peaa 
MERE a a TA 
S Let, eer rr 
Se AC weak Noe Wl ele | 
00 2 4 6 8 10. i2 #414 i6 l8 
SPACING IN INCHES 
Fic. 6—BrREAKDOWN VoLTAGES—THREE-MINuTE HoLrD— 


OnE-Hatr-INcH DIAMETER Rops 


obtained. Thestep method was found to be preferable. 
The time was then extended to three min. Much better 
agreement between data taken at three different times 
some months apart is noted. The variation is still 
excessive for a relatively small number of tests. Fig. 6 
shows a typical curve. 

Ten-Minute-Hold Tests. Instead of increasing the 
number of tests, it was felt that a better method was to 
Increase the time to 10 min., tending to eliminate the 
Occasional freak values. This followed successful use 
of the method on transformer insulation tests. The 
method is very slow and tedious but seems to yield 
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dependable results. A certain voltage is chosen 
below expected failure. This is applied for 10 min. 
and then taken off for fivemin. (toeliminate ionization), 
and is repeated five times. If no failure occurs, the 
voltage is raised a certain increment and the five 10- 
min. holds made. This proceeds until failure occurs 
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7—BREAKDOWN VOLTAGES—TEN-MINUTE HOLD 
BETWEEN POINTS 
A—Needles, F. W. Peek, Jr. 


o — Solid curve drawn from data of present investigation (Kv.-53 S°-7) 

z — Data from W. H. Tobey, A. I. E. E. 1910 
during one or more of the five tests. Then the previous 
value is repeated five times and if checked (no failure), 
that value is selected as correct. Thus the least number 
of individual voltage applications necessary to deter- 
mine one point is 15, requiring at least 225 minutes. 
Typical results of these tests are shown in Figs. 7 and 8, 
curves for points and one in. diameter electrodes. 
Fig. 9 gives a summary of 3-min. and 10-min. tests on 
logarithmic coordinates. 

On some of the curves the data of various investiga- 
tors have been shown for comparison. In Fig. 4, the 
curve for one-in. spheres given by F. W. Peek, Jr. 
appears slightly higher than the average curve of 
data obtained, but still well within the limits of individ- 
ual points. Fig. 7 is an interesting comparison of 
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Fig. 8—BREAKDOWN Ten-MINuTE Horb, 


data from three sources. The dash curve is taken from 
“Dielectric Phenomena,” by F. W. Peek, Jr. and the 
solid curve is drawn from data of the present investiga- 
tion (kv. = 53 S°7). The X’s are from data of W. H. 
Tobey‘ and coincide nicely with the present curve. 
It seems probable that Peek’s curve represents instan- 
taneous breakdown and is consequently higher. The 
ten-minute-hold values are much lower. 
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General Remarks on Test Results. From the results 
of the tests, the following may be inferred: 

1. The instantaneous breakdown voltage for oils is 
not very definite, depending on too many factors that 
are sometimes not controllable. 

2. The “time” tests show better consistency. 
` 3. Atshort spacings, the breakdown voltage decreases 
with increased time of application of voltage. At 
large spacings, the differences between the sparking 
voltages for a long time of application and those for a 
short time of application are small and negligible. 

4. The breakdown voltage increases with the diam- 
eter of the electodes at short spacing rather rapidly. 
At large spacings these values seem to be the same; that 
is, independent of the diameter. 

Analysis of Test Data. The wide diversity of the 
test data rendered average readings for instantaneous 
tests unintelligible. Although results for the three-min. 
and 10-min. tests were more consistent, still there were 
some very pronounced deviations. In order to obtain 
conclusions that might prove of value in design, these 
data were analyzed so as to bring out some general 
relation that seemed to be representative of all the 
test data. 
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A. THREE-MINUTE-HOLD VALUES 


Plotting results of the three-minute-hold tests on 
logarithmic paper, (Fig. 9) shows that all the curves 
seem to be tangent to a straight line at large spacings. 
From the manner in which the curves behave, it seems 
probable that the straight line denotes the sparking 
voltage for electrodes with diameter equal to zero, 2. e., 
for needle points. That all other curves are tangent to 
and emerge into this straight line may be explained by 
the following speculation as to the nature of oil break- 
down. 

It is assumed that there is a definite breakdown 
potential gradient for oil. When this gradient is 
reached at the surface of the electrode, the oil surround- 
ing the rod is ionized, the effect being to increase the 
effective size of the electrode. Whether a complete 
breakdown as shown by a spark over will follow this 
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ionization or not depends on whether or not the in- 
creased size of the electrode causes the gradient to 
increase. Thus, if the spacing between the electrodes 
is large, the gradient decreases as ionization increases 
and in this case corona precedes a complete breakdown, 


so that if the applied voltage is not too high, only corona . 


is observed. On the other hand, if the spacing is small, 
the gradient increases as ionization increases and a 
complete breakdown will follow as soon as the gradient 
at the surface of the electrode exceeds the breakdown 
value. It thus appears that for a given size of electrode 
there is a largest spacing—a critical spacing—at which 
no corona will occur before a complete breakdown. 


Applying this to the case of two sharp points, it is 
seen that corona will always precede a complete break- 
down. Thus, the sharp points are in effect two elec- 
trodes of varying diameter, their size being dependent 
upon the spacing and the applied voltage. For a given 
spacing the complete breakdown voltage is then the 
same as that for two electrodes having such a diameter 
that the given spacing is the critical one for such a size. 

In the light of this speculation, we can readily ex- 
plain why the curves for the electrodes with small di- 
ameters seem to intersect and finally emerge into the 
curve for sharp points. Thus the intersection of the 
14-in. curve and the sharp point curve defines the 
critical spacing for 14-in. rod. At spacings greater than 
this, corona will occur first so that the breakdown 
voltage follows essentially the same curve given by 
the sharp points. 


The points of tangency of the curves (on logarithmic 
scale) and the line denoting needle point might be 
thought of as those at which corona begins. These 
points as obtained from the curves do not agree with 
those that were obtained visually. The discrepancy 
might be due to the difficulties in making visual observa- 
tions on the starting point of corona under oil or to the 
effect of surface irregularities. Above these points of 
tangency, the sparking voltage curves, on the basisof the 
above speculations, will follow a law different from that 
which holds below them. In constructing the sparking 
curves we should then expect a change in the direction 
of the curve at some point. 


Mathematical Expression for Three-Minute-Hold Tests. 
As the plot on the logarithmic paper does not yield much 
information on the relations among the various curves, 
another plot was made on semi-logarithmic paper, since 
the general shape of the curves showed them to be of 
logarithmic form. | 


The straight line, 2. e., the probable curve for needle 
points on the logarithmic paper, becomes a curve on the 
semi-logarithmic paper. By trial it was found possible 
to represent the average test results approximately by 
a series of straight lines on the semi-logarithmic paper. 
The general form of the equations connecting the spark- 
ing voltage kv. and the spacing S is 


Kv. = A log S +B 
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S 
or Kv. =A log 


where A and a are constants and Kv. = sparking 
voltage in kv., S = spacing in inches. 

Moreover, when the various values of A and a were 
plotted on logarithmic paper against the respective 
values of the diameter of the rods, two parallel straight 
lines were obtained. Thus these two constants could 
be further expressed as functions of the diameter of the 


rods. Theserelations become 
A = md" 
a = cd" 


where m, c, and n are constants and d = diameter of 
rod in inches. Using these relations, it is then possible 
to express the sparking voltage in terms of the diameter 


and the spacing. Thus the general equation for 


the three-minute-hold tests is 
K d” ] E 
v. = m d" log a 
With all the constants evaluated, this is 
i Sit woe n 
VN CMR te a 


It will be noted that the above equation does not 
become zero, for S = o. It will be noted, further, 
that the quantity whose logarithm is to be taken is 
large in all our cases. Thus if we add one to the number 
S/0.16 V dand then take the logarithm, the values 
of the logarithm will not be increased greatly. In 
view of the fact that our data scatter more or less, such 
a modification will not change the results appreciably 
while the modified equations will give curves that do 
pass through the origin. Thus we have 


as S 
Kv. = 177 Vd log (1 +a) 


for three-min. tests. 


Curves calculated from this general equation have 
been plotted and found to be reasonably representative 
of the test data. For the smaller rods, these curves 
were calculated only up to the points where they inter- 
sect the probable needle-point curve. After that, 
since we assume the formation of corona, the curve is 
continued by the equation that represents the probable 
needle point, which, as already pointed out, is a straight 
line on logarithmic paper and hence is of the form 
Kv. = D S”in which D and m are constants. The 
numerical values substituted give the following as the 
equation: 


Kv. = 53 S% 
The following table gives the calculated values. 
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THREE-MINUTE-HOLD TESTS ON DIELEOCTRIO 
STRENGTH OF OIL 


SERO S 
General Equation: Kv. = 177 V d log ( 1 + oie y7 ) 


d = Electrode 
Diam., (in.) Breakdown Kv. 

S 

31/3 312 log ( 1 + sa) 
S 

f 250 log ( 1 + "0.226 ) 
S 

3 177 106 ( 1 i 0.16 ) 

l S 

"a 125 log | 1 + “Gag 
S 

1/¢ 88.5 log | 1 + O08 
S 

1/3 62.5 log | 1 + 0 057_ 

0 53 S70 


SPACING IN INCHES 


DIAMETER OF ELECTRODES IN INCHES 


Fie. 10—CurvVE or CRITICAL SPACING Ten-MINUTE Houp 


TESTS 


Spacing of which curves of rods intersect and emerge into needle-gap 
curve (graphical solution from calculated curve) 


B—TEN-MINUTE TESTS 
Applying the same general equation, viz., 


S 
Kv. = Alog (1 = >), 


it has been found that the following equation agrees 
with test results quite well. 


= [380 + 120 (1- +)‘] log (1 + $5) 


in which Kv. = safe or holding voltage in kv., 
d = diameter of electrodes in inches, 
s = spacing of electrodes in inches. 


This is applied when ionization does not occur before 
breakdown. The same equation as before, kv. 
= 53 S°", applies when ionization precedes breakdown. 

The intersection of these curves is called the critical 
spacing and might coincide with appearance of corona 
if accurate data were available. Fig. 10 was plotted 
showing the relation between calculated critical spacings 
and electrode diameter. The equation satisfied by 
diameters between 14 in. and 4 in. is S = 5+ 12d. 

Breakdown curves for 3-in. and 4-in. diameter were 
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calculated from the genera! equation. The equations 
for 10-minute-hold are as follows: 


10-MINUTE-HOLD TESTS ON OIL 


Electrode 

diam. (in.) Breakdown Kv. 
0 53 S 
s 500 logio ( 1 + 4 ) 

S 
1 380 logio ( 1 + 2 ) 
2 388 logio (1 + S) 
td 3 S F 

3 404 logio ( 1 + 2 ) 
4 418 logio (1 + 2 S) 


Conclusions. The principal result of all this work is 
the development of more suitable test methods and the 
fundamental recognition of the inconsistency of short- 
time tests. Values obtained by long-time tests are 
much more reliable from a design point of view. On the 
basis of this information obtained with ideal or standard 
electrodes, future work of great value is possible, using 
electrodes of practical and special form. 


TABLE I 
AVERAGE KV. FOR INSTANTANEOUS BREAKDOWN, TEST 
VALUES 
Electrode Diam. (In.) 
Spacing. [eq ee a a 
(In.) 1/8 % 4 1 2 
2 225 te 290 205 245 
4 285 ak 315 275 325 
6 335 315 345 325 370 
8 370 335 365 355 410 
12 405 370 400 390 450 
16 435 425 430 410 490 
TABLE II 


AVERAGE BREAKDOWN KV. 
FOR ONE-MINUTE-HOLD, TEST 
VALUES 


Electrode Diam. (In.) 


Spacing 
(In.) 1/8 1/4 
2 185 190 
4 230 235 
6 265 265 
8 305 275 
12 355 330 
16 370 375 


III — Effect of Water in Large Quantities 


Oil Breakdown. Low breakdown of oil samples is 
frequently ascribed to moisture or foreign materials. 
It has long been known that very slight percentages of 
moisture in oil, when in a dissolved state, lower the test 
value at small spacings. For example, one part in 
10,000 will reduce the dielectric strength of dry oil to 
about 30 per cent of its original value.’ 

Some evidence exists, however, showing that under 
certain conditions water may increase the dielectric 
strength of a mass of oil. In Report No. 25 of Electro- 
chemical Laboratories, Tokyo, Japan, Dr. T. Hirobe 
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presents a curve (Fig. 11) which indicates a remarkable 
increase in breakdown between a point and a disk 
for a 300-mii: gap in fiber-free oil. This increase from 
21 kv. to 52 kv. takes place for an increase from zero 
to 0.028 per cent moisture content. Dr. Hirobe then 
goes on to show that with 1%-in. spheres 150 mils apart 
there is a decrease from 90 to 61 kv. for the same 
moisture addition. 


A number of tests were made by the author to find 
the effect, not of small traces of moisture, but of large 
percentages of actual water in visible globule form, 
such as may be present when leakage of rain into ap- 
paratus occurs. 


Wet Oil Tests. A series of tests was made with 
34-in. and 5-in. spherical electrodes using oil into 
which water had been stirred. The water was intro- 
duced in finely divided spray by definitely weighed 
amounts and agitated thoroughly before test. By 
this means the water was held in suspension in very 
fine globules less than one mm. in diameter. 


BREAKDOWN 
KILOVOLTS-R M.S 


Fig. 11—ErFrect or MOISTURE ON OIL BREAKDOWN 


0.3-in. Gap—needle and disk (Dr. T. Hirobe, Report No. 25, Elect. Tech. 
Lab., Tokyo) 


Preliminary Tests. Two 3%-in. spheres were placed 
vertically in a large glass jar holding 25 lb. of oil. 
gap was one inch. Various percentages of water were 
added and the test values were as follows: 


Per cent Water Instantaneous Breakdown 


0 56, 56, 54, 54 avg. 55 kv. 
3 (20 cu. cm.) 60, 60, 60 avg. 60 = kv. 
174 56, 56, 56, 56, 56, 58 avg. 56.3 kv. 
KK 60, 62, 61, 62, 63, 62 avg. 61.6 kv. 

1 61, 64, 59, 62. 64 avg. 62 ky. 


More extensive tests were then run in a metal tank 
holding about 1000 lb. of oil. Percentages of water of 
1%, 44, and 34 were introduced and instantaneous 
breakdown tests made. It was found that 3¢ per cent 
was about the maximum amount of water that could be 
held in suspension long enough for test. Instantaneous 
(rapid rise) values were obtained. As usual, a great 
divergence of points resulted, the average of which has 
no great significance unless hundreds of tests are made. 
With only a few shots (10), these averages are incon- 
sistent, the 5£-in. sphere breakdown being less than 
3%-in. spheres for some cases. 


Average curves for the various water contents, 
(Fig. 12), were plotted and seemed to indicate that ad- 
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dition of water may increase the breakdown of oil 
gaps through gradient equalization. Small amounts 
(14 per cent or less) may possibly decrease the break- 
down at small separation, probably because the water 
is either in partial solution or so finely divided that it has 
the elements of a low resistance path. Increase in 
water content causes agglomeration and the larger 
globules distribute the stress like a string of condensers. 
This effect increases with increase in voltage. 


Another effect noted at high gradients is the throwing 
out of water from the strongest field. This gives a 
clarifying action that will ultimately improve the oil 
considerably if breakdown does not occur before this 
action is complete. These statements do not contra- 
dict the usual information about standard tests on oil 
with a test cup having 0.1-in. separation of electrodes 
for here the water bridges the gap and causes failure 
through conduction. In the curves for 3-in. spheres 
this appears to be the case below 14-in. with 3% 
per cent water. 

The curves show a greater increase in breakdown 
. for the smaller electrodes (34-in. diameter). These 
results differ from Dr. Hirobe’s in that he could obtain 
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Fic. 12—O1L BREAKDOWN VOLTAGES—INSTANTANEOUSB AVER- 


AGES WITH VARIOUS AMOUNTS OF WATER ADDED 


no increase with spherical electrodes. It may be con- 
cluded then that with spacings several times the 
electrode diameter, water in globular form evenly 
distributed may give a higher breakdown value than 
commercially dry oil, behaving entirely different from 
the case of dissolved water in small gaps. 


The curves of oil breakdown under various conditions 
as described in this paper show the range of values to 
be expected but are not intended as accurate data. 
Exactly duplicable results on oil are impossible. 
the purpose of this account rather to emphasize two 


points: First, that short-time tests are hopelessly erratic — 


and that the time test of several minutes’ duration is 
preferable in establishing values of use in design; and 
second, that the experimental data on different sizes of 
electrodes are related and are subject to mathematical 
analysis, one form of which is presented herewith. 


The author gratefully acknowledges the assistance 
given by Mr. A. P. T. Sah in analysis of test results. 
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Discussion 

O. R. Schurig: The problem attacked by Mr. Miner, i. e., 
that of oil breakdown at large spacings of from 1 in. to 15 in. 
and more, and when subjected to sustained voltage stresses, is 
of real importance to engineers because (1) the gaps in high- 
voltage apparatus are commonly of the order of 1 in. or more and 
(2) because the voltage stresses for a good part of the time are of a 
sustained nature. The designers of oil-immersed transformers 
and circuit breakers must therefore take into account the be- 
havior of oils between widely spaced gaps and under sustained 
voltage stresses. Mr. Miner’s data represent an advance of 
knowledge in this field. 

At the same time, however, designers must also provide for 
sufficient dielectric strength at small spacings and under suddenly 
applied voltages. In oil circuit breakers, for instance, the sudden 
formation of ionized gases during circuit interruption has vir- 
tually the effect of shortening the clearances, for a few instants, 
between live and grounded paths of the oil vesseL Moreover, 
the temporary stresses acting on the oil at such times will often 
be higher than those occarring during normal operation under 
sustained voltages. Hence, in the design of such apparatus 
and in the selection of oils, engineers will need to take into 
account the dielectric strength of small gaps and for sudden 
voltages as well. 

The second item that I wish to discuss is the point stressed 
by Mr. Miner that the results of short-time tests! are hope- 
lessly erratic. I believe that he does not intend to have that 
statement apply to tests properly conducted with small gaps, 
such as the customary 0.l-in. gap between l-in. disks. If 
reasonable care is taken in cleaning and drying the electrodes 
before the test, results of good reliability are obtained. 

The following table gives the short-time breakdown voltages 
with a 0.l-in. gap of three samples of oil of various degrees of 
purity. 


Probable 
Sample error of 
No. Breakdown voltage kv. Ave. | ave. in kv. 
1 51, 59, 59, 58, 62, 62, 48, 48, 47, 54 55 1.7 
2 10, 40, 48, 5, 23, 5, 22, 12, 12, 21 20 3.7 
3 30, 28, 31, 24, 29, 30, 22, 22, 35, 29 28 1.1 


The breakdown values of samples No. 1 and 2 are taken 
from the test values from which the curve of the accompanying 
Fig. 1 (which will be discussed later) has been plotted, sample 


1. Meaning tests in which the voltage is raised fairly rapidly from zero 
to the point of breakdown, at a rate of, say, 3000 volts per sec. 
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No. 1 is the oil sample before being mixed with water and szmple 
No. 2 is the same oil after being mixed with water and standing 
1.8 days. Sample No. 3 is a transformer oil containing fibroys 
particles which were purposely mixed in the oil. By the 
“probable error,” as given in the last column of the table, is 
meant an error of such a value that the probability of having a 
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Fic. 1—TxHe RATE or SETTLING oF WATER IN A TRANS- 
FORMER OIL A8 INDICATED BY THE BREAKDOWN VOLTAGE OF A 
0.1-1In. GAP BETWEEN l-in. FLAT Disk ELECTRODES. 

3 per Cent of distilled water mixed in 1.5 liters of new oil by shaking for 
4 min. 

Number of breakdowns per point 10. 

Rate of increase of voltage 3000 volts per sec. 


Oil at room temperature, 20 deg. cent. 
Breakdown voltage of oi! before mixing with water; 55 kv. 


2—ELECTRODES AND MOUNTING; 1-1nN. DIAMETER BRASS 
Disks, Wi1TH 0.1-1n. Gap. 
The electrodes were made for placing on a glass jar 3 in. by 5in. by 7 in. 
high. 


Fila. 


greater error is just equal to that of having a lesser error. This 


probable error is caleulated from 
PE 0.85 a. d.* 
ce" N= 1 


where a.d. is the average deviation of the breakdown values 
from the mean and N is the number of breakdown values, in 
this ease 10. 

The third point that I wish to discuss refers to the effect of 
water on the dielectric strength of oils. Mr. Miner has pre- 


*Precision of Measurements and Gaphic Methods by H. M. Goodwin, 
McGraw-Hill Book Co. 
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sented data on the dielectric strength of oil containing water for 
wide gaps. I wish to outline the results obtained on the di- 
electric strength of oils mixed with finely divided particles of 
water. 

The tests in question, made with some of the customary high- 
grade mineral insulating oils, tested with a 0.1-in. gap between 
l-in. plane disk electrodes, showed that a thoroughly shaken up 
mixture of the oil with, say, 3 per cent of water gave initially 
less than 5 kv. dielectric strength, i. e., when tested immediately 
after mixing, as is well known. After standing, however, the 
mixture began to separate with a consequent rising of the di- 
electric strength until after several days, the water had settled 
to the bottom, the oil had cleared up and had regained a relatively 
high dielectric strength although there was a layer of water under 
the oil and in contact with it. This result was consistently re- 
peated in the absence of impurities other than water. 

A typical curve is given in Fig.1, showing the dielectric 
strength recovery of an oil-and-water mixture allowed to stand 
after throughly shaking up. | 

Fig. 2 is an illustration of the electrodes and their support. 

The tests were made at Schenectady, as part of a research 
program aimed at determining the effects of various factors, such 
as water, carbon, heat, time, exposure to air, fibers, electric 
field, metals, ete., on the dielectric strength of circuit breaker and 
transformer oils. 

V. M. Montsinger: Generally the breakdown voltage of 
oil is so erratic that few, if any, investigators have felt like trying 
to express it by a mathematical formula. The answer to this 
appears to be, as pointed out by Mr. Miner, that too small 
spacings have been used, spacings below the critical breakdown 
value. 

I was interested to see that the author finds that for certain 
conditions, the dielectric strength varies as the spacing raised to 
the 0.7 power. For design purposes we have used in transformer 
work a similar law of strength varying as the 7/3; power of the 
spacing or distance between electrodes. This expression seems 
to be one of nature’s dielectric laws. Not only oil but solid 
dielectrics with similar electrodes follow somewhat the same law. 
However, if the electrodes are large flat planes with edges having 
large radii and the field is approximately uniform, the strength is 
practically a linear function of the spacing for both oil and solids. 
In other words, the strength varies almost directly with the 
spacing. This fact should be kept clearly in mind in general- 
izing on the laws of dielectrics. 

The question of why the difference in the laws suggests itself 
naturally. The explanation for this is probably about as follows: 
When the electrodes are of such a shape as to produce a distorted 
field, this distortion becomes more and more pronounced as the 
spacing increases. Thus, for example, if the electrodes are small 
rods or spheres, at small spacings the dielectric field causing 
breakdown is more nearly uniform than when the spacing is 
increased. Finally, when the distance becomes great enough, 
the distortion becomes so great that the electrodes act like needle 
points, even though they may be many times larger. Mr. 
Miner’s explanation of why they act like needle points above the 
critical spacing, by the ionization theory, seems a logical one. 

The main points which I wish to emphasize are (1), that for 
uniform dielectric fields the strength of oil is approximately a 
linear function of the spacing and (2), for distorted fields the 
dielectric strength varies approximately as the 2/3 power of the 
spacing or 0.7, as Mr. Miner states in his formulas. I prefer to 
use 7/3 because it is a value very easy to remember. Roughly 
speaking, this means that if the spacing in oil is trebled, the 
strength is doubled, or to be more correct is increased 2.08 times. 
As regards uniform fields, in practise this condition is seldom, if 
ever, found. Consequently the ?/; power law is more nearly 
applicable than the first power or linear function law. 

R. J. Wiseman: In regard to Mr. Miner’s paper, where 
he refers to the effect of water or moisture in his oil, I wonder 
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if he has taken into account the possibility that under high 
stress, with wide spacings, there is a certain attraction of the 
moisture toward the surface of the conductor, causing an increase 
in the diameter of that conductor which will decrease the stress 
temporarily until breakdown occurs. I think that is partially 
the explanation of why weare getting a higher breakdown voltage 
with a wide spacing and a large amount of moisture present. 

I was very glad to see that Mr. Miner has tackled this problem 
from the point of view of ionization. We all know rather 
definitely ionization occurs in gases. Some of us have a pretty 
definite idea of ionization in solids. This is a sort of connecting 
link between the two, and I hope further work along this line 
will be carried on. 

Mr. Roper suggested that we find a new way of testing cables 
for their quality. We are all interested in cables and want to 
know how we can determine what is a good cable and what is not. 
We make a good many tests today in order to pick out good 
cable. Another test means additional work on the part of the 
cable manufacturer; it is costly to both the purchaser and 
manufacturer. Apparently the tests today are not giving us 
what we want. When the cable leaves the factory, as far as we 
know, it is 100 per cent perfect. When it gets into service, it 
apparently breaks down. Is it a question entirely of tests in the 
factory, or is it also a question of operation in the field? 

I hope we shall be able to find a new test that will help us to 
determine high-quality cable, but if we are going to have ad- 
ditional tests, let us drop some of the tests we now make which 
are unsatisfactory, rather than simply add one or more new tests 
to the number we now have. 

F. W. Peek: Those of us who have had experience with 
oil as used in apparatus know that it is not only the most reliable 
and consistent insulation but also one of the best. However, 
oil is very erratic under test, and I wish to point out a few of the 
reasons. 


As used in apparatus, the oil spaces are always divided by 
barriers of solid insulation. These barriers change oil from an 
unreliable to the most reliable insulation by preventing lining up 
of conducting particles. Some of the principal causes of 
erratic changes in the breakdown voltage of oil are cecluded gases 
and foreign particles such as moisture or fibrous materials. For- 
eign particles may line up in the electrostatic fields. In the 
ease of large electrodes such as plane surfaces the lines of force are 
straight lines. In such a field particles readily form chains from 
electrode to electrode along these lines. A short gap with large 
electrodes has very high dielectric strength for very good oil but 
very low strength for poor oil. The percentage change is thus 
very great for such a field. Impurities are easily detected by 
such agap. As the spacing is increased the chance of lining up 
becomes less. , 

The other extreme in electrodes is the needle gap. The lines 
of force are curved, and are very concentrated at the points or 
at the electrodes. Any particles in this field will tend to go 
toward the electrodes to make them larger and store a greater 
amount of energy. Those that strike the electrodes will be 
charged to the same potential and immediately repelled or shot 
away. There is no tendency to line up. In fact this action 
purifies the oil between the terminals. 
gap there will be very little difference in dielectric strength, 
whether the oil is very good or very bad. This is especially so 
if the spacing is large. 

The same effect occurs with spheres or other forms of electrodes 
at large spacings. I had an experimental apparatus which 
showed this very nicely. It consisted of a test tube filled with a 
light-colored oil in which an emulsion was made with colored 
water. <A wire was extended through a cork and down the center 
of the tube. About two-thirds of the lower part of the test tube 
was then placed in a jar of clear water. The wire acted as one 
electrode, the transparent water as the other. 

As soon as voltage was applied the oil immediately cleared up. 
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An examination showed the particles of colored water around the 
inner surface of the test tube as well as at the bottom of the tube. 
The water particles had been attracted to the inner electrode and 
then repelled to the opposite side where, because of the less dense 
field, they gradually settled down to the bottom. 

F. M. Clark: The hope has been expressed by one of the 
previous speakers that continued research will eventually result 
in a thorough understanding of the dielectric phenomena oc- 
curring in oils which are subjected to high or low voltage stress. 

The average theorist, in considering the insulation problem, 
becomes very largely discouraged as soon as he starts to look up 
the previous literature history. Solids themselves are bad 
enough and show a very erratic nature; oils we know are blamed 
much more. However, it is probably true that a large part of the 
blame, instead of being placed upon the insulation, should be 
placed upon the various investigators who have not carefully 
considered the physical and chemical characteristics of the 
materials tested. Oils for example must be considered as 
chemical mixtures, the constituents of which are variable to a 
large degree. To understand thoroughly the behavior of a 
mixture we must know something of the behavior of each of its 
constituents. This is a difficult problem involving much funda- 
mental research. If, however, we work on ‘‘commercial grade” 
oil such as Mr. Miner has carefully stated he used in his experi- 
ments, we have increased the difficulties of the problem by 
increasing the number of constituents of the mixture on which 
we are working. And worse still, the added constituents are 
variable in amount from day to day since the chief “foreign” 
material in commercial-grade oil consists of water and fibrous 
material over which we have ordinarily but little control. It 
may be claimed that if the dielectric strength is maintained, the 
water content may be considered negligible or fixed. Yet we 
have some evidence that wet oil may have high dielectric strength 
if properly tested. 


In the same way, much of the difficulty besetting the solution 
of insulating phenomena, is to some extent increased by broad 
conclusions drawn from limited data. Thus Mr. Miner states 
in his paper that solids and liquid insulators show a non-linear 
dielectric strength-thickness relation. If, by this, Mr. Miner 
means oiled solids, tested with small electrodes or oils tested 
with small electrodes, he is largely correct. Yet it has been 
shown in a previous publication (The Dielectric Strength- 
Thickness Relation in Fibrous Insulation—G. E. Review, 
Vol. 28, page 286 for 1925) by V. M. Montsinger and myself 
that this is very largely a function of the testing method for 
oiled solids at least. Thus with large electrodes, oiled paper 
shows a linear strength-thickness relation. Moreover, untreated 
papers also show a dielectric strength very largely independent 
of thickness. In certain unpublished researches which we have 
carried out at Pittsfield, it appears that oils behave likewise and 
show a linear strength-thickness relation when large electrodes 
are used for the test. We hope to present this research to the 
Institute at a later date. . 


Mr. Miner advocates a long-time test in preference to the 
standard, rapidly applied test on oils. A more reliable test 
result is claimed. With carefully prepared oils, I believe that 
considerable of the erratic nature of oil breakdown might be 
eliminated. Unless care is taken, long-time tests merely indicate 
the time and voltage relation necessary to ‘‘suck’’ sufficient 
impurities into the field to bridge the electrodes. The test 
becomes one for Impurities (such as fibres) rather than a test on 
the oil itself. This is illustrated clearly by the researches de- 
tailed in the Seimen’s Zeitschrift for January, 1925, page 29. 
The short-time test comes nearer being a test on the oil itself. 
The fact that benzol gives more reliable test results is merely an 
indication of the effect of purity. With benzol, a degree of 
freedom from foreign substances cean be obtained whieh cannot 
be approached in oil unless extreme care is taken in preparing 
the sample. 
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Another contributing cause to the confusion at present existing 
in the study of dielectric phenomena is the lack of proper defini- 
tion of the experimental conditions. The dielectric strength- 
thickness relation for oil can very largely be upset by varying the 
position of the testing electrodes. With 10-in. plane electrodes, 


the test results are largely dependent on whether the electrode 
face is vertical or horizontal. 


In the consideration of insulation data from the standpoint of 


fundamental theory, we must be very careful in accepting results 
based on ordinary commercial-grade material. In the same way, 
the designing engineer must be very careful in accepting data 
based on material which appears to approximate his operating 
conditions. Thus the dielectric strength of oil can be made low 
by a variety of methcds some of which may or may not be 
applicable to his special machine. It is very difficult and 
dangerous to attempt to apply laboratory oil data to the explana- 
tion of fundamental theory, or even to the design of electrical 
machinery, if the tests involved concern foreign material dis- 
solved or suspended in the oil, rather than tests on the oil itself. 
Jacob Katzman (communicated after adjournment): Mr. 
Miner circumvents the difficulty he encountered in the erratic 
action of oil for short-time tests by lengthening the testing time, 
and apparently the effect of the time factor on the breakdown 
voltage is not taken into account in the final conclusions. His 
results for 10-min. hold tests are obviously more consistent than 
his instantaneous results, consistent enough to be mathematically 
expressed. It seems to me that this subterfuge may seriously 
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Fic. 3—CoMBINED CURVES OF BREAKDOWN VOLTAGES FOR 


OneE-INcH DIAMETER Rops 


Solid curve is from Fig. 8 of original paper and represents breakdown 
voltages for ten-minute hold. 


Dash curve and circles are from Fig. 4 of original paper and is for 
instantaneous breakdown voltages. 


mislead us if we are not on guard. Mr. Miner correctly recog- 
nized, (1), that the greatest variations obtained occur at small 
spacings, and (2), as shown under General Remarks on Test 
Results, that at short spacings, the breakdown voltage decreases 
with increased time of application of voltage. Is not the second 
phenomenon the reason for the first? Is it not likely that that 
eondition which would really give a comparatively high break- 
down for instantaneous voltage application, is brought to within 
the average breakdown by this extension of time? 

The fallacy in ignoring the time effect is more readily ap- 
preciated when considering the behavior of a solid dielectric, 
such as oil-impregnated paper, under similar conditions. A 
number of apparently uniform dielectries when given an instan- 
taneous breakdown test, show very erratie results, perhaps more 
so than oil. Some will break down at voltages two or more times 
higher than others. However, every dielectric has a definite 
life at some particular voltage, and samples of one kind of 
dielectric show no more variable life than is shown by the in- 
stantaneous breakdown voltages. But, as is well known, the 
life of the dielectric varies inversely as the seventh power of 
voltage, and, hence at the high testing voltages, the life is rather 
small. If, therefore, instead of several seconds of voltage ap- 
plication, ten minutes is used, or, better still, five times ten 
minutes, then, of course, materials having variations of strength 
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of 10 or even 20 to 1 will break down within that length of time, 
the weakest samples will break first, and the others will follow 
in the order of their strength. In other words even though all 
their variations in strength are still existent, the time was made 
long enough so that the life of almost all the samples will be 
spent at the voltage applied. We have, therefore, only ap- 
parently succeeded in obtaining uniform results by disregarding 
the important element of time. 


That this is actually the case also with the oil can be seen from 
Mr. Miner’s own findings. He finds that short-spacing break- 
down will occur at smaller voltages if applied for longer time. 
At these smaller spacings, time is, therefore, an important 
factor. Now, by plotting Mr. Miner’s curve of Fig. 8 on the 
same graph sheet with his curve of Fig. 4 retaining at the same 
time all the points showing the large variations at instantaneous 
breakdown we get the curve shown in the accompanying Fig. 3. 
From this combined figure it becomes Immediately obvious that 
for the 10-min. hold, he used in every case a voltage lower or 
equal to the lowest voltage obtained at instantaneous breakdown, 
and by extending the time to five times ten minutes, succeeded 
in breaking down the oil that might otherwise show the highest 
instantaneous breakdown voltage. 


The whole process seems to me to be akin to throwing away a 
micrometer because it shows up inaccuracies, and using instead a 
carpenter’s mle to avoid detection of these inaccuracies. For it 
is evident. that by making a time test the properties of the oil are 
not changed, and its molecular arrangement or arrangement of 
particles of impurities is not affected or controlled thereby. The 
varying instantaneous voltage breakdowns are merely replaced 
by varying lengths of time of breakdown at time-hold tests. 


From the same combined curves too, it is hard to see how Mr. 
Miner could deduce that at large spacings length of time of 
voltage application does not affeet voltage breakdown. Be- 
tween instantaneous and 10-min. hold a difference of 10 per cent 
is seen at 16-in. spacing. Of course this is not as large as the 
100 per cent at 2-in. spacing. It should he noted, too, that to 
get these changes, there was a change of length of time from a 


few seconds to many minutes or probably a ratio varying from 
100-to-1 to 1000-to-1. 


It is interesting to note also that at the larger spacings, where 
time is not as important an element, his results show practically 
the same variation for long as for short-time tests. 


D. F. Miner: I was very much interested in Mr. Schurig’s 
remarks about the erratic results obtained on large gaps compared 
to small gaps. It seems that we must define what we mean by 
“large” or “small.” We found a great deal of variation in tests 
obtained at 2-in. spacing, which we in our tests thought was 
small. But if you call a gap of 0.1 in. or 0.2 in. small, then 
I certainly agree with him. If we had to put up with the di- 
vergence of results on small gaps in our standard oil-test cup 
that we find on real large gaps of several inches, we certainly 
would not complete very many standard oil tests per day. 


There seems to be a good deal in the literature and in the data 
presented by Mr. Schurig as to the effect of large quantities of 
water on oil. In other words, if it doesn’t improve the quality of 
oil, at least it doesn’t harm it under certain conditions, but that 
would not be a good reason for recommending to operating 
people: “Dump water into the oil in your apparatus.” The 
harm of the water in the oil is not in the deerease of the oil 
strength itself, but the effect on the insulation; it gets on the in- 
sulating surfaces and leads to ercepage breakdowns. 


I was very much gratified to have the confirmation of test 
results by Mr. Montsinger on breakdown formula for point gaps. 
I agree with him that the two-thirds power of separation is a 
much better figure to remember than 0.7. It appears that large- 
curvature electrodes, at large spacings, behave almost like 
needle gaps, as far as the actual voltage breakdown is concerned, 
but of course with sharp points or small electrodes, corona Oeeurs 
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at an earlier voltage. So that the reason for increasing the 
diameter of high-potential parts is to suppress ionization and 
corona rather than to increase the total breakdown voltage. 

In connection with the argument as to whether tests should be 
made on commercial grades of dielectrics, such as oil, or whether 
we should purify our oil to the greatest possible extent and ob- 
tain data on that, there is a divergence of opinion. In this 
particular investigation we were interested in information that a 
design engineer could use. Now, it does not help him much to 


Cd 
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know that a certain gap once stood 300 kv. but the next time 
it might go down to 150. The 300-kv. value is not going to be of 
use. He has to design for minimum breakdowns, with a factor of 
safety then added to that. So that theoretical considerations 
in the true dielectric strength of oil did not enter into this 
problem. It was an engineering problem which was part of a 
series of tests on other electrodes besides spherical, that is, 
actual shapes occurring in apparatus, to develop design 
information. 


Maxwell’s Theory of the Layer Dielectric 


BY FRANCIS D. MURNAGHAN! 


Non-member 


(with an Introduction by J. B. Whitehead) 


Synopsis.— Maxwelt stated in his ‘‘Electricity and Magnetism” 
that yor a non-homogeneous dielectric built up of n plane layers 
of varying thicknesses and varying ratios of resistivity to specific 
capacity, the charging current will be given by a linear differential 
equation of order n-1 involving the nth derivative of the applied 


INTRODUCTION 


The phenomenon of dielectric absorption has recently 
attracted renewed interest by reason of its importance 
in problems of the insulation of high voltage electrical 
circuits. It is recognized that absorption causes energy 
losses in the body of the insulation; these losses increase 
the temperature, leading to deterioration and final 
failure of the insulation. 


No completely satisfactory theory of the nature of 
dielectric absorption has been proposed. In recent 
years a number have been offered invoking newly 
discovered physical phenomena in the fields of gaseous 
ionization, dissociation, and conductivity in liquids, and 
the electromechanics of atomic structure. These 
theories, for the most part, however, are mere specula- 
tions and none of them is subject to exact experimental 
test. The earliest theory proposed to account for 
dielectric absorption is that of Clerk Maxwell. It 
shares with all other theories the disadvantage that it 
has never been satisfactorily supported by experiment. 
It has nevertheless maintained its position as the most 
satisfactory theory yet offered, largely because it 
invokes only well recognized properties of dielectrics, 
namely, specific inductive capacity and conductivity, 
and makes no appeal to new properties nor any molec- 
ular nor sub-atomic phenomena. 


All students of dielectric theory are familiar with 
Naxwell’s treatment. He assumes a dielectric built 
up of a number of plane strata of different materials, 
stating that a medium formed of a conglomeration of 
small pieces of different materials would behave in the 
same way. He does not support this latter statement 

1. Johns Hopkins University. 
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e.m.f. This equation and its detailed solution are given here ana 
the two cases of greatest practical interest—namely the case where the 
applied e. m. f. ts constant and the case where it is a pure 
harmonic—are treated fully. By a Fourier analysis the general. 
case can be reduced to these two. 


by further analysis, however. The most familiar 
manifestation of absorption is a sustained but continu- 
ously decreasing current when a continuous electro- 
motive force is applied to a condenser having a solid 
dielectric. The same type of phenomenon occurs 
when the condenser is discharged. In this case it is 
the outflow of the familiar residual charge of the con- 
denser. In the case of Maxwell’s layer condenser, the 
different values of the specific capacity and resistivity 
in successive layers accounts for the relatively long time 
necessary for complete charge or discharge. 

Many experimental studies have aimed to determine 
the law governing the gradual decay of the charging 
current of a condenser. Some of these have indicated a 
simple negative power of the time, others an exponential 
relation, and still others more complicated relationships. 
Maxwell did not extend his analysis to the derivation 
of the form of the function controlling the decay of the 
charging current of a layer dielectric nor, apparently, 
has this extension ever been made, under his theory, 
for the completely general case. It may be readily 
shown, however, that for the case of two layers the 
charging current decreases in accordance with a simple 
exponential function of the time with negative exponent. 
It has been generally assumed by supporters of Max- 
well’s theory that in the general case of any number of 
layers, or of a dielectric consisting of a mixture of any 
number of different materials, the complex form of the 
charging current curve is due to the superposition of a 
number of separate exponential terms with negative 
exponents. This assumption is supported by Maxwell’s 
statement that for n layers of materials having different 
values of the ratio of resistivity to specific capacity 
there will result for the charging current a differential 
equation of order n — 1, involving the nth order 
derivative of the applied electromotive force. Max- 
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well, however, does not derive the expression supporting 
this statement, and this omission has always constituted 
a difficulty for those seeking experimental means for 
testing the validity of his theory. Dr. Murnaghan has 
now supplied this deficiency and has derived in an 
elegant and satisfactory manner the expression for the 
charging current for the most general case of a layer 
dielectric. Equation (14) shows that this current is 
made up of a constant term, giving the final conduction 
current, plus n — 1 negative exponential terms of which 
the coefficients and constant parts of the exponents are 
given in terms of the constants of the various layers. 
This confirms Maxwell’s statement and provides a 
ready means whereby one may use the convenient 
charging current as a basis for analysis and experimental 
check. 


The extension: of Maxwell’s expressions to ‘the 
alternating case has always involved great difficulty. 
Dr. Murnaghan has now made this extension in its 
most general form. His equations may be readily 
transformed to the simplest cases and they should offer 
frequent and convenient opportunity for application 
to experimental problems. 


The National Research Council, through its division 
of Engineering and Industrial Research, has organized a 
Committee on Electrical Insulation. This committee 
during the past two years has been making a review of 
the widely scattered literature on dielectric behavior, 
in an attempt to point out the direction in which experi- 
ment may be prosecuted with the best chance of profit- 
able result. Asaresult of conversations with the writer 
in connection with this review, Dr. Murnaghan has 
been good enough to undertake the analysis which he 
now presents and to consent to its being offered under 
the auspices of the committee mentioned above. The 
committee also has in progress reviews of our present 
knowledge of dielectric behavior from the standpoints 
of resistivity and dielectric strength, and in connection 
with all these reviews it is proposing problems for 
experimental research. Of particular interest in con- 
nection with Dr. Murnaghan’s paper is a series of 
experimental investigations now under way at Johns 
Hopkins University on the origin and nature of dielec- 
tric absorption, one of the first phases of which will be 
an attempt to test the validity of Maxwell’s theory. 
The investigation was suggested by the work of the 
Committee on Electrical Insulation, N. R. C., and is 
receiving substantial financial support from the Engi- 


neering Foundation. 
* * * * * 


strata of Maxwell’s layer dielectric, let X,, X3 

etc., be the electric intensities in the several strata; 

fi, fo, ete., the displacements; kı, kz, ete., the reciprocals 
of the specific inductive capacities; rı, Ta etc., the spe- 
cific resistances. Then at any instant the conduction 
current in the first layer is Y,/r,, while the displacement 


Co unit cross-section of the plane 
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dX, 


1 
current in the same layer is Ank, di ’ so that we 


have u = (X,ı/rı) + (1/4 r kı) d X,/dt where u is the 
current density in the outer circuit and so in each layer. 
Denoting the thicknesses of the various layers by a, az 
etc., the e. m. f. across the first layer is a; X, that 


across the second layer is a: X., and so on for each 


layer. If there are altogether n layers, the total 
e.m. f. across the dielectric is connected with the 
various intensities by. the relation 


E =04a; Xi +0: Xa+... +4, Xn (1) 


It is more convenient to deal with the displacements f 
than with the electric intensities X; on introducing the 
abbreviations 

4m k/f, = bi; 4m ko/ts = 
4nk,a, = ai A T k:a = 


ba5...4a7k,/r, = ban 
Q33...47k,a, = a, (2) 
the equations expressing the fact that the current 
density in each layer is the same, take the form 
(D+b)f:=(D+b)fp,=...=(D+b,)f, =u 
| (3) 
where, for convenience, we have used the symbol D for 
the sign of differentiation d/dt. Also equation (1) 
takes the form 
aifi + dafa + T + Anfa =E (4) 
Solving for one of the displacements, say fı, from (4) 
we have | 
an fi = E — az fr— . . — Anta 
and on substituting this in the equation (D + b.) fı 
= (D + b2) f: we obtain i 
[(ay + te) D+ (ay be + bi ae) l fe + 3 (D + bı) fs 
+...+a,(D+b6)f, = (D+b) E 
In addition to this equation connecting the n— 1 
displacements (f2, fs, . . . fn) we have the n — 2 equa- 
tions 


(D + 62) f2— (D + b) fy = 0 
(D + be) fe— (D + bò fa 0 
(D + ba) fo— (D + ba) fa = 0 


From the n — 1 equations now in our possession all but 


one of the displacements, say f», may be eliminated by 


the usual algebraic process. The determinant of the 
coefficients is quite simple; for convenience of writing 
let us take n = 4 although it will be quite obvious that 
the reasoning is general. The determinant of the 
coefficients being 


(ay + a@2)D + (arb: + æd) as(D+ bi) a (D + b,) 
(D + bz) —(D+b;) 0 
(D + bs) 0 — (D+ bà 


we expand it in terms of its first row. The result is 
a(D+b:) (D+b3) (D +b.) +a:(D +b) (D+bs) (D +b) 
+a3(D+b1) (D+6:2) (D+) +a(D+b:)(D+b:)(D +b) 


a, A ete eile, VO or: 


E y TT, E prae e 
eee. o ee a. 


Feb. 1927 


In the general case of n layers we may write the determi- 
nant of the coefficients of our equations conveniently 
in the form 


(D + bi) (D + bs). . . (D + ba) 


a Ole Oin ] 
This is a polynomial in the sign of differentiation D of 
degree n — 1, the coefficient of D”-! being (œi + a; 
+...+a,). This sum of the a’s occurs so fre- 
quently that it will be well to have a single symbol for 
it; denote it simply by @ and write the determinant of 
the coefficients in the form a ¢ (D), so that ¢ (D) isa 
polynomial of degree n — 1 in D, the coefficient of the 
highest power in D being unity. The equation for 
f 2 is, then, 

aœ p (D) fa = (D+6:)(D+5bs)...(D+5,) E 


where the operator (D + bz) is missing from the product 
on the right. The equations for the other displace- 
ments are similar; they may be conveniently written 
in the symbolical form 


Ql Q Qn ] 
Dah? Dah © t Do S 


E 


— D+, (6) 
which means that the various denominators. (D + b) 
are first removed by multiplying through by the com- 
mon denominator (D + b) (D + b:). .. (D + ba). 
It follows at once from (6) and (3) that the current 
density u is given by the equation 


[ ay An | | E 
Dibo AARD. u = 
or, in non-symbolic form, 


æa p (D) u = (D + bı) (D + b:). . . (D + ba) E (8) 


Equation (8) is the equation to which Maxwell referred 
but which he rather unfortunately neglected to give 
explicitly. There is every probability that he arrived 
at it by the following reasoning; we may write the 
equations (3) in the symbolic form 

f- = u/(D + 6,) 
and on inserting these values in (4) we arrive im- 
mediately at (7). 

The equations (6) and (8) are linear differential 
equations with constant coefficients and are of the order 
n — 1 provided all the ratios of capacity to resistivity 
for the various layers are different; it is apparent from 


(7) 


the symmetrical form of the left-hand side of (6) that. 


the order in which the layers are supposed arranged is 
of no importance and if two of the b’s, b, and b: let us 
say, are equal, we may combine the first two terms 
a1/(D + bı) and a./(D + 6.) of the left-hand side of 
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(6) into the single term (a; + a2)/(D + bz) and imagine 
that instead of the two layers 1 and 2 we have a single 
equivalent layer whose a@ is the sum of the two a’s of 
the layers which it replaces. We shall suppose from 
this on, therefore, that all the b’s are different. We 
shall also find it more convenient to consider the equa- 
tions (6) rather than the equation (8) for the current 
density to which Maxwell called attention, the reason 
being that a determinate solution of a differential 
equation is not possible unless some information, such 
as the initial value of the unknown and its various 
derivatives, is at hand. Now the initial values of the 
displacements were shown by Maxwell to be all equal, 
the dielectric being supposed initially uncharged, his 
reasoning being as follows. From (3) we have, on 
integrating with respect to the time from 0 to AZ, 
results such as 


AS A 
Afi + S bifıdt So A fe + S bafıdt 


At 
each side being equal to the charge per unit area f ud t 
© 


which flows through the dielectric in time At. If we 
Jet the time interval A t tend to zero and assume that 
the displacements f remain finite during the sudden 
imposition of an e. m. f., we have the limiting equation 
Af; = Afe, and if fı and f: were zero before the e. m. f. 
was applied this says that their initial values, ï. e., the 
values immediately after the imposition of the e. m. f., 
will be equal. If E (0) denotes the initial value of the 
applied e.m.f., we find from (4) that the common 
initial value of the displacements is 


fo = E (0)/a (9) 
da= QA tait... +a (10) 

We now proceed to solve the equations (6) in the 
particular case where a constant e.m. f. of amount 
unity is applied at time t = 0 to the uncharged dielec- 
tric, the initial values of the displacements f being 
accordingly 1/a. A possible solution of (6) in this case 
where E = 1 may be found by giving f, the constant 
value 1/b, (X a,/b,) but this is not the solution of the 


where 


problem before us since it does not give all the f’s the 
same initial value. The difference between this value 
of f, and the solution we need, however, will satisfy the 
homogeneous equation 


Qt Cln ] 
So Ge f= 0, 

1. e., ay (D)f, =0 (11) 
which, being a linear homogeneous differential equation 
with constant coefficients of order n — 1, has for its 
general solution a combination of n— 1 exponential 
functions of the time with arbitrary constant multi- 
pliers. To determinesthe exponents of the exponential 


D) t 


functions we observe that since ¢ (D) is a sum of n 
terms each of which has all the (D + b,) but one asa 
factor the value of »~(— 0,) is a, (b; — 0,) (ba — b,) 
. . . (ba — 5,)/a. Now let us suppose the quantities 
(bi, bs, . . . bn) arranged in ascending order of magni- 
tude; then ọ (— bı) will be positive since all its factors 
are positive but yg (— 6.) will be negative since one of 
its factors, (b, — b2), is negative. gy (— b;) will be 
positive since two of its factors are negative, and so on. 
This tells us that the polynomial y of degree n — 1 has 
all its zeros real and negative and that they lie in the 
intervals between the negative values of the b’s. Let 
us denote these zeros by (— Bi, — Bo... — Ba-1) 
where the @’s are supposed arranged in ascending order 
of magnitude. We have, then, the series of inequalities, 


bı < Bı < b2 < B: < » < baa < Ba-1 < Dn (12) 


and the most general solution of (11) is a linear combina- 
tion with constant coefficients of the exponential 
functions e-f", e°”. | Remembering the 


relation (D + b.) f, = (D + b.) f, connecting any 
two of the f’s and noting that D (ef) = — B, e°”, 
we write the general solution of (11) in the form 


E T dies, E 
(b, =B) § (6, = Ba-1) 
cther words, the most general solution of the equations 
(€, (with E = 1), which obeys the relations (3) is 
1 A, 
"BE (a/b) * Or By) 


0 en", 


enl! In 


e— Fil 


An-1 
(b, ar Bn-1) 


where the A’s are arbitrary constants. All that is 
necessary to complete the solution is to so determine 
the values of these constants that the f’s may all assume 
initially the common value 1/a. Before proceeding to 
do this we may remark that it follows at once from (3) 
and (13) that the current density u is given by the 
expression 


= 1/(> (a/b) +A +... 


e-f"! 


+... + (13) 


+ An-1 ere 
(14) 

where the A’s have the numerical values we are about to 
determine. The first term in this expression is the 
value to which u tends as ¢ increases indefinitely and 
gives what is known as the permanent or conduction 
current. 

The equations which determine the numerical values 
of the A’s are found by putting f, = 1/a and t = 0 in 
(13). They are 


A,/(0, — B) + A2/(b, — B) +... + An-1/(br — Ba-1) 
= 1/a—1/a, (> a,/b,) (15) 


in turn, the values 
. n) so that there are n equations in all. 


where r is to be assigned, 
60s ee 
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As there are only n — 1 A’s to be found, these equations 
cannot be independent of one another; in fact if we 
multiply the equation written above by a, and add all 
the results obtained by giving r the values 1 to n, both 
sides of the total vanish identically, showing that a set 
of A’s satisfying n — 1 of the equations will satisfy the 
equation remaining. We may confine our attention, 
therefore, to the first n — 1 of the equations (15). A 
direct solution of these n — 1 equations would not be 
very elegant, however, on account of the lack of sym- 
metry involved in the omission of one of the equations 
and it is better to proceed as follows: 


Consider the quotient of the two polynomials of 
degree n 
(x + bı) (x + bz). . . (2 + ba) /x (2) 


where ¢ (x) is the function defined by the statement 
that a ~ (D) is the expression (5). This quotient can 


be written in the form 1 Pa where g (x) = (r+) 


rye 
. (x + bna) — x ¢ (x) is a polynomial of degree less 
than n. From its very definition the quotient 
g (x)/z ¢ (x) has the value — 1 when z is assigned any 
one of the n values (— bı, — bo, . . . — b,) and, further- 
more, since the zeros of » are the n— 1 numbers 
— B,, we have g (—8,) = (bı — B) (b2— B+) . . . (ba — 6+). 
Now the usual method of analysis of the quotient of 
two polynomials into a series of simple fractions? tells 
us that 


g (0) 


g (— B,) 
=z 0 1% 


— Be p’ (— B+) (x + Br) 


where y’ (x) denotes the derivative of gy (x) with 
respect to x. Giving x the n values — b. in turn, we 
have the n equations 


g (— B+) 
7 2 B: y’ (— B,) (b. = b+) 
s=1,2,...n (16) 


Now g (0) has the value b, ba . . . b, and ¢ (0) has the 
value bib... . ba [X (œ,/b,)]/&, so that g (0)/¢ (0) has 


g (x) 
x ọ (x) 


= 1 — g (0)/b. ¢ (0); 


the value a/> (a,/b,). On substituting this in (16) 


and comparing the result with (15) we see that the 
desired values of the A’s are furnished by the formulas 


aes (b, — B+) (b: — b+) ee oi (6, — B,)/a Br H (= B,) (17) 
Since 

1 
p (z) = (© + bı) (z + ba). . . (£ + ba) 


2. See note at end~of paper. 
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[sete tote] 


and since the factor in square brackets vanishes when 
z = — B,, we have 


1 | 
yg’ (— Br) ena (b. -— $). . . (ba — B,) 


[att t ar] 


1 


An 
+ SS T (ba — B,)? | 
(17 Be) 
This form is not particularly suited for purposes of 
calculation but it has the advantage of showing that 
all the constants A, are positive. The expression for 
the initial value of the current, t. e., 


Qı 
aB, | (6; — B,)? 


+A +A: +... +4: 

5 Ol; 

r b, 
follows directly from the equations (3). Denoting 
initial values of the subscript zero, we have (D fi)o 
= Uy — bi fo; a: oat (D fr)o = Up — ba fo and on substi- 
tuting these in the equation © a, (D f-)o = (D E)» ob- 
tained by differentiating (4) and then setting t = 0, we 
find 


a wo — (da, b.) fo = (DE)o 


so that 
(D BE); $ (Z abr) E (0) 


uo = 
a a? 


by (9) 


In the case of a constant unit e. m. f. we have 
> a, 6, 


Ug = on 
Upon substitution of the values given in (17) in the 
expressions (13) and (14), the displacements and current 
density at any instant are determined and the problem 
may be regarded as completely solved. We proceed 
to give an example of the method of procedure in the 
simple case of two layers. 
When n = 2, ¢ (D) is the simple linear expression 


D + (a,b. + a2 b,)/a. Hence there is only one 
exponential term and the value of £, is 
Bı = (a1 be + ae bı)/ (œ + Q2) (18) 


It is rather noteworthy that when the thickness of one 
of the layers gets very small so that a, say, tends to 
zero, the value of 8; tends to the definite limit b,. For 
numerical calculations it is well to express £, directly in 
terms of the capacities and conductivities of the layers. 
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In Wagner’s notation? we have 6, =47k,™ 
= ¥Ai/€:; @ = Y @ı/€&ı where y = 3867.10" is a 
constant depending on the choice of units. Hence #, 
has the form Y (a; Ne +a: Ai) /(a1 €. + Q3 €); the 
reciprocal of 8; measures the time taken for the tran- 
sient part A, €^" of the current to reduce to the frac- 
tion 1/e of its original value, and is called the time 
constant of the dielectric. For two equally thick layers 
the time constant has the expression 
T = (e1 + €2)/¥ (Ar + `) 

while in general if the second layer is m times as 
thick as the first one, T = (m e, + €2)/y (m Ax + Az). 
For paper e, may be taken around 2 while A, is around 
10-" and for glass the values are around 8 and 10-" 
respectively. If m = 1, so that the layers are equally 
thick, T = 0.09 sec., while if m = 2, so that the layer 
of glass is twice as thick as the layer of paper, T = 0.05 
sec.; if m = 1/2 so that the layer of paper 1s twice as 
thick as the layer of glass, T = 0.16. The larger the 
ratio of the thickness of the paper to that of the glass ` 
the larger is the time constant, the theoretical limit 
when m = 0 being y €2/)2 which is about 700 sec. 

The constant A, is given by (17); since yg’ = 1 it is 
(8B; = b;) (be = B:)/a@ By which reduces to 
Ai = d1 Qa (be = b,)?/(a1 + G2)? (a1 be + Qe bi) 
= @i a: (M €1 — Ax €2)?/(Gi € + Ge €1)? (G1 Ae + a: Ax) 


Ay Ae 
Qa; + pr jas) 


= (As €; — At €2)?/ (a1 €2 + Ge €1)? ( 


It will be observed that if the thickness of one of the 
layers, say the first, tends to zero, A; also tends to zero 
on account of the term ),/a; in the denominator; if, 
however, A, is very small in comparison with às, it is 
possible that a: will be small in comparison with a, 
without the term );/a; becoming significant. 

In Wagner’s notation, the constant term in the 
expression (14) for the current hasthe form1/( X a,/A,) 


which is, for the two-layer dielectric, A; A2/(a@: As 


+ a2,). The initial value of the current is 
a1 bi + ae de (ai Ay €2? + Ge Ae E°) for th f 
(a; + 2)? (Qi é2 + azé) ’ ee ee arent 


Ai €22 + Ag E 


two layers of equal thickness d this is d (e, + e)? 


SECTION 2. THE ALTERNATING CASE 
Here we suppose an e.m. f. of the form Ẹ = e "° 
applied at time t= 0. Since (D + b.) e'* = 
(i w + ba) e*” and so on, our equations (6) for the 
various displacements take the form 
(i w +b)... (i wba) 
(2 w + b,) 


1wt 


3. See article in Die Isolierstoffe der Electrotechnik edited 
by Schering, H., pp. 1-59. Berlin, 1924. 
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A particular solution of these equations, which is con- 
sistent with the equations (3), is 


B ei 


TET aa 


fr = 

where the constant B is determined by the equation 
apli w) B=(iw+b).. . (i w +b) (21) 

$. 6., 
As Aa 

B= [7343+ ee eee ae a 
(21) 
The general solution of the equations (6) is of the type 


B ef! B, eA! Bai 
ora e O a 


(22) 
‘where the factors 8 in the exponents are the same as 
before and the (B,, Ba . . . Ba—ı) are arbitrary con- 
stants. The values to be assigned to these must be 
such that the initial values of the displacements f are 
all E (0)/a, (see (9)); or, since here E (0) = 1, 


e-Fn -~ 18 


The n—1 constants (B,,...B,-;) must 


therefore satisfy the n linear equations 


B, B, Bai 
b. — By b, — Bo a See Be 
ee E 
— a aa A (e3) 


That these equations are not independent follows at 
once on multiplication by (ai, . . . Œn) and addition 
when both sides vanish. To find the values of the B’s, 
consider the analysis of the quotient (x + bı)... 
(x + b,)/(t-—1%w) g(x) into its simple fractions. 


g (x) 


Writing it in the form 1 + (@-— iw) 9 (2) 


where g (x) 


is of lower degree than n, we find 


(x +b)... (£ +b) (biı+t w). . . (ba +i w) 
(x — t w) ọ (x) p (i w) (£ — t w) 


-5 


pa 
f 


=1 + 


(bı — B.) . . . (On — Br) 
(8, + 1t w) g’ (— B). (x +8) 


Setting xz = (— bı, — b» .. .— ba) in turn in this 
identity, we obtain the n relations 


NS- (bı — B). . . (On — Br) 
(By +72 w) yp’ (= B,) (bs — Br) 
Se , 
SR eae g ee 
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and on comparing these with (23) we see that then — 1 
quantities (B;,...B,.:) are given by the formulas 


1 (bı — B,) ose (6, — B;) 


Oe Few) eB) OM 
From this it follows that 
B, 
B, =A, ae (25) 


where the A’s are the constants of the unit e. m. f. case 
whose values have been given in (17). 


If we introduce the time constants T, which are the 
reciprocals of the 6,, our equation (25) takes the form 


= A,/(1+1w T,) (25"*) 


The two-layer dielectric in an alternating field. 
Here the equation for the constant B is 
(tw + b;) (tw + bo) 


lias (a1 bz + æ: bi) + (a1 + a) i w 


(abe + Os b) (1 +twT) (26) 


This is but a particular case of the general formula 
(see (21) ) 


B liw +b)... (iw tb) 
= ad (i w) 
_ (iw +b)... (iw tb) 
~ a(twt+B,). . (0 w + n-i) 
z (tw +b)... (wtb) 
bi.. A(S ar Ati w TIA w T3) 
(1 +20 T,-1) 
(27) 
Since 
afi... Bi=ag0)=b...6( > =) 


In Wagner’s notation (26) takes the form 


(KE) 
(a; M + a: dy) (1 +i wT) 


(u tiA (at) 


Ai €2 + Q: é` 


or 


ai Ata A +2 


Similarly, the general expression (27) for n layers 
becomes 


i 


_ & 


a 


` duction current 


$ 
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: €i 
(tiw y ). ‘ 


dy. de Dh ae 


r d 


Te (tio) 


dti wT). (Hi oT.) 


(27°) 


In the two-layer cases the constant B, in the complete 
expression 


u=Be'™ + Bie®" = Be'™+ Bie” 
has the value 


B Ai (Ag €1— Ay €2)? 
=s F 

Bion (GQ; €2+42 a(24— 2 )a+i w T) 
from (19) (28) 


When w = 0 the expression (27™) reduces to the con- 


a 
2% 


r 


under a constant unit e. m. f. 


If the dielectric were uniform, the electric intensity 


1 2a, 
would be =—— and so we write \ = ————— 
å E 

Ae 


and call it 


r 


the effective conductivity. For very high frequency we 


see from (21) that B tends to i. =. 


SE 


2 Q 


Writing e = for the capacity constant of the 


€r 


r 


dielectric for very high frequencies, we may consider the 
difference 


(a) B-(X+i0—) =tio- say, as 


due to the lack of homogeneity of the dielectric. 
ing B in the form 


(iw +b)... (iw +b) 
~ a (i w) 


the difference in question is the product of ¥ a, and 
r 


Writ- 


wtb)... (iw tb) b,... ban tw 
ad (i w) ~ ad(0) a 


On reducing to a common denominator the numerator 
lacks the term in w, and also the constant term. Thus 
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: . 1 
in the case n = 2 where ọ (i w) =i w + fi =i w +a 


b b 1 

the numerator is 4 w [ at — m bı ba | or 
T W A A (b: — b;)? : 1 _ abe + Q3 bı 

(a1 + @:)? saint (ae ata, ` 
Hence X +7 ae 

Y 
E (a; + Qo) 1 W Q1 Qa (b: _ b)? 
(a + Q)? (a, be + A: bi) (i + +) 


= “(an + a) (æ b: + a:b) (1 +i wT) 
In Wagner’s notation this 1s 
t w (ai + a2) (Az €1 — Ay €)? 


y (1 +i wT) (a he + ay a)? (E es) 
a As 
W s+ hi hd h f _ îwek | th 66 b 
riting this ın the form yA +ial) e “` absorp- 
tion constant” k has the value 
A -À 2 
k = Qi Qa (Az €1 — Ar €2)? (29) 


Ai)? 


m (Aa &— M €)? 
€1 €2 (Ag +m A)?’ 


€1 €2 (A1 Ag + Ge 


Writing a. = m a, this becomes 
regarded as a function of m it has a maximum value 


X | 
when m = E the corresponding value of k being 
1 


(Aa €1 — Ai é)? 


rears a a If the dielectric consists of paper 


with impurities in the form of moisture, we may set 
A, = 10-", €; = 2 (paper) and A. = 10-4, e = 80 and 
k becomes 0.025 m. | 

We may indicate, in conclusion, some of the calcu- 
lations for the three-layer case although some of the 
formulas become quite complicated. Here there are 
two exponential terms and — £,, — 82 are the zeros of 
the quadratic polynomial 


ad (x) = (a, + a2 + æ) £? + { a: (b2 + bs) 
+ as (ba + bi) + a3 (bi + be) } 
BS a, bz bz + a2 bz bı + as bı bs 
We have ġ (1 w) = (t w +81) w +8) = (1 +iwT:) 
(1 +2 wT:)/TıTz; the numerator of the expression 
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ee pea € ! ; 
Atiw ps has two terms, one involving w and the 


other w*. On using the relations 


1 _ a1 be bs + cee bs by + as bi be 
T, T: 7 Qi + Q: + as ” 
k- + 1 _ ai(bo+b3) + a2(b3 +01) +a3(b: +62) 
T, T: E Q, + ae+ as 
we find 
o e tiw(a,+a.+a;)(L+ Mi w] 


`o (a; +aQ2+a3)(Q1 b: bs +2 bs bi tas by b:)? 
(1 +iwT) (1+iwT>) 
where 
L = Qt A2 b? (b; = b2)? + Ao M3 b, (b: = b3)? 
+ a3 a, b? (b: — 6;)? 
M = Qt Mo b; (b, = b.)? + Ole 2 b: (b — b)? 
+ Q!3 Ql; bo (b; => b,)?. 
We hope in a second paper to give a rigorous proof of 
the Boltzmann-Hopkinson Principle of Superposition, 
from which all the formulas given above for the alter- 
nating case can be deduced, and to apply it to the case 
E = t where an e. m. f. with constant time gradient is 
applied. | 
Note on the analysis of a quotient of two polynomials 
into simple fractions. 
The quotient G (x)/F (x) where G (x) isa polynomial 
of degree less than n and F (x) = (x — 21). . . (L — 2n) 
may be written in the form 


G (x) = A; Aa 
F(z) x-z TA L— Tn 
where (Á, .. . An) are constants to be determined. 


To find them we multiply up by z — 2, say, and then 
let x = x, giving 
G (xı) 


waa. aa O NONE Oe ay) 


H (x), say, where H (x) = (x — x2). . . (2 — z,„) and so 
the ordinary rule for the derivative of a product gives 
F’ (x) = H' (x). (x — xı) + H (x) 


Whence 

F’ (xı) = H (a1) = (1 — £2). . . (£i — £an) 
Hence 
A, = F’ (a,) and, in general, A, = F æ) 


We have supposed here, as is the case in the text, that 
no two of the numbers (£1, £2, . . . Xn) are equal. 


Discussion 
Vladimir Karapetoff: The phenomenon of absorption in a 
composite dielectric, each layer of which separately shows no 
absorption, has been graphically explained by Grūnewald!. 
Referring to the accompanying sketch, consider the simplest 


1. Arch. fur Elek., 1923, Vol. 12, p. 98. 
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case of two slabs A BC Dand C D E F, of equal thickness and of 
equal insulation resistance to direct current. Let the material 
I be of much lower permittivity than the material J] I. Let AB, 
C D, E F, represent very thin layers of metal foil, to insure the 
positions of equipotential surfaces. Assume the metal sheet 
A B grounded at G and a d-c. potential of value N F suddenly 
applied to the surface EF. The instantaneous distribution 
of potential may then be represented by the broken line H K F. 
The permittivity of the layer 7 being lower, a major portion, 
S K, of the total voltage is applied across it, and a minor portion, 
K C, across ] I. The slopes of the two lines are inversely as the 
permittivities, or directly as the elastivities of the two materials. 

At the first instant, there can be no electric charge on 
the surface C D, and the displacements of electricity through 
both dielectrics must be equal to each other. The line P R 
indicates this condition, the ordinate H P representing the 
displacement of electricity or the charge on the plates. It will 
be seen that the positive and negative charges on the plate C D 
cancel each other, leaving equal and positive charges on A B 
and EF. 


Now, let the same voltage remain applied indefinitely, causing 
a conduction current through the dielectrics. Since, by assump- 
tion, the resistivities of the two materials are equal, the final 
distribution of potential will be represented by the straight 
line HLF. The voltage gradient in the material Z has been 
reduced in the ratio of L S to K S, and consequently the dis- 
placement of electricity will be reduced in the same ratio, say 


from H P to H P!. The potential gradient in Z J has been 
increased from C K to C L, and the displacement. increased in 
the same ratio, say from N R to N R!. Thus, the middle plate 
C D receives a positive charge S Q! and a negative charge 
S TI, or a net negative charge Q! TI. An electroscope con- 
nected to C D would indicate this charge, corresponding to the 
difference K L in the voltages at the first instant and under 
steady-state conditions. 

Let the potential N F be suddenly removed and the plate E F 
immediately grounded. The new distribution of potential will 
then be represented by the line H M N, the potential of the 
middle plate being negative because it carries a negative charge. 
Numerically, S M = LK. The charge on C D will be equal 
to — Q! TI, and that on each of the grounded plates + 0.5 Q! T!, 
Should the plate E F be left grounded indefinitely, the charge 
Q! T! would ultimately leak to the ground in both directions. 

Let the plate E F, however, be grounded for an instant only, 
and then an equal and opposite voltage, N E, applied to it. 


P rw en _.. = Ee — 


se ee ee ee eee e o 


P 


a 
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The new instantaneous distribution of potential will be H D E, 
where M D = S K. In other words, the new distribution of 
potential may be considered as a result of superposition of the 


distribution H K F in the neutral state and of the distribution © 


H M N due to the accumulated charge on C D. 

It will thus be seen that the new distribution involves a 
greater stress in the material 7 than without absorption. More- 
over, the absorbed change can reach C D only through conduc- 
tion which involves heat loss. The materials themselves have 
no property of absorption, but because the ratio of their con- 
ductivities is different from that of the permittivities, a residual 
charge, alternately positive and negative, accumulates on the 
dividing surface as the applied voltage changes its sign. This graph- 
ical interpretation may be carried further, to include more layers or’ 
layers of different thicknesses and different resistivities. Some 
years ago, the writer designed a kinematic model to show dielec- 
tric absorption according to Granewald’s representation. Cer- 
tain linkages were connected through a spring and a dash-pot. 
At the first instant, as the point N on the linkage was suddenly 
raised to F, the linkage assumed the shape H K F. Then the 
spring gradually moved point K to L, overcoming the resistance 
of the dash-pot. Moving the point F suddenly to E gave the 
configuration H D E. Some parts of the model were made 
but the work was never completed due to a pressure of other 
investigations. 

While Maxwell’s theory of absorption has considerable 
methodological value, its practical usefulness is limited by the 
fundamental assumption that the layers which constitute a 
dielectric possess no absorption when tested separately. This 
may be true of such pure materials as white paraffin and xylol, but 
dielectrics used in practise show considerable absorption even in 
their constituent parts, such as paper, oil, mica leaves, ete. 
It is, therefore, not clear how to apply Maxwell’s theory to a 
given case of say molded insulation, built-up mica, paper and 
oil, ete. 

For this reason, it seems necessary for the present to assume 
the existence of the phenomenon of absorption in a given piece of 
insulation as a fact, and simply try to express mathematically 
the observed behavior, having made plausible assumptions 
about the shape of the functions expressing variations of current 
and flux density with the time. This method is used in the 
writer’s paper on the subject presented at the 1926 Winter 
Convention.” 

D. W. Roper: I should like to comment upon the necessity 
for such fundamental research. The industry at the present 
time is forging ahead of the science in cable dielectrics, par- 
ticularly in high-voltage cables, and in this country that means 
paper-insulated cables. We are not yet able to test a cable and 
predetermine with reasonable accuracy its operating char- 
acteristics. A cable which has passed all of the requirements of 
the specifications agreed upon by the manufacturers and com- 
mittees of the various associations will fail in service, and some- 
times within a few months after being placed in service. Two 
instances of that sort have occurred within the past year. They 
were not confined to any one operating company, nor to any one 
manufacturer. In each case, after one or two failures had 
occurred, the manufacturers looked over their factory records 
and found evidence which caused them to be suspicious of 
certain other sections of cable that had been sent out from their 
factories, so they arranged with their customer to remove and 
replace certain other sections that had not yet failed, but which 
the manufacturers thought would probably fail, and the expense 
of the change was borne by the manufacturers. Now there is 
perfectly definite evidence that the manufacturer, from his 
factory records, can tell something about the cable that was 
not shown by any test that we know how to make, either in the 
factory or after it is placed in service. 

We can make life tests on cable, and if we do, we get a fairly 


2. (A.I. E. E. Trans., 1926, Vol. 45, p. 124.) 
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definite line between the voltage and the time. If we plot the 
logarithm of the kilovolts against the logarithm of time, we 
obtain a straight line, and for the types of cables that we are 
getting nowadays the kilovolts vary inversely as the seventh 
root of the time. Now, if you test that cable for a part of its life, 
there is no way of which we know at the present time to deter- 
mine what fraction of that life has been spent, except by looking 
at the clock and the voltmeter. There is no electrical test that 
can be made to determine deterioration. 

The lower part of that curve is of great interest because if you 
simply extend that curve, you get a finite time for zero voltage; 
but we know that if you get the voltage low enough, the time 
becomes infinitely long. 

We have that problem before us continually. As a company 
increases in size and builds new generating stations, it scatters 
them about the territory which it supplies, so as to reduce the 
transmission distances, among other things, and that means that 
every time a new station is built, it is necessary to take out of 
service some cable which is no longer of value in its original 
location and remove it to some new location. As the voltages 
increase and we operate a little closer to the limit, there is every 
prospect that we shall at some future time be taking out of 
service cable which has lost so much of its life that it would 
hardly pay to reinstall it in a new location, but there is no way 
of telling that except to go ahead and install it and then replace 
it if it fails. 

There is one other point: In connection with the cable failures 
in Chicago and the determination of their cause, we found it 
expedient to train some of our younger engineers in methods of 
systematic and careful inspection and analysis of cable in the 
vicinity of the failure and at points on the same section remote 
from the failure, so as to tell whether the cause of the trouble was 


` one which existed throughout the entire length or which was 


local. A local case of trouble might for example, be due to 
irregular impregnation,—spotty impregnation, as the manu- 
facturers call it. As these young engineers have competent 
supervision and instruction, you might say that their ability 
is proportional to their experience, and along certain lines the 
circumstances have been such that they had ample experience. 

A few years ago we had some trouble with the joints on 33-kv. 
3-conductor cables, and we had to remake the joints so as to use a 
different joint-fillng compound. The one used was unsuitable 
for the purpose. In remaking these joints, we carefully examined 
the ends of the factory insulation in the joint, in some cases 
cutting back a few inches or a few feet, if necessary, and in a few 
cases replacing entire sections, because examination disclosed the 
evidence of ionization, and when those evidences of ionization 
were sufficiently definite and numerous throughout the insulation 
at one point, we removed that cable either by cutting it back in 
the manhole or by replacing the entire section. That gave us a 
very good opportunity for getting an average idea of the insula- 
tion of the entire line and from the evidence so gathered, the 
engineers making the inspection predicted the failure of the 
line very shortly from ionization. They reported that the life 
had been well spent at the operating voltage. The prediction 
was verified within six months. 


The point to which I wish to call attention is that we can get 
this evidence and this prediction from a visual examination, 
but we cannot make any tests whatever, that we know now how . 
to make, which will warrant the same prediction. We are now 
making, I believe, all the tests that we know how to make, on the 
data that we have available, and apparently what we need is 
more fundamental research that will enable us to make more 
tests and determine some of these features that we can now 
determine by visual examination or other methods which are not 
electrical tests. 


Joseph Slepian: I should like to raise the question as to how 
much actual information about dielectrics such mathematical 
investigations can give. —Essentially,, Dr. Murnaghan shows, 
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following Maxwell, that if a dielectric is composed of n layers of 
dielectric with different dielectric constants and resistivities the 
relation between voltage and current is one which satisfies an 
nth order differential equation and hence there must be a certain 
final relation between current and voltage. But it does not 
follow that if for any particular dielectric the voltage and current 
do satisfy such a relationship that the dielectric must be com- 
posed of n lavers. 

They are infinitely many hypothetical structures of the di- 
electric which will give the same relationship hetween voltage and 
current. For example, if we insist on explaining the behavior of 
the dielectric by inhomogeneities, we will have equally great 
success by imagining the inhomogeneities to be in the form of 
little spheres. Wagner, I believe, has carried out a mathematical 
investigation of such a dielectric. A year ago Professor 
Karapetoff also considered the mathematical theory of a dielec- 
tric with what he called particles, each particle having dielectric 
properties expressed by means of a first order of differential 
equations.* By suitable hypotheses as to the distribution of 
these particles, any relationship between voltage and current 
satisfying the principle of superposition may be derived. 

The fact that an actual dielectric has voltage-current relation- 
ships which correspond to the results obtained by such analyses 
throws no light upon the structure of the dielectric itself at all, 
since all these hypotheses lead to the same results. By merely 
measuring voltage and current no information can be obtained 
which permits one to decide which hypothesis, if any, is the 
actual truth. 

Hence I waut particularly to point out the need of other kinds 
of information than relations between current and voltage. 
Before we can attach importance to any inhomogeneity theory, 
we must somehow show by other means the existence of the 
inhomogeneities which the theory postulates. In this connection 
I am glad to mention the work of Professor Joffé of Leningrad, 
whom I was fortunate enough to hear not long ago in Pittsburgh. 
Professor Joffé described some experiments upon crystals of rock 
salt in which, a priori, you wouldn’t expect any inhomogeneity at 


all. In spite of this apparent homogeneity Professor Joffé did - 


observe absorption, and after voltage had been applied to the 
crystal long enough for the absorption current to die down to 
nearly its zero value, he investigated the distribution of the 
potential through the erystal. By a very skillful technique 
which consisted of shaving away with insulated knives ex- 
ceedingly thin layers of the dielectric he found that the distribu- 
tion of potential through this dielectric consisted of a very small 
gradient through the kody of the material with almost all of the 
potential concentrated in thin layers immediately next to the 
electrodes. Thus he showed the actual existence of a layer, next 
to the one electrode which had such different characteristics from 
the rest of the dielectric as to cause the voltage to be highly 
concentrated on that layer. The most significant thing about 
Joffé’s experiment is that the layer in question had its peculiar 
properties only because of its relation to the eleetrode. If after 
the layer was cut off voltage was applied to the remaining crystal 
a concentration of potential upon the layer next to the electrode 
would again be obtained. The inhomogeneity which is active 
here is not in the material to begin with. It is an inhomogeneity 
which is produced by the electrice current itself. For an under- 
standing of the phenomena in dielectrics, it is not sufficient to 
treat the dielectric as if it had a simple ohmic conductivity. The 
nature of the carriers of current must be considered and account 
taken of the space charges which these carriers produce as a result 
of the flow of current. 

In the absence of evidence other than the voltage-current 
relationships, the lavers of Maxwell, spheres of Wagner, particles 
of Karapetoff, must be considered as mathematical fictions or 
conveniences, or simply individual preferences as to the manner 


3. Theory of Absorption in Solid Dielectrics, by V. Karapetoff, A. I. E. E. 
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of describing the phenomenon that is going on. Personally, I 
prefer to say that the homogeneous dielectric has its own complex 
properties rather than to assume a hypothetical complex hetero- 
geneous structure, built up of parts having hypothetically simple 
dielectric properties. 

Donald Bratt: In regard to the physical conditions of the 
problem, it is well to remember that Maxwell’s idea was nothing 
more than to show that there is no such thing as “absorption” 
of charge in a dielectric. He did show, that the phenomena 
known as “absorption” are the result of lack of homogeneity and 
confined himself to the simple case of two plane condensers in series, 
subjected to a sudden application of a d-e. voltage. He further 
indicates, that the nature of these phenomena remains the same 
even if the dielectrics assume a geometrical shape other than 
plane. The proof of this statement could, perhaps, be given in 
strict mathematical language, there is nothing however to make 
one believe that the phenomena in physics should change their 
nature by changing the geometrical configuration of the 
boundaries. In all problems where phenomena obey for in- 
stance the well-known Laplace differential equation a purely 
mathematical transformation exists, which will refer any bound- 
ary to the cubical dement on which we base our physical laws, 
as well as our calculus. Maxwell did not, apparently, consider it 
necessary to emphasize this. 


It is not safe to hase an extended analysis on Maxwell's work, 
for the further reason that Maxwell omitted the magnetic 
permeability from this problem to get a simpler analysis of the 
initial displacements due to a suddenly impressed d-c. voltage. 
He found these displacements all equal initially. Had Maxwell 
wanted to go a little further, it would have been necessary for him 
to emphasize that there cannot be any such thing as a displace- 
ment until the wave starting from one end of the dielectric has 
had time to reach the other end. 


The idea of a wave does not, of course, occur unless magnetic | 


permeability is introduced. 

The term “dielectric absorption” is doubtless derived from a 
supposed analogy with heat. It was this idea Maxwell tried to 
refute by showing how different were the laws governing dielectric 
phenomena from those governing the flow of heat. On page 
458 (Vol. I) in his work Maxwell says (referring to his above- 
mentioned analysis): “The object of the investigation is merely 
to point out the true mathematical character of the so-called 
electrice absorption and to show how fundamentally it differs 
from the phenomena of heat which seem at first sight analogous.” 

To give a general solution of a stratified condenser, consider 
first the conventional picture of a dielectric: a non-inductive 
resistance in parallel with an ideal condenser. Should a d-e. 
voltage be suddenly impressed on such a condenser, the initial 
rush of current would be infinite. The same would happen if 
several such condensers were connected in series. To avoid this 
difficulty it is necessary to make certain restricting assumptions 
on the form of the impressed voltage, as will be shown helow. 


Take, now, Dr. Murnaghan’s equation (7) 


a} an 
—— 2.0 ooo =E 
[srt zey je 


which I prefer to solve for the current, writing, symbolically 


l E (t) 
ag 1 1 1 
gitpe ge +P  — gntpen 
where 7 is the total charging current at any time t E (t) is the 
external voltage impressed, and may for the moment be assumed 
to be perfectly unrestricted. 
gk and C, are the conductance and capacity of the kth condenser. 


. ! ; d o ; 
p is the differential operator T (Heavisides notation) 
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Re-arranging, we obtain an expression 


. A (p) 
it = —— E (t) 
B (p) 
where A and B are algebraic polynomials in p; A being 1 degree 
higher than B. 


To reduce still further, perform the division : 2 > we get 
p 
A (p) G (p) 
— E = M p4 
B (p) P E H(p) 


where M is a constant directly obtained by the division, G and 
H are polynomials in p of the same degree (i. e. (n — 1) if there 
are n condensers in series.) 


According to the Heaviside Expansion Theorem, we now have 


G 
UKE E p +. Kanai Pp s where 
H (p) p— p P — Pn-i 
a G (0) 
H (o) 
Pi: P2. . Pn-1 are the roots of H (p) = 0 which are all 


negative and real, no two roots being alike, by assumption. 
1 G (pr) 


i Ò 
Pr C 
[ dp Ho |, 


P — Pn- 


performed on E (t) gives a solution 


K, = 


so that 


is [Mot Ket BoP +.. Kan 
p — pı 


The operation 


r 
t 


E (t) =E (t) + e?” pr f eor E (u)du 


o 


p 
pP — Pr 
Further 
Keo E (t) means nothing but K, E (t) since Ko is a constant 
d E (t) 
dt 
so that the solution can be written 


n— i1 
i= Md peo K+ SK | 
1 
n— 1 t 


+ > e?r p, f e™?r“ E (u)du 
1 Oo 


The displacement f, of the rth condenser would be, 


M p E (t) means M. 


which solves into 


4 
SAk m ee 


Sr A 


and can be calculated when i is known. 


It should be noticed, that these solutions for i and f, are per- 
fectly general, inasmuch as the voltage E (t) has not been subject 
to any restrictions. 


Our immediate concern, as physicists, would now be to check 
the theory by experiment. It would then be a question of the 
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best form to adopt for the test voltage E (t), and particularly the 
form of E (t) neart = 0. 

There are three principal forms that may occur: 

(1) D-e. voltage is entirely inadmissable, as it would intro- 
duce wave motion that has not been considered above. 

(2) Alternative (sine-wave) voltage is better, but gives a finite 
value of current for t = 0 in the formula above, and is therefore 
not recommended. 

(3) Voltage, possessing zero derivative at ¢ = 0 should be 
used, for instance E (t) = Ey (1 — cos wf). 

In other words: an a-c. voltage super-imposed on a d-c. voltage 
so as to produce a gradual smooth rise of voltage at the first 
moments would probably be the best to use when testing the 
theory. | 

To sum up: The weak spots in any theory of the dielectric 
omitting the magnetic permeability will be found around dis- 
continuous points in the external voltage-curve or its first deriva- 
tive. In particular it seems inadmissible from a physical 
standpoint to base a general solution on the solution for a 
suddenly impressed d-c. voltage. 

Vladimir Karapetoff: I am glad that Mr. Bratt brought up 
the question of discontinuity in the current at the first instant. 
This discontinuity is not confined to Dr. Murnaghan’s paper; 
any problem on a combination of resistances and capacitances 
leads to a similar inconsistency if you omit the magnetic flux. 
The system then has no inertia, and theoretically the current 
rises instantly from zero to a finite value. 

W. B. Kouwenhoven: We are carrying on an investigation 
of Maxwell’s theory at Johns Hopkins University under the 
auspices of the Engineering Foundation. We are endeavoring 
to obtain two or more perfect dielectrics having no absorption 
but different conductivities and dielectric constants. We will 
then make a mixture of these two dielectrics and if Maxwell’s 
theory is correct the resulting mixture will show absorption. 
This work is still in its early stages and we are not ready to report 
any results as yet, but simply tosay that we are making progress. 

A. F. Puchstein: (communicated after adjournment) Dr. 
Murnaghan uses the concepts of the physicist rather than those 
of the engineer. Would it not have been easier for the engineer- 
ing reader if the set-up had been based on the idea of capacitances 
instead of electric intensities and displacements” 


On this basis, the same value of current passes through all 
of the dielectrics, then for a two-layer arrangement 


(1) 
Since each layer may be regarded as a condenser shunted by a 
resistance we have the relations, 


41 = 13 


! d €) €i (2 
li =C i 
, i d t Tı 
; de: 4 €2 3 
l2 = C 
2 ET a (3) 


in which e, and ez are the potential drops across the different 
layers; rı and rz are the insulation resistances; and cı and cz 
are the capacitances of the condensers formed by each layer. 

In addition, the total potential drop e is the sum of the several 
drops, and this sum is at all times equal to the internal voltage E 
of the supply source minus its internal ir drop. It is assumed 
that the system is initially uncharged. From this we have 

e= e6 te, = Eir (4) 

At this point, the theory here given diverges from that of 
Dr. Murnaghan in that he assumes the displacements at the first 
moment to remain finite, with no further restriction, except that 
initially Af; = A f}, while here a limit is set by the i r drop in the 
supply source. The letter f stands for displacement. 

There is an obscurity of statement where we read, ‘‘* * * the 
polynomial @ degree n — 1 has all its zeros real and negative 
and that they lie in the intervals between the negative values of 
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b’s. Let us denote these zeros by (— Bi, — Ba... — Bn-1)***.” 
This may be correct, but it carries no meaning to one not 
initiated into its mysteries. 
To solve the above equations, equate (2) and (3), combine 


1 
(2) and (4), use D in place of T and solve for e, when 
¢ 
D + : 
c 
E T2 


(3) 


Equation (§) may be solved by the rules of operational caleulus 
or by the rules for solving simultaneous equations. The latter 
method is used here. We may solve for both or either e, and e:, 


and obtain the other by interchanging the subscripts. This 
last is the simplest and will be used here. 
If we put 

a=rec,C,, (6) 

r 
b=a(1+ )+a(a+ ) (7) 
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. then equation (5) becomes, since E is independent of time, 
E/r: 


eat +bDt+e (9) 


The roots of the denominator in (9) are 


b b 2 
mı and m: = — + \ ( ) ae (10) 
a 2a a 
and the solution, 
e = A eM 4 B emt 4. (11) 


Tac 


where A and B are the constants of integration. To determine 
these, we notice that e, is zero when ¢ is zero, then from (11) 
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O= A+B+ (12) 
Tec 
Also, when ¢ is zero, from (2) and (4), 
7-2, = = C š e 
l r ' dt 
Substituting e, from (11) in (13), 
E 
- = Am, + Bm. (14) 
Cir 


Solving (12) and (14), 


E (rac — mar c) 


A = (15) 


r172CC, (M2 — my) 
E 
jea | prl 
Tac 


To obtain ez, interchange all subscripts 1, 2, except those of m, 
and me. 


This theory is easily extended to the case of n layers and to 
alternating currents, though the solutions are more complicated. 


F. D. Murnaghan: I have been very interested in the various 
comments on my paper but shall confine myself here to some 
remarks on Mr. Puchstein’s communication since it is almost 
entirely mathematical in character. His idea of allowing for 
the internal resistance in the supply source is quite interesting 
and may be at once cared for by the general method of my paper. 
The E in equation (7) is now to be replaced by E — r u so that 
our fundamental equation for the current 1s 


ad es ee totter lesz 
Dib, Dab oP Da ne 


It is now of the nth order instead of the (n — 1)th as before. 
In the case of two layers the determining equation for the 
exponents is 
rD?+D{r(bi +2) +a + a2} +rbib: + aibs + arb, = 0 

Our a’s are the reciprocals of Mr. Puchstein’s c’s while our 
b’s are the reciprocals of the product of his c’s and r’s, t. e., 


T2C — mor Cy 


(16) 


Tı Cı (M2 — Mı) 


This equation checks, on substitution of these 


values, with his results (6), (Z), (8). The same method takes 


care of the general case of n layers. 


Space Charge and Current in Alternating Corona 


BY C. H. 


WILLIS: 


Associate, A. I. E. E. 


Synopsis.—1. The physical nature of ionization in a corona 
discharge in air is studied; by means of the corona spectrum, the 
saturation current in air around the corona voltage, and the influence 
of the material of the wire on the saturation current. The results 
indicate that nitrogen only is ionized in a corona discharge in air; 
that the tonization of the nitrogen results in the separation of an 
electron from the nitrogen molecule; and that the electron quickly 
attaches to a molecule or group of molecules, probably water or 
oxygen, to form anion. 

2. The free charge in the neighborhood of the wire called the 
space charge, is found to be alternating in character and to have a 
definite boundary. The space charge formed on any half-wave 
returns to the wire on the next succeeding half-wave. 

$. The mobility of the ions is calculated from the boundary of 
the space cnarge. A limiting value of about 10 cm./sec. per 


INTRODUCTION 


N 1913 J. S. Towsend published an explanation of 
corona on the basis of ionization by collision, which 
has been widely accepted. In developing this 

theory Towsend assumed ionization by collision for both 
electrons and ions. However, recent work on the 
ionizing ability of charged molecules 2!: #2: ° has led to 
considerable doubt as to the possibility of any action by 
the positive ions in corona. Also recent studies of 
coronat? have developed a number of anomalies in the 
behavior of gases under corona conditions. Among 
these anomalies may be mentioned the facts that: 
a, oxygen forms corona at a gradient below that required 
by nitrogen, but in the air the oxygen takes no 
part in the corona discharge, “ b, no simple relation 
seems to exist between the ionizing potential and the 
corona gradient. For instance, helium with an ionizing 
potential of 24.5 volts forms corona at a gradient much 
below that required by nitrogen with an ionizing 
potential of 17.0 volts.“ $e (The ionizing potential is the 
voltage through which an electron must drop unimpeded 
to gain sufficient energy to produce ionization.) A 
number of such instances can be pointed out and the 
results are no more rational if ionization is assumed to 
take place in two stages, first excitation and then 
ionizing the excited molecules. 

It is the purpose of this investigation t to obtain further 
experimental evidence about the physical nature of the 
breakdown of the gases in corona and to obtain informa- 
tion about the space charges formed by the corona which 
may lead to analytical expressions for the corona 
current, corona loss, and extra capacity due to corona. 


DESCRIPTION OF APPARATUS 


The electrode arrangement chosen was a wire and 
large plane, as this gives a representation of half of a two 
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volt/cm. is indicated for the positive ions. The negative ions show no 
sign of a limiting value and the mobility varies from about 1.6 to 
10 cm./sec. per volt/cm. as the maximum impressed voltage rises 
from the corona voltage to twice the corona voltage. 

4. Ionization is found to occur at lower voltages on the positive 
half-waves than on the negative half-waves and the ionization on the 
positive half-waves becomes much more copious with the beginning of 
tonization on the negative half-waves. 

5. A formula for the corona current based on theoretical con- 
siderations, is developed by the aid of certain empirical assumptions. 
This formula gives excellent agreement with the observed currents 
measured in large cylinders. A calculation of the corona current 
for a 100-mile three-phase transmission line gives a satisfactory 


agreement with the values of current as measured by W. W. Lewis. 
+ + + s $ 


wire transmission line, and permits an easy adjustment 
of the distance between electrodes. See Fig. 1. P P 
represents a plane 270 cm. by 420 cm. made of copper 
screen wire, number 16 mesh. E E represents a copper 
electrode 30 cm. by 91.5 cm. and about 0.2 cm. back of 
the plane. W W represents the corona wire 355 cm. 
long. The sizes of wire used and the distances used 
between the wire and plane, which are represented by c, 
are given in the corresponding data. 

The potential source was a 5-kv-a. 60-cycle, 125- 
volt motor-driven generator, connected to -a 10-kv-a., 
120/240-100,000-volt, 25-cycle transformer. The dia- 


gram of connections is shown in Fig. 2. The trans- 
former was used only in the 240-100,000 volt con- 
nection. 

The electrode E E is connected to a battery through 
a galvanometer G and a protective resistance R. By 
making E E positive with respect to the grounded 
plane P P, a portion of any negative ionic charge 
arriving at the plane will be drawn through the meshes 
of the wire to the electrode, and cause a deflection of the 
galvanometer G. By reversing the potential of the 
electrode E E, a portion of the positive ions arriving at 
the screen will be drawn to the electrode E E and 
cause a deflection of the galvanometer G in the opposite 
direction. This is essentially the same method for 
detecting the corona charges as that described by 
Whitehead in 1912.13 

The potential on the wire was regulated by resistance 


201 


272 


in the generator field. This method may cause varia- 
tions in the wave form but these were not serious over 
the range of voltage used as shown by oscillograms. 
In order to maintain constant voltage the field and 
driving motor of the generator were supplied from a 
storage battery. 

The high-tension voltage was in most cases deter- 
mined by measuring the primary voltage. The ratio of 
transformation was determined by a potential trans- 
former, and as the load was small and almost constant 
this ratio was assumed to hold for all measurements. 


2120 Volt Battery R 


Vi 
120 Volt Battery 


Generator 


All voltmeters used were of the dynamometer type 
and were calibrated on direct-current by a potenti- 
ometer and standard cell. The galvanometer was a 
Leeds and Northrup type N instrument with a period of 
20 seconds and a sensitivity of 370 megohms with the 
scale as used. 


THEORY OF SPACE CHARGE 
(Wire and Concentric Cylinder) 


It is generally accepted that the region of ionization 
in corona is a thin layer of the gus around the corona 
wire. Under this condition the ions formed of the same 
sign as the potential of the wire are driven out while 
the ions formed of the opposite sign to the potential on 
the wire will be drawn in to the wire at once. On 
reaching the wire the charge of these ions flows im- 
mediately through the conductor of the potential 
source to the opposite electrode. It is the flow of this 
charge that constitutes the corona current. 

During the time that the charge of opposite sign to 
the potential of the wire is passing from the region of 
ionization to the wire and then to the opposite electrode 
the charge of the same sign as the potential of the wire 
moves very little because the charges move much 
more slowly through air than through a conductor. 
The charge of the same sign as the potential of the wire 
is then left as a space charge immediately surrounding 
the wire when the charge of the opposite sign reaches 
the opposite electrode. The energy represented by the 
corona current flowing through the high tension circuit 
is now stored as an electric displacement between the 
space charge and the charge on the opposite electrode. 
See Fig. 3A. 

So far the corona wire and the opposite electrode have 
behaved just as a condenser but there is this important 
difference; the space charge is free to move under the 
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action of the electric field, and, as the space charge 
does move out, the energy stored in it is dissipated, 
reappearing in other forms. 

If the source of potential is continuous this space 
charge will reach the opposite electrode and all of the 
energy will be dissipated. However, if the source of 
potential is alternating the space charge may or may 
not have time to reach the opposite electrode, before the 
potential reverses, depending on the frequency and the 
distance between the electrodes. 

Under these conditions the behavior of the space 
charge may be accurately represented by a circuit com- 
posed of a resistance in series with a capacity. Fig. 3A 
represents the condition just after a layer of space 
charge has been formed, and Fig. 3B represents the 
condition after this layer has moved out a distance from 
the wire. It must not be assumed that the entire space 
charge is formed instantly and in one layer for its forma- 
tion starts when the voltage passes the corona voltage 
and continues certainly past the crest of the voltage 
wave. Figs. 3A and 3B refer to any particular layer of 
the space charge. 

An ion formed at any point on a voltage wave will 


have the time of the remainder of that wave for its 
outward journey, and the entire succeeding wave in 
which to return. All ions will therefore have more 
time in which to return to the wire than they have for 
their outward path, since ionization does not begin until 
the instantaneous voltage has risen to the corona volt- 
age. If then we neglect diffusion and the slowing 
down of ions.due to the formation of molecular 
aggregates, all of the space charge which does not 


| 
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reach the opposite electrode before the voltage reverses 
should return to the wire at which it was formed during 


the voltage half-wave succeeding that on which it was 


formed. 

The returning space charge of course meets the out- 
going space charge and any recombination between 
these two is equivalent to a return of the space charge 
to the wire. Recombination therefore increases the 
probability of the return of all of the space charge to 
the wire. 

The corona loss is due to the movement of the space 
charge through the electric field surrounding the wire. 
We may concentrate our attention on any average ion, 
of the space charge. Beginning just after its formation 
at the surface of the wire, and assuming that the ion has 
the average velocity of thermal agitation this ion will be 
accelerated by a force due to the electric field. As the 
ion moves through a free path its velocity increases due 
to the acceleration. At the first collision between the 
ion under consideration and a neutral molecule, the 
ion imparts to the neutral molecule, a portion of the 
energy gained from the electric field, even though the 
collision be perfectly elastic. However, the ion will 
start its second free path with a velocity greater than 
the average velocity of thermal agitation and therefore 
will have a higher velocity at the end of its second free 
path than at the end of its first free path. It will there- 
fore lose more energy in the second collision. In this 
manner the velocity of the ion rises above the mean 
velocity of thermal agitation, to a value, called the 
terminal velocity, such that the ion loses as much 
energy at a collision as it gains during a free path. 
(The ion requires a number of collisions to reach this 
terminal velocity, and the terminal velocity of course 
varies with the field in which the ion travels.) 

If the terminal velocity of the ion attains a value 


sufficient to ionize a neutral molecule, ionization occurs: 


and the ion loses practically all of its energy, and must 
then start the process of building up its terminal 
velocity again. From this it is evident that as the 
space charge moves through the electric field, the energy 
stored in the space charge is converted into heat in the 
elastic collisions between ions and molecules, or in case of 
an inelastic collision may produce a disturbance of the 
atomic structure resulting in ionization, or sometimes 
only the radiation of light. This conversion of electric 
energy into heat, light, and free charge constitutes the 
corona loss. 

In the case the space charge does not reach the 
opposite electrode, some of the energy stored in the 
space charge is not dissipated because the ions do not 
travel through the entire potential difference. The 
energy stored in the space charge and not dissipated by 
the ions as they travel out is returned to the system and 
results in the extra capacity effect observed in corona. 

SPECTRUM OF CORONA 

The spectrum of the corona light was photographed 

by means of a sensitive spectroscope through the 
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courtesy of Dr. R. W. Wood. The spectrum showed 
the band spectrum of nitrogen but no trace of the 
oxygen spectrum even at a voltage twice the corona 
voltage. These spectrograms were unfortunately de- 
stroyed by a fire in the Physics Laboratory. However, 
the results were in accord with the spectra of the arc in 
nitrogen as studied by K. T. Compton® and the point 
discharge in air as studied by U. Yoshida and H. 
Hirata. They have therefore not been repeated. 

It has been found by K. T. Compton® that the 
the dissociation of nitrogen occurs at a much higher 
voltage than that required for ionization and that the 


dissociation is accompanied by the appearance of the 


line spectrum. The corona spectrum, a band spectrum, 
therefore indicates that the ionization in corona is the 
breaking off of electrons from the neutral molecule and 
not a dissociation of nitrogen molecules. The results 
of the corona ionization are electrons and charged 
nitrogen molecules. The absence of the oxygen 
spectrum indicates that the nitrogen alone is ionized, or 
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Fig. 4—Maanesium Wire Mercury Arc 15 Cm. ABOVE 
WIRE, TEMPERATURE 26 Dea. CENT., BAROMETER 76 Om., 
Wire DIAMETER 1.14 Mm. DISTANCE FROM WIRE TO PLANE 4.0 
Cm. TRANSFORMER Ratio 401. 


that the oxygen does not play any appreciable part in 
the corona ionization. 


SATURATION CURRENT IN AIR NEAR THE CORONA 
VOLTAGE 


In order to obtain further information on the physical 
nature of the ionization in corona, the saturation current 
of the air was measured as the voltage approaches the 
corona value. Whitehead,'' and Lee and Kurrelmeyer* 
found no effect on the corona voltage due to ionization 
of the air by external means. A quartz mercury are was 
therefore used to increase the conductivity of the air and 
give an appreciable saturation current. 

It was found that a quartz arc placed about 10 cm. 
from the wire and in a position central to the electrode 
E E would cause sufficient ionization to give an appreci- 
able deflection of the galvanometer due to the charge 
drawn through the plane. With the electrode E E posi- 
tive and thewire close to the plane, the alternating high- 
tension voltage was raised by small steps past the corona 
voltage, and the galvanometer deflections observed at 
each step. These galvanometer deflections give a 
measure of the space charge formed on the voltage half- 
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waves when the wire is negative. These observations 
were repeated with the mercury arc illuminated, care 
being taken to have the arc illuminate the side of the 
wire nearest the plane. A typical set of observations 
on a magnesium wire are shown in Fig. 4. Ina similar 
manner observations were made on the space charge 
produced during the half waves when the wire was 
positive. These results are also shown in Fig. 4. 

A measurement of the lower portions of the current 
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Fig. 5—Coprer Wire Mercury Arc 10 Cm. rrom WIRE. 
TEMPERATURE 15.1 Dea. CENT., BAROMETER 77.0 Cm., WIRE 
DIAMETER 1.583 Mm. DISTANCE FROM WIRE TO PLANE 6.0 Cm. 
TRANSFORMER Raro 401. 


curve with the arc on showed the typical saturation 
curve for gases discussed by Towsend (34, page 2). 
These curves show that the corona voltage coincides 
approximately with the sharp rise in the saturation 
curve due to the ionization by collision for both the 
positive and negative corona voltages. 

However, the curve with a negative wire starts to rise 


—~ 


= 


GALVANOMETER DEFLECTION IN CM. 


0 31 32 33 

PR'MARY VOLTAGE HIGH-TENSION 
Fic. 6—NEGATIVE CORONA ON Correr WIRE. WIRB 
SCREENED FROM Arc. ARC10CmM. FROM WIRE. TEMPERATURE 


16.9 Dea. CENT., BAROMETER 76.1 Cm., DIAMETER OF WIRE 
Mm. 1.583 DISTANCE FROM WIRE TO PLANE 4 Cm. TRANSFOR- 
MER Ratio 401 


at much lower voltages than the curve with a positive 
wire. This has been interpreted as indicating that with 
the wire negative the photoelectrons emitted by the wire 
cause ionization but with the wire positive the action is 
due to the charges coming in from the ionized gas. 
These incoming charges come from a lower gradient and 
have attached to molecules, forming ions. They, 
therefore, do not cause ionization at such low gradients 


nor so copiously as the electrons. This conclusion is 
substantiated by the following observations. 

In Fig. 5 we have curves taken on a copper wire with 
the arc directly in front of the wire so that it did not 
shine on the side of the wire nearest the plane. The 
crossing of the curves for positive wire with the arc on 
and arc off is probably due to the fact that the are 
caused the brass wires in the plane between the wire and 
electrode (see Fig. 1), to emit negative electrons and 
therefore reduced the number of positive ions drawn 
through the plane to the electrode. In the other cases 
shown the are did not shine directly at the plane behind 
the wire and this effect was therefore greatly reduced so 
that it became inappreciable. 

The two curves with the arc on, shown in Fig. 5, 
are quite similar and indicate that the ionizing agent 
was the same type of carrier in both cases. Since there 
is no positive carrier of the dimensions of an electron 
we must either assume that ionization in both cases was 
due to ions of molecular dimensions, or that we have 
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Fie. 7—NEGATIVE CORONA ON MAGNESIUM WIRE. WIRE 

SCREENED FROM Arc. ARC 10 CM. FROM WIRE. TEMPERATURE 

26 Dea. CENT., BAROMETER 76.0 Cm., DIAMETER OF WIRE 1.14 

Mm. Distance FROM WIRE TO PLANE 4.1 Cm. TRANSFOR- 
MER Ratio 401 


electrons liberated from the metallic surface in the case 
of the negative wire. Recent experiments on the 
ionizing ability of molecular ions have notshownany evi- 
dence of ionization by charged molecules.*: “ However, 
Horton and Davies" have shown that the action attribu- 
ted to the positive ions may be due, in some cases, to the 
emission of electrons by the metal electrodes under the 
bombardment of the positive ions. If this be the case 
in corona the saturation curve should rise much more 
rapidly for a magnesium wire than for a copper wire 
when the wire is not illuminated by the arc. To test 
this conclusion curves 6 and 7 were taken for negative 
corona on copper and magnesium wires respectively. 

In addition to having the arc behind the wires so it did 
not illuminate the side of the wire next to the plane, the 
wires were screened from the rays of the arc by a glass 
tube one em. in diameter and with a two-mm. wall. 
These results are shown in Figs. 6 and 7. . 

The ordinates for the curve on magnesium wire are 
not materially different from those on copper. While 
this evidence is negative and may not be considered 
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incontrovertible, it seems highly probable that the 
corona gradient is a field intensity where the positive 
molecular carriers become active ionizing agents as 
Towsend has assumed. The ionizing action of molecu- 
lar carriers is quite unknown and probably entirely 
different in nature from the action of electrons. This is 
a possible cause of the anomalies in the behavior of the 
different gases. 

BREAK IN THE DISCHARGE CURVE FOR POSITIVE 

CORONA 


As previously shown, when corona forms at the 
crest of the voltage wave, the ions produced have a 
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Fie. 8—Corona DiscHarGcs Curves. TEMPERATURE 21.6 
Dea. CENT., BAROMETER 75.4 Cm., FREQUENCY 59.5 Cycuzs. 
Wrne Diameter 0.440 Mm. TRANSFORMER Ratio 401 


quarter period for their outward journey and the next 
succeeding half period in which to return. Under these 
conditions all of the space charge produced in any half 
wave returns during the next half wave and there is a 


on 
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Fig. 9—Corona DiscHarGse Curves. TEMPERATURE 24.4 
Dec. CENT., BAROMETER 75.4 Cm., FREQUENCY 59.5 CYCLES, 
WIRE DraMETER 0.440 Mm. TRANSFORMER Ratio 401 


definite boundary beyond which none of the space 
charge is found. (See Figs. 14 and 15.) Typical 
curves of the galvanometer deflections (proportional to 
the charge reaching the plane) against voltage are 
shown in Figs. 8 and 9. Fig. 8 gives the type of curves 
found when the wire is close to the plane. Fig. 9 shows 
the curves found when the wire is distant from the plane. 
_ The break in the curves for the positive corona shown 
in Fig. 8 is due to the start of negative corona on the 
Opposite half waves. In order to establish this point 
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definitely a battery was connected in series with the high 
voltage winding of the transformer. In this way the 
a-c. voltage may be given either a positive or a negative 
bias. 

The start of the positive corona appears at a constant 
value of the positive gradient, while the break of the 
positive corona appears at an approximately constant 
value of the negative gradient coinciding with the start 
of the negative corona, as shown in Table I. 

An inspection of the curves shown in Fig. 10 (for 


TABLE I 


Positive gradient at Negative gradient at 
start of positive corona | break of positive corona 
79.0 Kv/cm. 
79.0 
78.9 


81.7 Kv/cm. 
82.3 
81.6 


positive corona with varying distances between wire 
and plane) shows that the portion of the positive dis- 
charge curve previous to the break is found only at 
distances frm the wire to plane less than 8 cm. for a 
one-mm. wire. With greater distances than this the 
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first appearance of the positive corona is not detected 
but the point determined corresponds to the break in the 
positive discharge curve at which point the positive 
discharge becomes much more copious and also much 
more mobile. | 
This break in the discharge curve for positive corona 
is of considerable interest in view of the fact that other 
observers have found only one voltage for alternating 
corona, but different voltages for the positive and 
negative continuous corona. Whitehead and Brown”? 
using the free charge in the air to detect the corona 
found the alternating corona to coincide with the 
negative continuous corona or the higher value. This is 
unquestionably due to the fact that their device for 
detecting free charges was not sufficiently sensitive 
to detect the first appearance of positive corona. Those 
observers using visual and aural methods to detect 
corona undoubtedly determined the voltage for nega- 
tive corona, because the volume of the discharge 
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becomes much more copious at this voltage. We were 
unable to detect any sound or light with the first 
appearance of positive corona. It seems probable that 
Whitehead and Isshiki® determined the voltage at which 
positive corona first formed but this is not certain. 
The size of their apparatus put them very near the 
boundary of the positive space charge at atmospheric 
pressure. So far we have made no observations under 
conditions which should give negative corona at the 
lower voltage. 


CORONA GRADIENTS 


The positive and negative corona gradients as 
determined by a wire and parallel plane on alternating 
current are given in Table II. 

The extreme constancy of the gradients for positive 


TABLE II 
CORONA GRADIENTS FOR WIRE AND PARALLEL PLANE COR- 
RECTED TO 20 DEG. CENT. AND 76 CM. PRESSURE 
FREQUENCY = 60 CYCLES 


Wire Wire Wire 

Distance diameter diameter diameter 

from 0.0440 cm. 0.1000 cm. 0.1584 cm. 

wire positive | Negative | positive | Negative | positive | Negative 
to planej corona corona corona corona corona corona 

in Cm. | kv./cm. | kv./cm. | kv./cm. | kv./cm kv./cm. | kv./cm 

3. 81.37 86.71 

4. 81.49 85.88 63.53 69.89 56.87 59.64 

4.5 81.12 85.15 

5. 81.06 84.70 63.45 68.45 56.39 59.89 

5.5 63.38 68.15 

6. 63.48 68.17 56.47 58.84 

6.5 63.58 68.10 56.44 58.74 

7. 66.51 58.75 
Mean.. 81.26 85.61 63.49 68.35 56.54 58.97 
Max. % 

dev 0.28 1.29 0.17 2.26 0.58 1.13 
corona is worthy of especial attention here. In no case 


does the maximum deviation from the mean represent 
as great a deviation in voltage as one-tenth of the 
smallest scale division on the meter as used. There are 
two factors entering into this. The first is that the 
galvanometer deflections for positive corona before the 
break lie quite accurately on a straight line. Therefore 
several readings above the corona voltage can be taken 
with the voltmeter needle coinciding with a line on the 
scale and the corona voltage determined by extrapolat- 
ing these values back to the axis. This gives an 
exceedingly accurate determination of the point at 
which the positive corona starts. The second factor 
influencing the relative constancy of the positive 
corona is the fact that the negative corona gradient 
seems to change with varying distances from the plane. 
The gradient for the wire nearest the plane is in every 
case about 2 per cent higher than the value a few 
centimeters further out. This may be due either to the 
distortion of the field due to returning positive charge 
or it may be due to the fact that the negative gradient 
is higher with a more rapidly divergent field. 

In support of this latter explanation it may be 
mentioned :a, that with large wires (less divergent fields) 


in concentric cylinders the negative gradient drops 
below the positive gradient; b, with the wire screened 
with a glass tube it was found that the gradient for 
negative corona was reduced until it coincided approxi- 
mately with the gradient for positive corona, while the 
positive gradient was not appreciably affected. These 
facts seem to confirm K. T. Compton’s® explanation of 
the increased strength of the air around small wires. 
Compton shows that the terminal velocity of an electron 
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builds up through a number of elastic collisions thus 
requiring a voltage distance relation to produce ioniza- 
tion. His calculations seem to be of the proper order of 
magnitude but a quantitative check is hardly to be 
expected until more is known about the ionizing action 
of ions and electrons. 

DISTORTION OF THE ELECTROSTATIC FIELD DUE TO 

RETURNING SPACE CHARGE 


It is to be expected that the space charge of a previous 
half wave will distort the electrostatic field as it returns 
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to the wire. Evidence of this is found in the fact that 


the negative corona ceases at a lower value of the 
effective voltage than that at which it starts, when the 
wire is far enough from the plane to permit the return of 
of the positive space charge. However, when the wire 
is so close that the positive space charge reaches the 
plane and does not return, the voltage for the start 
and stop of corona coincides. 

This effect is shown in Figs. 11 and 12. Fig. 11 with 
the wire four cm. from the plane, shows that the curve 
of positive discharge for increasing voltage coincides 
with the curve for decreasing voltage. The same was 
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found true for the negative corona at this distance. 
Fig. 12 with the wire 16 cm. from the plane shows that 
the curve for negative corona with decreasing voltages 
extends below the start of the curve for increasing 


voltages. The first appearance of positive corona. 


cannot be detected at this distance, and the break in the 
positive corona curve due to the negative corona, which 
can be detected behaves just as the curve for negative 
corona, shown in Fig. 12. 


BOUNDARY OF THE SPACE CHARGE 


The curves shown in Figs. 10 and 13 give gal- 
vanometer deflections against voltage for a number of 
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distances between the wire and plane. The start of 
positive corona for distances below seven cm. is given by 
the intersection of the discharge curve with the axis. 
Calculating the gradient for the start of positive corona, 
we find this constant, and using this value of the 
gradient we can calculate the voltage for the start of 
positive corona for greater distances between the wire 
and plane. In this manner the primary voltage for the 
start of positive corona with 15 cm. between the wire 
and plane was calculated to be 33.6 primary volts. 
At a high-tension voltage 400 effective volts above the 


corona voltage the primary voltage would be 34.6 volts. 


At this voltage the galvanometer deflection was three 
em. (See Fig. 10.) In a similar manner we can find the 
galvanometer deflection at 400 effective volts above the 
corona voltage for all distances between the wire and 
plane. We thus obtain the relation between gal- 
vanometer deflections (or space charge reaching the 
plane) and the distance between wire and plane for a 
given rise in voltage above the corona voltage. Curves 
of this type for positive corona are shown in Fig. 14. 
However, they refer to a different size of wire from that 
used for the curves in Figs. 10 and 138. 

The three small curves shown 1n the lower left hand 
corner of Fig. 14 give the charge reaching the plane for 
voltage increments insufficient to cause negative corona. 
These curves intersect sharply with the axis and this 
intersection is the boundary of the space charge at that 
voltage. Thus with a voltage 100 volts above the 
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positive corona voltage no ions can be detected at a 
distance greater than 5.2 cm. from a 0.1-cm. wire. If 
the voltage rises 200 effective volts above the positive 
corona voltage the boundary of the positive space 
charge is 5.6 cm. from the wire. A few readings were 
taken at 40 and 80 cycles showing that the boundary 
of the space charge depends on the frequency. How- 
ever, the machine used was not suited to these speeds. 
The results shown all refer to 60 cycles. 

If the voltage rises 400 volts above the positive corona 
voltage, negative corona also forms. The start of 
negative corona influences the quantity of the positive 
discharge greatly and it also greatly increases the 
mobility of the charge as shown by the fact that the 


.| sharp drop in the curve comes at a much greater 


distance from the wire. Above the negative corona. 
voltage the discharge curves for positive charge do not 
cut the axis sharply but approach asymtotically. 
This is believed to be due to diffusion. With the great 
increase in the density of the charge the effect of 
diffusion would be more important. Also as the voltage 


i is carried higher and higher above the corona value. 


the time during which the first charges can travel out 
approaches nearer and nearer to the time they have to 
return, that isa half wave. Therefore we would expect 
more and more charge to be carried out by diffusion as 
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the voltage rises above the corona value. However, the 
discharge curves descend quite rapidly in every caseand 
this marks the practical boundary of the space charge. 
The maximum shown in the curves for 400 and 800 
volts above the corona value is probably due to the fact 
that with a very small distance between the wire and 
plane most of the negative charge reaches the plane and 
therefore the effect on the positive charge is less impor- 
tant with small distances. Thismaximum should become 
less prominent as the voltage is raised because in that 
case the last charges formed will have a shorter time to 
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travel out and therefore the amount of charge returning 
to the wire will be greater as the voltage is raised. 

The curves shown in Fig. 15 are constructed in a 
similar manner for the negative charge, except that in 
the case of the negative charge the start of negative 
corona can be detected at any distance from the wire 
to plane by the break in the discharge curve for the 
positive corona. At great distances from the wire to 
plane, this is the first appearance of positive charge. 
These curves for negative charge all show a sharp inter- 
section with the axis and a definite boundary of the 
negative space charge. Since the positive charge is 
more mobile than the negative charge (except for very 
high voltages) and since the positive corona starts at 
lower voltages for the wires used, the negative ions 
which fail to return to the wire are probably destroyed 
by recombination. This prevents the curves for 
negative corona from becoming asymtotic to the axis. 


MOBILITY OF IONS IN CORONA DISCHARGE 


Ions moving through a gas under the action of an 
electric field obey the laws for bodies moving in a 
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viscous medium approximately. That is, the velocity ìs 
approximately proportional to the field strength. The 
mobility K is defined as the velocity of an ion in a unit 
field. K is usually given in cm./sec. per volt/em. The 
velocity S at any field strength E will therefore be, 


l S=KE 
The distance d r traveled in an element of time d tis 
dr=KEdt 


If now we consider the ions which travel along the 
shortest path from the wire to the plane, the field along 
this path, neglecting the distortion due to the ions 
themselves, is approximately 


c 
E = 2c¢ V/r (2c— r)log2c/a Since ~ > > 1 


where c is the distance from the axis of the wire to the 
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plane, a is the radius of the wire, r is the variable 
distance measured from the axis of the wire, and V is the 
potential difference between the wire and plane. (See 
Russell, Alternating Currents, Vol. I, p. 99.) Therefore 
dr/dt=KceV/r (2c — r) log 2 c/a (3) 
If now we assume V to be an alternating voltage 
V=V"sinwt 
and let V’ be the voltage necessary to produce corona 
such that 
V’ = V” sin 0’ 
The time which the first charges formed will have 
for their outward path will be 
tmt- 0 
w 


If now V” and E”, the maximum voltage and gradient 


i= 


be so chosen that the space charge just reaches the. 


plane it can be easily shown by integrating equation (3) 
and substituting limits that approximately 


2a fe 
K = 3 a (1 + cos 0) (4) 
Where 

K = mobility of ions 

c = distance from wire to plane 

a = radius of wire 

f = frequency 

E” = electrostatic gradient at the surface of the wire 
for the voltage V” 

V” = maximum voltage necessary to just drive the 
space charge to the plane 

= angle whose sine is V’/V" 

V’ = maximum voltage necessary to start corona. 


The quantities which must be determined experi- 
mentally are a, f, c, V’, and V”. a,c, and f can be 
measured directly. V’ can be calculated, for any dis- 
tance between wire and plane, from the maximum 
gradient for corona when the wire is near the plane. 
(In the case of negative corona, V’ is the observed 
voltage for the break in the discharge curve for positive 
corona which can be measured for any distance between 
wire and plane.) V” is the quantity most difficult to 
determine experimentally. This is due to the fact 
mentioned above that the boundary of the space charge 
is not very distinct on account of diffusion. However, 


-it will be noticed that the upper part of the discharge 


curves becomes fairly straight for all distances between 
the wire and plane. This is shown well in Fig.9. Itis 
assumed that the straight portion of those curves 
represents the passage of charge to the plane on the same 
wave on which it is formed and without the aid of 
diffusion. Therefore the straight portion has been 
extrapolated back to the axis, and the voltage at which 
it intersects the axis taken as the voltage V” at which 
the charge begins to reach the plane on the same wave 
on which it is formed. 

The mobilities of the positive ions calculated in 1 the 
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manner outlined above are given in Table III. The 
corresponding mobilities for the negative ions are given 
in Table IV. 

The curves in Fig. 16 show the variation of the 
mobility of positive ions plotted against the difference 
between corona voltage and the voltage at which the 
mobility was calculated. The corresponding curves 
for negative ions are shown in Fig. 17. 

The initial values of the mobility check very well with 


TABLE III 


MOBILITIES OF POSITIVE IONS K’ 
FREQUENCY = 60 CYCLES 


Distance! Wire dia. 0.0440 cm. | Wire dia. 0.1000 cm. | Wire dia. 0.1584 cm. 


from K’ K’ 
wire cm. /sec cm./sec 
to 
in volta/cm.} volte volte/cm. 
5.5 
6. 
6.5 
7. 
7.5 1.3 
8. 1.4 
8.5 1.5 
10. 
12. 3.0 
14. 4.2 
18. 
16. 4.8 
20. 5.6 
25. 6.6 
30. 7.5 


TABLE IV 


MOBILITIES OF NEGATIVE IONS K” 
FREQUENOY = 60 OYOLES 


K” K” 
cm./sec. | V° — V’ | cm./sec. | V” — V’ | cm./sec. 


volts/cm.| volte volts/cm. volte/cm. 

5. 1.7 

5. 1.7 

6. 2.0 

6 2.0 

7. 2.1 

8. 2.5 1.6 

8. 1.5 
9. 3.0 1.7 
10. 3.5 2.0 
ll. 2.3 
12 4.5 2.6 
13. 
14. 3.0 
15. 5.9 

16. 3.8 
20. 8.0 5.1 
25. 9.7 6.5 
30. 7.8 


the values given by the physicists, varying from 1.3 to 
1.8 cm./sec. per volt/cm. for the positive ions and from 
1.6 to 2.2 cm./sec. per volt/cm. for the negative ions. 
The mobility of the positive ions rises quite rapidly with 
the appearance of negative corona and then becomes 
fairly constant at a value around 10 cm./sec. per volt/ 
cm. Loeb* calculates from Langevin’s equation that the 
mobility of a charged nitrogen molecule at atmospheric 
pressure would be 9.85 cm./sec. per volt/cm. The 
value here found is a surprisingly good check of this 
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predicted value. The error is much below the probable 
error in our values of the mobility. 

No explanation can be offered of the lower values 
found for the larger wire. However, it must be borne 
in mind that there are several approximations under- 
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lying these calculations. The most serious of these 
are: a, the fact that a sine wave voltage was assumed for 
the calculations whereas the oscillograms showed a ratio 
of maximum to effective value of 1.52; b, the fact that an 
electrostatic distribution of gradient has been assumed 
for the calculations whereas the actual gradient differs 
far from that, when the voltage rises considerably above 
the corona value, as will be shown later. Both of these 
errors would cause the calculated value of the mobility 
to be lower than the value actually possessed by the ions 
however. The lowered values for the large wire cannot 
be considered as due to a greater humidity on the day 
when this run was taken for the humidity was some- 
what less that day than for the day when the values 
were determined for the small wires. The effect of the 
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humidity could not be studied because there was no 
means of controlling the humidity and the normal 
variations in the room were not great. 

A few measurements were made with 40 and 80 
cycles to determine the_aging of the ions but any 


280 


variation due to this cause was masked by the variation 
due to the voltage increase above corona. 

The sharp rise in the mobility curve for the positive 
ions just above the voltage for negative corona suggests 
that the ions, as they become much more copious are 
washing out some impurity from the air such as mois- 
ture, and that when there are enough ions to wash 
out the impurity the remaining ions travel as simple 
molecular carriers. If we calculate the current neces- 
sary to carry out all of the water molecules in a cylinder 
of one cm. radius around the wire, assuming a vapor 
pressure for the water vapor of 7.6 mm. of mercury; 
that each molecule requires one electronic charge; and 
that the water vapor must be carried out each half 
cycle, we find that current of the order of 10 amperes 
per cm. length of wire would be required. If the water 
vapor is carried out it must be a process extending over 
a number of cycles, but even this does not seem 
probable. 

The curves for the mobility of negative ions do not 
show a sharp break as found for the positive ions. 
However, the curves continue to rise more steeply than 
the curves for positive ions and there seems less evidence 
of a final maximum value. This is to be expected as the 
mobility of an electron as predicted by Loeb“ for 
atmospheric pressure is of the order of 1500 cm./sec. per 
volt/em. The electrons evidently do not travel a very 
great portion of their paths hefore attaching to form 
ions, even in the high field around a corona wire. This 
is to be expected from the work done on electrons in 
moist air at low pressures. 

At a voltage practically twice the corona voltage the 
mobility of the positive and negative ions 1s the same 
and around 10 cm./sec. per volt/cm. as calculated from 
the boundary of the space charge. 


THEORY OF CORONA CURRENT 


In explaining corona on the basis of ionization by 
collision it must not be assumed that ionization by 
collision starts at the corona voltage or that it starts so 
sharply asdoescorona. An inspection of the saturation 
curves of air around the corona voltage, Figs. 4 to 7 
inclusive, shows that ionization by collision is present 
below the corona voltage. The corona voltage is 
determined rather by the condition that the ionization 
by collision has become cumulative in such a way as to 
lead to an unstable condition. 


This may be illustrated by assuming that the poten- 
tial gradient around the wire draws to the wire ions due 
to the ambient ionization of the atmosphere. As these 
ions pass through the layer in which corona will form 
some of the ions will cause ionization by collision if the 
potential gradient is high enough. Also some of these 
newly formed ions due to the ionization by collision, in 
their turn will produce further ionization by collision, 
and any group of ions will in this way tend to reproduce 
itself indefinitely. 

However, if the new ions formed by any group are less 
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numerous than the original group, the descendants of 
this group will soon disappear and the current will be 
approximately the saturation current of the air. On 
the other hand if the new ions formed by any group are 
more numerous than the original group the descendants 
of this group will increase indefinitely and the saturation 
current of the air will be similarly magnified. 

This serves to show that a small increase in the 
gradient just at the corona voltage would lead to an 
infinite current or a short-circuit condition; provided 
the gradient remained at the increased value. (The 
exposition of the current given above is not rigid because 
of the assumptions for the average value. However, 
the rigid treatment given by Towsend® shows the same 
characteristics for the current but in more complicated 
mathematical language.) In the case of corona, the 
gradient does not remain constant at the wire when 
ionization begins, for the space charge driven out from 
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the wire increases the gradient at a distance from the 
wite, where the gradient is low. Thus the space charge 
absorbs a part of the impressed voltage when ionization 
is taking place, as shown below. | 

Consider a wire inside a concentric cylinder as shown 
in Fig. 18. When ionization begins the charge of the 
same sign as the. wire is driven out into space. This 
layer of charge raises the gradient at all points outside 
the layer and thus absorbs a part of the impressed 
voltage and reduces the gradient at the wire, where 
ionization is taking place. Thus there is established a 
condition of equilibrium between the space charge 
around the wire and the rate of formation of new 
charge, for any voltage. The space charge serves to 
shield the wire so that the gradient at the wire never 
rises above the critical value at which corona starts. 
In the alternating case the conditions are further 
complicated by the return of the space charge formed 
on any previous half-wave. 

In order to obtain some idea of the nature of the 
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corona current with an alternating electromotive force 
we will consider a wire of radius a inside a large cylinder 
of radius b with an impressed voltage. 

v= V’"sinwt 

When any transient conditions have passed, and the 
instantaneous voltage is above the corona voltage there 
are three charges that must be considered. First, 
there is the surface charge on the wire which has a 
limiting value q and is constant for all values of voltage 
above the corona voltage (because the gradient at the 
surface of the wire is limited to the corona gradient by 
the formation of new space charge); second, there is the 
space charge Q’ formed on this same voltage half-wave 
and moving out from the wire; third, there is the space 
charge Q” which was formed on the previous voltage 
half-wave and is now returning to the wire. 

For simplicity we will assume that the charge Q’, 
instead of being distributed through space is concen- 
trated in a cylindrical layer of radius L’, such that its 
effect on the gradient in the ionizing layer around the 
wire is equivalent to the actual distribution, and that 
similarly Q” is concentrated on an equivalent layer of 
radius L”. 

We may now divide the impressed voltage into three 
parts. First, a component v’’’ which is supported by 
the surface charge q’ on the wire; second, a component 9’ 
which is supported by the space charge Q’ which has just 
formed and is now traveling out from the wire; third, 
a component v” due to the space charge Q” which is now 
returning tothe wire. This last component is negative 
in sign. 


We have then 
v” = 2qlogb/a (8) 
v =—- = 2Q’ log b/L’ (9) 
v = 2Q" log b/L’ (10) 
and also that 
o =v" +v — v" = V"snwt (11) 


Substituting the values of v’’’, v’, and v” in equation (1 1) 
and differentiating with respect to time we have 


dt 2q dl) dy 
dt L’ S at + dt g. v/a 


2Q” dL” d Q" , 
T” di dt 2 Log . b/a = w V” coswt 


(The derivatives of the charge with respect to time are 
multiplied by log b/a because the charge is formed and 
absorbed at the surface of the wire and not on the 
equivalent cylinder.) 


The current i is 
dQ’ dQ” 

dt dt 
Transposing and substituting we obtain 


i= (12) 


l 1 2Q' dL’ 2Q” dL" 
t= "2Logb/a LL’ dt L” dt 
+w V” cos w t | (13) 


A solution of this equation when the proper values 
are substituted for the Q’s and L’s seems at present 
impossible. However, some information about the 
corona current can be obtained from a discussion of the 
different terms. 

The first term in the expression for the corona 
current, namely: 


_ V] a bt 
L’ log b/a Xdi 


represents the rate at which new space charge must be 
formed to compensate for the outward movement of the 
space charge already formed. This term does not 
change sign during a given voltage half-wave and is of 
the same sign as the voltage half-wave. 

The second term in the expression for the corona 
current, 


Q” d L" 
L” log b/a A dt 


represents the rate at which space charge must be 
formed to compensate for the return motion of the space 
charge formed on the previous voltage half-wave. 
The motion of this charge is opposite to that of the out- 
going charge so that the current required by this term is 
in the same direction as that required by the previous 
term and these two terms add their effects as shown by 
the negative sign before this term. 
The third term in the expression for the current 


w V” coswt 
2 Log b/a 


represents the current due to variation in the impressed 
voltage, and is the current due toelectrostatic capacity. 
This term is of the same sign as the voltage wave on the 
rising part of the wave but reverses in sign at the crest of 
the voltage wave. 


We see therefore that on the rising portion of the 
voltage half-wave all terms in the current relation add 
their effects, but when the voltage is decreasing the last 
term reverses in sign and tends to cancel the first two 
terms. The current will then decrease rapidly past the 
crest of the voltage wave and will probably reach zero 
slightly past the crest of the voltage wave. The max- 
imum value of the corona current should come ahead of 
the crest of the voltage. If the frequency be high, the 
current will reach zero just past the crest of the voltage 
wave; if the frequency be low the outward motion of the 
space charge may producea greater effect than the fall in 
the voltage and the current may continue down to the 
corona voltage, on the decreasing side of the voltage 
wave. Any recombination between the outgoing and 
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returning space charges tends to reduce the terms 
representing the motion of these charges and causes the 
current to reverse nearer the crest of the voltage wave. 

These facts suggest the possibility of expressing the 
total space charge and therefore the current in terms of 
the charge necessary to support the maximum voltage. 
This is attempted in the next section. Holm* has also 
devised a method for doing this. However, we think the 
approximation given below represents more closely the 
theoretical conditions than Holm’s method. 

Some precautions necessary in an experimental study 
of alternating corona are also evident from the dis- 
cussion of equation (13). When the outer cylinder is 
too small some of the space charge will reach it. In 
this case the returning space charge is reduced in value 
and the current is therefore reduced in magnitude. If 
the cylinder be further reduced in size the outgoing 
space charge may begin to reach the cylinder before the 
crest of the voltage wave. In this case the current is 
increased again and we are approaching the conditions 
found in d-c. corona. It seems therefore, that there 
should be some size of cylinder which would give a 
minimum current for a given rise of voltage above the 
corona voltage. For a somewhat larger cylinder there 
should be a maximum current and then any further 
increase in the size of the cylinder would lead to a 
reduction in the current. No attempt has been made 
to check this experimentally. 

In taking oscillograms of the corona current care 
should be taken to allow sufficient room for the space 
charge, if its full effect is desired. The oscillograms of 
Bennett! were taken in a cylinder so small that the 
effect of the space charge is almost if not entirely lost. 
They donot, therefore, represent the normal alternating 
condition. It will be seen later that when the space 
charge returns the average current on the opposite half- 
waves must be equal. This is far from true in most of 
Bennett’s oscillograms. 


The corona current curves of Whitehead and Inouye’ 
were also taken in a cylinder too small to allow the full 
effect of the space charge. There is evidence in some of 
these curves that a part of the space charge was return- 
ing but it is also certain that a part of it did not return. 
It is impossible to know how nearly these curves repre- 
sent the normal alternating condition. 


The curves taken on transmission lines,!®°6 are the 
only ones allowing sufficient room for the full effect 
of the space charge and in these the corona current is a 
very small part of the total current, so that its true 
shape is difficult to determine. It would be very 
interesting to see the changes in the wave form of the 
current as the effect of the space charge is reduced by the 
size of the cylinder. Also the ratio of the average to the 
effective value of the corona current is of practical value. 


APPROXIMATE FORMULA FOR CORONA CURRENTS 


As seen above, an exact solution of equation (13) for 
the corona current seems impossible. However, an 


approximate solution may be obtained by assuming 
that all of the space charge is formed previous to the 
crest of the voltage wave and that it is just sufficient to 
support the rise in voltage above the corona voltage at 
the crest of the voltage wave. In order to make the 
calculations possible we must also assume that at the 
crest of the voltage wave this space charge is concen- 
trated on a layer of equivalent radius L’ as was pre- 
viously done. (The method used for approximating L’ 
will be given later.) 

As shown above, the surface charge per unit length 
of the corona wire never exceeds the value q which it 
attains just at the corona voltage V’. Any increase in 
the voltage causes ionization and the formation of a 
space charge around the wire which absorbs the excess of 
the voltage above the corona value. 

If we measure the current into a wire from zero 
voltage up to a voltage above the corona voltage we 
observe a current relation as shown in Fig. 19. There 
is a sharp break in the current curve at the corona volt- 
age V’. Atany voltage V above the corona voltage the 
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current may be resolved into two parts; J’ a constant 
part due to the surface charge on the wire and J due to 
the space charge around the wire. This part due to 
the space charge we will call the corona current. Let 
Q represent the maximum value of the space charge per 
unit length of wire in statcoulombs, l the length of the 
wirein cm., and f the frequency in cycles per second. We 
have then that the corona current (average value) is 


Ia =4Qfl (Statamperes) (14) 


Since the space charge Q must support the excess of 
the voltage above the corona voltage, (by our assump- 
tion above) we have, if we assume Q concentrated on a 
cylinder of radius L’, 

y"—y' 
Q=—Slob'L’ log b/L’ (15) 
where V” and V’ represent the maximum values of the 
impressed and the corona voltages respectively in 
statvolts, b is the radius of the outside cylinder in cm., 
and L’ is the radius of the equivalent space charge 
layerinem. See Fig. 20. 
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We may determine L’ as follows. Let the impressed 


voltage be, 
v= V" sinw t, 


and let 0’ be the value of w t when the instantaneous 
voltage has risen to the corona value such that, 


V' = V” sin 0’ 
We have then 
y2_— yr 


cos 6’ = \ 
yr 


We will now assume that the entire space charge is 
formed at an equivalent instant ¢’’’ such that 


(16) 


, 
eos w t” z= _cos 8'_ 
4 


a 


~/ y”? = y” 


aha 
= 4v” 
See Fig. 21. (The introduction of the factor 4 must be 
considered as a purely arbitrary assumption. However, 
it.is justified by the fact that the first charge formed will 
tend to neutralize the returning space charge. There- 
fore the center of the formation of the space charge will 
be displaced toward the crest of the voltage wave. 
The introduction of the factor 4 is nearly equivalent to 
assuming that the formation of the space charge is due 
to the rise in the impressed voltage with the assumption 


(17) 


-Ff 470 


+ 


Distance from Axis of Wire 


Fig. 20 


that the first half of the space charge formed neutralizes 
the returning space charge and that therefore the 
center of formation of the useful space charge is at the 
point where three-quarters of the entire charge has been 
formed. Oscillograms would be of little use in deter- 


mining the center of formation of the space charge > 


because there is no way of distinguishing between the 
current due to the return of the previous space charge 
and the formation of new space charge.) 

Calculating now by equation (4) the distance L’ that 
the charge formed at the equivalent instant t’’’ will 
travel by the time the voltage reaches the crest value, 
we have 
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VV" — V" (18) 


Ľ = — 
2 w log b/a 

where K is the mobility of the ions, and the other 
symbols have the values assigned to them above. K is 
practically an arbitrary constant and the value of 
4 em./sec. per volts/em. was adopted because it gave 
the best agreement with the observed values. However, 
this value for the average mobility of the positive and 
negative ions agrees well with what might be expected 


Equivalent Instance for is, 


Formation of Space Charge 


Time 
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from the measurement of the maximum mobility in the 
first part. 

It must also be noted that the value of K is dependent 
on the arbitrary factor 4 introduced above. We might 
combine these two arbitrary constants but we would 
then lose sight of the theoretical significance of the two 
parts of the arbitrary constant. From theoretical 
considerations the first constant was thought to be 
approximately 4 and having introduced this, a value of 
K was chosen to give the best agreement with the 
observations. 

Our formula for the corona current in practical units 
is now, 


flv" —V’) i 
y — 4.5 log b/L’ x 10 l1 (19) 
and L’ has the value | 
1 Go ee 
L’ N V V" — V” 20 
w f log b/a (20) 


Ia = average value of the corona current in amperes 
f = frequency in cycles per second 
l = length of the corona wire in cm. 
V” = maximum value of the impressed voltage in 
volts 
V’ = maximum value of the corona voltage in volts 
b radius of outer cylinder in cm. 
a = radius of corona wire in cm. 
In order to apply this to a two-wire transmission line 
we have the following changes: 
V” = maximum value of impressed voltage to mid- 
point between wires (ground) 
b = distance between wires, in cm. 
This formula is not applicable unless all of the space 
charge formed on one-half-wave,returns on the next. 
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When a wire and concentric cylinder are used the 
cylinder should be so large that the space charge does 
not reach the cylinder. The size of cylinder required of 
- course depends on the frequency, size of wire, and the 
rise of the voltage above the corona voltage. The 
radius required in any case can be determined by 
calculating the distance traveled on any half-wave, by 
the ions formed just as the instantaneous voltagereaches 
the corona voltage. This distance may be calculated by 
assuming the ions to have a mobility of 10 cm./sec. per 
volt/em. For 60 cycles on a No. 10 wire with a 


To Potential 


voltage twice the corona voltage the radius of the 
cylinders should be about 30 cm. This was checked 
experimentally. 

In case parallel wires are used the space charge should 
not go more than half way between the wires for it will 
then meet the space charge from the opposite wire. The 


necessary distance between the wires may be calculated 


by using the gradient along the line joining the wires 
and assuming a mobility for the ions of 10 cm./sec. per 
volt/cm. as above. For No. 10 wires with a 60-cycle 
impressed voltage twice the corona voltage, the distance 
between the wires should be about 60 cm. This value 
was also checked experimentally. 


MEASUREMENT OF CORONA CURRENTS 


Corona currents were measured in two large cylinders 
by rectifying the charging current to a central section of 
the cylinder through three-electrode vacuum tubes with 
grid connected to plate. The current was measured by 
a calibrated D’Arsonval galvanometer which could be 
connected to measure either the positive or negative 
waves. A diagram of connections is shown in Fig. 22. 

Power was supplied by a 50-kv-a. 60-cycle motor- 
driven generator. The voltage was maintained by a 
Tirrill regulator. However, the speed was subject to 
fluctuations of about 1 per cent. By means of the tap- 
changing transformer and auto-transformers shown, the 
voltage could be varied by steps of one volt from zero 
to 240 volts. This arrangement was used to avoid wave 
distortion at varying voltages. The voltage was mea- 


sured from a calibrated tertiary coil on the 10-kv-a. 
120/240 to 100,000-volt high-tension transformer. The 
transformer was used only on the 240-volt connection. 
The galvanometer G was shunted by the combination 
of resistances R and S for varying its range. It was 
calibrated by connecting a known e. m. f. and a known 
R’ in series with the galvanometer and its shunt. The 


. opposite side of the circuit was balanced by a resistance 


T equal to the resulting resistance of the galvanometer 
and its shunt. By means of the switch S 2 the gal- 
vanometer could be thrown in series with tube 1 or 
tube 2. A reversing switch in the galvanometer circuit 
was provided (not shown in figure) to keep the gal- 
vanometer deflection in the same direction for both 
tubes. 

Switch 1 permitted the rectifying and measuring 
device to be thrown in series with either cylinder A 
or cylinder B. Cylinder A was 61 cm. inside diameter 
and composed of a central section 62 cm. long and a 
guard ring on each end of approximately the same 
length. The central section in which the current was 
measured was screened from stray fields by a gauze wire 
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Fig. 23—Corona CURRENT CURVES. AVERAGE VALUE OF 
Haur-Waves. DIAMETER CYLINDER 61 Cm. Active LENGTS OF 
Wire 62 Cm. FREQUENCY 64 CYCLES. 


around the outside. The separation between the 
central and end sections was about five mm. 

Cylinder B was 155 cm. in diameter. It was com- 
posed of a central section 154 cm. long and guard rings 
on each end of approximately the same length. As in 
cylinder A, the central section in which the current 
was measured was carefully screened. The separation 
between the central and end sections was about five mm. 
as in cylinder A. 


Measurement of the insulation resistance and 
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capacity to ground of the central sections of cylinders 
A and B, and of the plate voltage required for the 
_ rectifying tubes, showed that the error caused by the 
admittance to ground of the central sections of the 
cylinders was less than 0.5 per cent. 

The charging current of the central section of each 
cylinder was measured for three sizes of wire, up to a 
voltage at least twice the corona voltage. These 
values are shown in Figs. 23 and 24. The currents 
plotted are rectified half waves, and therefore represent 
half of the total current expressed in average values. 

The readings of the positive and negative half waves 
were equal except when the space charge began to reach 
the cylinder. Thesymmetry of the current waves is no 
indication that the positive and negative space charges 
are equal because any half wave measures the outgoing 
charge of one sign and the returning charge of opposite 
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sign. This is not true when the cylinder is small. 
With small distances between the wire and cylinder 
the current corresponding to the formation of negative 
space charge exceeds the current corresponding to the for- 
mation of positive space charge. This may be explained 
as due to a decrease in the return of the negative space 
charge or on increase in the formation of the negative 
space charge. The voltage corresponds roughly to the 
voltage at which the negative charge should reach the 
cylinder and it seems most probable that this difference 
is due to a decrease in the return of the negative space 
charge. This indicates that the negative space 
charge reaches the cylinder first, which is in accord with 
our previous determinations of the mobility of the 
negative space charge for this voltage. For the large 
cylinder it was not possible to raise the voltage to such a 
value that the positive and negative current half waves 


became unequal. 


CALCULATION OF CORONA CURRENTS 


In the calculation of the corona currents the corona 
voltage is determined experimentally from the break in 
the current curves. A comparison of the observed 
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values of the corona voltage with the values calculated 
from the formula of Whitehead and Brown, Peek, and 
Whitehead and Isshiki are given in Table V. 

The ratio of the maximum voltage to the effective 
voltage at 240 volts for the generator used had been 
previously determined by oscillograms to be 1.46. 
This value is used in the calculations of the corona 


current. The calculated values are shown by crosses 
TABLE V 
Corona voltage 
calculated by formula of 
White- White- 
Cylinder! Wire head and head and 
dia. dia. Observed | Brown Peek Isshiki Eq. 2 
Cm cm kv. eff kv. eff. kv. eff kv. eff. kv. eff 
61 0.046 8.7 10.27 9.93 9.92 9.35 
61 0.160 20.0 20.6 19.8 20.2 18.7 
61 0.260 26.5 27.6 26.0 26.8 24.7 
155 0.046 10.5 11.95 11.55 11.53 10.88 
155 0.160 23.0 24.5 23.2 23.7 22.0 
155 0.260 30.0 33.5 31.6 32.6 30.1 


on the curves of the observed corona current Figs. 23 
and 24. ' 


The agreement is entirely satisfactory in all cases. 
Any differences between observed and calculated cur- 
rents are of the order of the probable experimental 
error. The agreement is even more impressive when 
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Observed Values Test No.20 
X Corona Voltage 126 Kv. 
Surface Charge Current 19.0 Amps. 


Observed Values Test No. 28 
o Corona Voltage 130 Kv. 
Surface Charge Current 20.3 Ampe, 


CORONA CURRENT IN AMPERES (EFFECTIVE VALUES) 


Observed Values Test No. 43 
190 Kv. 
0 
o RISE OF VOLTAGE ANE. RRA CO A 7 TA 
RONA VOLTAGE IN KILOVO 
i (EFFECTIVE LINE VOLTAGE) a 
Fig. 25—Corona CURRENT CALCULATION. TESTS OF W.W. 


Lewis, A. I. E. E. Trans., VoL. 40, P. 1059. THREE PHASE 
Line WIRES IN VERTICAL PLANE. LENaTH 101.5 Mi. Spacine 
12 Fr. Conpuctors No. 0, SEVEN Stranp. DIAMETER 0.19 
In. FrReEQvuENcY 30 CYCLES 


we notice that the voltage range is quite wide. In 
Fig. 23 the voltage was raised to nine times the corona 
voltage for the small wire. This indicates that the 
corona current formula is of the correct mathematical 
form. 


The corona currents are also calculated for the three- 
phase transmission line studied by W. W. Lewis.” 
This line consisted of three 110,000-cir. mil, seven- 
strand conductors spaced 12 ft. in a vertical plane. The 
length was 101.5 miles, and the radius of the conductors 
was 0.19 in. The corona voltage is here again deter- 
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mined by the break in the charging current curves given 
by Lewis. In calculating the corona current, voltages 
to neutral are employed. The measured currents are 
in effective amperes. In order to convert the corona 
current from average to effective values the factor 1.11 
is used- - (the ratio for a sine wave.) This is open to 
criticism but no better method presented itself. A 
comparison of the observed and calculated values for 
this transmission line is given in Fig. 25. 

The agreement is surprising when we consider the 
possible causes for discrepancy. Among these causes 
may be mentioned; 1, the fact that the voltage rose 
about 10 per cent along the line so that different parts 
of the line were at different stages of corona formation; 
2, the space charge around the wire with corona on it 
distorted the electric field and therefore the neutral of 
the system (this may cause a shift of the voltage away 
from the corona wire); 3, the ratio of the effective to 
the average value of the current is probably not 1.11 
as assumed; 4, the frequency of these tests was 30 
cycles while the formula fcr corona current was de- 
veloped for 60 cycles. 


SUMMARY 


1. The spectrum of corona shows the band spectrum 
of nitrogen indicating that only the nitrogen breaks 
down in a corona discharge in air and that the ionization 
produces electrons and positively charged nitrogen 
molecules rather than a dissociation of nitrogen mole- 
cules into atoms. The electrons even in the high 
electric field around corona wires almost immediately 
attach themselves to molecules (probably of water 
vapor or oxygen), forming ionsas seen from the mobility 
below. 


2. The air was rendered more conducting by a 
quartz mercury are and the saturation current mea- 
sured as the voltage approached the corona voltage. 
The corona voltage lies somewhat above the first rise 
of the saturation current due to ionization by collision. 
Saturation curves taken on copper and magnesium wires 
show no influence due to the material of the conductor. 
This indicates that the positive ions are active ionizing 
agents as Towsend has assumed. 


3. Corona forms on the positive half-waves of an 
alternating impressed voltage about 2 per cent below 
the voltage required to form corona on the negative half- 
waves. (This has been tested only at atmospheric 
pressure for wires between No. 25 and No. 10 B. & S. 
gage.) The first appearance of positive corona does not 
give appreciable sound nor light, and ions due to this 
corona do not penetrate the air to a distance greater 
than about 8 cm. (for a No. 10 wire at atmospheric 
pressure). 

4. The amount of ionization on the positive half- 


wave becomes very much more copious with the appear- 
ance of corona on the negative half waves. 
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5. The observed voltage for positive corona was 
found to be much less subject to errors due to surface 
irregularities and the divergence of the field, than the 
observed voltage for negative corona. This is to be 
expected from similar work on the continuous corona. 


6. The ions formed around a corona wire, during any 
half-wave, which are of the same sign as the potential 
of the wire, are driven out from the wire forming a space 
charge. This space charge moves out from the wire 
until the voltage reverses. It then returns to the wire. 
Thus the space charge is able to penetrate the air around 
the wire only to a definite distance, or may be said to 
have a boundary. This boundary of the space charge 
varies with the corona voltage, the rise in voltage above 
the corona voltage, and the frequency. Diffusion 
reduces the sharpness of the boundary of the space 
charge. (See Figs. 14 and 15.) 


Since the space charge formed on any half-wave 
returns to the wire on the next succeeding half-wave, 
we must consider during a half-wave two approxi- 
mately equal space charges, one space charge of the 
same sign as the potential on the wire traveling out, and 
the other space charge of the opposite sign to the 
instantaneous potential of the wire and returning. 


7. The mobility of the ions formed in the corona 
discharge was calculated from the boundaries of the 
space charges. The mobility of the positive ions was 
found to increase with the rise of the voltage above the 
corona voltage from about 1.3 to 10 em./sec. per volt / 
em. The mobility of the negative ions was found to 
rise with the increase of the voltage above the corona 
voltage from about 1.6 to 10. cm. sec. per volt/cm. 


The curves of mobility of positive ions plotted against 
rise in voltage above the corona voltage indicate a 
limiting value of the mobility of about 10 cm./sec. per 
volt,'cem. This is in good agreement with the value 
9.85 calculated by Loeb* from Langevin’s equation. 
The curves for the mobility of negative ions do not 
indicate that a limiting maximum value is probable. 


8. An analysis of the conditions of corona formation 
indicate that the gradient near the surface of the wire 
can never rise above the value it has at the corona 
voltage. This requires that the surface charge on the 
wire be constant for all voltages above the corona 
voltage and that the space charge support any rise in 
the voltage above the corona voltage. The differential 
equation of the corona current based on these conditions 
does not admit of a simple solution. 

9. An approximate formula for the average current 
due to the space charge has been derived by the aid 
of certain empirical assumptions. -This formula gives 
a good agreement for the corona currents measured in 
two large cylinders. The corona currents were cal- 
culated by this formula for a 101.5-mile three-phase 
transmission line and the agreement is reasonable, 
with the measurements made on this line by W. W. 
Lewis.” 
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Discussion 

Joseph Slepian: One thing that Mr. Willis brings out and 
which is worth emphasizing is that the beginning of corona is not 
the point where ionization by collision begins. This is important 
because very frequently in the past it has been assumed that the 
beginning of ionization by collision is also the beginning of 
breakdown or of corona under variousconditions. Mr. Willis has 
shown by his experiments here that the corona comes at a 
higher gradient than that at which appreciable ionization by 
collision cecurs and that corona sets in when a sufficiently great 
cumulative reaction takes place between the ionization produced 
by collisions of the negative ions and that produced by collisions 


KILOVOLTS 
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Various FREQUENCIES 


of the positive ions. Hence the gradient at which the corona 
begins is not a constant of the gas but also depends upon the 
geometrical configuration of the electrodes; that is, it depends 
also upon the radius of the wire and the distance to the other 
electrode. 

Alexander Nyman: I should very much like to see this work 
extended to include operation at high frequency. 

Probably many people are familiar with the fact that at high 
frequency the corona begins to appear at much lower voltage than 
at 60 cycles; in fact, perhaps two or three times lower at fre- 
quencies as high as 1,000,000 cycles. At frequencies as high as 
5,000,000 or 10,000,000 cycles, corona begins even at lower 
voltages than this; it is possible to observe a corona on sharp 


‘points at 1000 or 1500 volts. ‘This fact became apparent in the 


first place during the measurement of voltage on static condensers 
and on insulators for condensers for use on power transmitting 
stations. A sphere-gap calibrated at high frequency showed 
values as illustrated in the accompanying figure, from which it is 
evident that the sparking voltage at 1,000,000 or 2,000,000 
cycles is considerably lower than at 60 cycles. At 10,000,000 
cycles these voltages are lower yet. 

Now, it is evident that the discharge between sphere-gaps is 
not of the nature of corona, but the reduction between the 
sphere-gaps brought to the attention a similar reduction of 
discharge voltage between sharp points and it was then even more 
conspicuous. 

With the spacing of 14 in. and a frequency of 10,000,000 cycles, 
a sparking distance of 4000 or 5000 volts is quite usual between 
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edges which are not strictly sharp. Of course, with sharper 
edges this voltage is considerably lower. The question will 
arise “How do we know that this is a correct voltage measure- 
ment?” The process to ascertain this fact is rather lengthy, but 
consists in general of the following: 

A statice condenser, which remains constant at different 
frequencies, and a measurement of current and frequency gives a 
measurement of voltage. 

The measurement of current may be again in doubt, but can 
be assured by a proper design of an ammeter, suitable for this 
specific purpose. 

W.A. Del Mar: On the third page of Mr. Willis’ paper there 
is this statement: ‘‘The results of the corona ionization are 
electrons and charged nitrogen molecules. The absence of the 
oxygen spectrum indicates that the nitrogen alone is ionized, or 
that the oxygen does not play any appreciable part in the corona 
ionization.” On the sixteenth page there is something which 
appears to be contradictory. Under “Summary,” paragraph one 
it says: ‘‘The electrons, even in the high electric field around 
corona wires, almost immediately attach themselves to molecules, 
(probably of water vapor or oxygen), forming ions as seen from 
the mobility below.” Oxygen is here mentioned as one of the 
types of ions, whereas in the preceding paragraph it is said to 
have practically no part. J should appreciate an explanation. 

H. J. Ryan and J. S. Carroll: (communicated after ad- 
journment) Three papers have been presented to the Institute, 
heretofore, that deal largely with the space charges which sur- 
round conductors in alternating corona ®>*, These papers are 
not mentioned in the bibliography given at the end of the paper 
and no reference is made to their conclusions, which are quite 
different from those here presented. The facts presented in the 
preceeding papers were obtained by quantitative studies of the 
whole space charge that surrounds a conductor in corona due to 
high voltages at low frequencies,— generally 60 cycles. The 
studies reported in the papers presented at Scattle,® 1925, 
and Salt Lake City, 1926, included the cyclic time element 
and the radial positions of the space charges. 

The electrodynamiec behavior of the ions in the alternating 
corona cycle is far too complex and too little understood, as yet, 
to enable anyone to formulate a theory of the space charge such 
as attempted in this paper. The author is apparently convinced 
that the integrity of his theory is ample to warrant him in setting 
forth the complete quantitative behavior of the space charge from 
qualitative observations of diffuse remnants of alternating space 
charges with the determinations of the radial positions incomplete 
and the eyclic time elements wholly omitted. 

We submit that one cannot inform himself reliably about these 
space charges by that sort of procedure and that he certainly 
cannot help others. Surely knowledge of all facts that it 
is possible to obtain must come first; the facts must be studied 
thoroughly to develop an understanding of their mutual relation 
and then only ean a theory be formulated and put forth to assist 
others to acquire, with economie effort, such understanding. 

Dependable knowledge as to these space charges is of un- 
doubted importance in high-voltage engineering. 
Mr. Willis has made it so diffieult for us to join in a more hearty 
weleome to him with his results, as a worker in this field in which 
we hope we ean all continue to work unremittingly. We earn- 
estly trust that we will soon be able to resolve our differences with 
understanding, so that we can present the facts about these 
space charges, without confusion, to the membership of the 
Institute. 

C. H. Willis: 


a. H. J. Ryan and H. H. Henline. The Hysteresis Character of Corona 
Formation. A. I. E. E. Trans. Vol. 43, 1924, p. 1118. 

b. C. T. Hesselmeyer and J. K. Kostko. On the Nalure of Corona 
Loss. A.I. E. E. Trans., Vol. 44, 1925. p. 1016. 

c. J. S. Carroll and H. J. Ryan The Space Charge that Surrounds a 
Conductor in Corona at 60 Cycles. A. I. EB. E. JouRNAL, Vol. 45, p. 1136, 
Nov. 1926, 


I appreciate Dr. Slepian’s emphasis of the fact 


We regret that. 
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that the corona gradient is not the beginning of ionization by 
collision. In ionization by collision we are measuring average 
effects, but the probability of ionization at any particular 
collision between an ion and a molecule depends on the actual 
free path which the ion has just traversed and also on the type of 
collision. The saturation current in the gas increases as the 
voltage rises and the explanation of this increase is ionization by 
collision. We cannot, however, pick any particular voltage as 
the point where ionization by collision begins. 

In corona, the current rises abruptly at a certain voltage. 
The explanation is that at this voltage the ionization has become 
cumulative to such an extent that it would lead to a short cireuit, 
but for the action of the space charge. 


Mr. Nyman speaks of the lowering of the voltage at high 
frequency. His remarks were quite interesting to me. The 
only work I know of in this regard is the work by Gorton and 
Whitehead, in which they found the corona gradient to be 
affected to about two or three per cent at frequencies up to 
3600 cycles per second. I should be very much interested in 
seeing further work if it has been published. 

In regard to Mr. Del Mar’s question, I believe my statement 
was that the nitrogen played the main role in ionization by 
collision. We have in the air a mixture of Na molecules and 
O: molecules. There are, of course, two ways in which we may 
produce ionization. We can disscciate the molecules into N 
plus and N minus. This would give a line spectrum. There- 
fore, this is not the form of ionization which occurs in corona, nor 
does that occur except at very much higher gradients than the 
corona gradient. But the band spectrum indicates that the 
N: molecule breaks up into a positively charged N, molecule 
and an electron. We must remember that the electron has a 
mass of !/;3 hundredth of the hydrogen molecule and therefore, 
is very much smaller than a nitrogen molecule. The probable 
mobility of the nitrogen molecule is around 10 cm./see. per 
volt/em. I had expected in this work to find that the negative 
space charge would have a very high mobility and would pene- 
trate the air to a very much greater distance than the positive 
space charge. To my surprise, I found that the two charges 
penetrated to practically the same distance, and the con- 
clusion which follows is that the electron attaches itself to a 
molecule very quickly forming an ion. 

The nitrogen molecule is ionized and the electron then attaches 
itself either to a water or oxygen molecule to produce an ionic 
carrier rather than an electronic carrier. The reason that I 
conclude that the electron attaches to water vapor or oxygen is 
the fact that water vapor and oxygen have a very much higher 
electron affinity than nitrogen. We would expect that the 
nitrogen would not. attract the electrons, from the work done 
by physicists. | 

The author wishes to apologize for the omission of the 
paper by Messrs. Ryan and Henline, from his bibliography. 
The bibliography however is by no means complete, as only those 
papers are given which seemed to have a direct bearing on our 
work. The other papers mentioned by Messrs. Ryan and Carroll 
were published after this work was planned and the bibliography 
prepared. 

We feel that the eriticism of Messrs. Ryan and Carroll that our 
work was qualitative is hardly justified. The method of de- 
termining the total space charge by measuring the rectified 
current is probably the most accurate method, and is certainly 
not subject to the very serious criticisms which may be made 
against the other methods which have been employed, (i. e., that 
these methods either limit the space charge or distort the field 
or both.) 


We also feel that any serious criticism of our generalizations 
in regard to the space charge, which are used in developing the 
expression for the average value of the corona current, should 
include a demonstration of the inaccuracy of the expression for 
the corona current. 


Tests on High- and Low-Voltage Oil 
Circuit Breakers 


BY PHILIP SPORN: 
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Synopsis.— Data from a large number of tests on several types of 
oil circuit breakers are given in this paper. The tests were made on 
breakers with the following ratings: (a) 150 kv., 1,500,000 kv-a.; 
(b) 35 kv., 260,000 kv-a.; (c) 7000 volts, 7500 kv-a.; (d) 132 kv., 


INTRODUCTION 


HE American Gas and Electric Company has 

carried out a number of tests on high- and low- 

voltage oil circuit breakers, these tests falling into 
three principal groups which are as follows: 

1. The first group of tests was brought about by 
the purchase from the Brown Boveri Company of a 
number of 150-kv. and 35-kv. breakers, the acceptance 
of which was made conditional upon the results of 
rupturing capacity tests. The 150-kv. breaker, de- 
scribed and illustrated more fully in later paragraphs, 
is of the round tank multiple break type equipped with 
oil filled 150-kv. bushings. A total of 10 breaks per 
pole is employed using simple ball type butt contacts. 

Although it was not possible to obtain sufficient 


short-circuit current at any point on the interconnected 


182-kv. system of the American Gas and Electric Com- 
pany to test the breaker at its full rated interrupting 
capacity of 1,500,000 kv-a., it was felt, nevertheless, 
that a series of tests at the maximum capacity available, 
approximately 750,000 kv-a., would serve to indicate 
whether the breaker would be acceptable for the in- 
tended service. The Sunnyside Substation of the 
Ohio Power Company at Canton, Ohio, was selected as 


Fie. 1—Brown Boveri 150-Kv. BREAKER IN POSITION FOR 
TEST WITH SHELTER FOR CURRENT TRANSFORMERS AND TRIP- 
PING RELAYS 


the logical place to carry out the tests, since not only 
was it possible to obtain a maximum concentration of 
short-circuit capacity at that point, but also because the 
particular point being a substation, any short circuit 
placed on the system there would be divided between 


1. Both of the American Gas and Electric Co., 30 Church St., 
New York City. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., February 7-11, 1927. 


289 


and 


HARRY P. ST. CLAIR: 


Associate, A. I. E. E. : A 


1,250,000 kv-a.,.and (e) 132 kv., 750,000 kv-a. These tests were 
made on power systems having sufficient connected capacity to make 
the tests conclusive. Complete data are tabulated and oscillograms 
are shown. Some valuable conclusions resulted from the tests. 


the various generating stations on the interconnected 
system through the intervening lines between Sunny- 
side Substation and the generating stations. 

The 35-kv. breaker was of the plain break type, two 
breaks per pole, with all three poles in one rectangular 
tank. Several of these switches had been purchased 
subject to the results of tests to be made at 22 kv. 
(the only voltage of that class available at Sunnyside 
Substation) and carried to the full breaker rating of 
250,000 kv-a. 

2. The second group of tests, conducted at Schenec- 


2—Upper Riaip Contracts (INVERTED) AND ONE SET 
OF BARRIERS 


F ia. 


tady, using the regular testing equipment of the General 
Electric Company, was made on one unit of the Reyrolle 
compound filled switchgear, type C-1-ORD, rated at 
7000 volts, 400 amperes, and having a guaranteed rup- — 
turing capacity of 75,000 kv-a. As in the case of the 
Brown Boveri breakers a number of these units had been 
purchased subject to satisfactory performance under 
short-circuit tests. These tests, more fully described 
later, were made first at 2300 volts beginning with less 
than rated duty and carried to a point considerably 
beyond the rating, and later at 6600 volts at more than 
full rating. 

3. The third group of tests was made on two General 
Electric Company breakers, the breakers selected being 
two 1382-kv. breakers, one of them an FHKO-39-B 
and the other an FHKO-136-B. The first, that is, the 
FHKO-39-B, had a rated rupturing capacity of 
1,250,000 kv-a. This breaker, as is well known, is of 
the round tank, explosion chamber type. The other, 
the FHKO-136-B, is rated at 750,000 kv-a. and is of 
the oval tank explosion chamber type. It was felt 
that a short-circuit test on this breaker at the Sunny- 
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side Substation, where a capacity practically equal to 
the breaker rating was available, would serve as an 
excellent check on the design principles embodied in 
other high-voltage breakers of the same type. 


TESTS ON THE BROWN BOVERI TYPE? A F 24/1 A 
150,000-VoLT OIL CIRCUIT BREAKERS 


The general appearance of the 150-kv. Brown 
Boveri breaker is shown in Fig. 1. This illustration 
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Fic. 3—D1aGrRamM or TEsT CONNECTIONS FOR THE BROWN 
Boveri 150-Kv. BREAKER Tests AT SUNNYSIDE SUBSTATION 


also shows the method of mounting the breaker and of 
bringing the leads on the short-circuit side to a small 
shelter in which were placed the 2500-ampere current 
transformers and the relays used in tripping the 
breaker. The foundation for the breaker consisted 
of heavy timbers placed directly on the ground as 
shown. 

The breaker tanks have a diameter of 6514 in. and a 
height of 8 ft. 10 in. from the truck wheel to the center 
line of the horizontal operating shaft. The ball type 
contacts are shown in Fig. 2, which is a view of the upper 
stationary contacts in an inverted position. The upper 
contacts are rigidly attached to the lower end of the 
bushing. Fig. 2 also shows an assembly of flash barriers 
placed between the contacts. 

Diagram Fig. 3 shows the test connections and rela- 
tive location of equipment. The test breaker was con- 
nected solidly to the Alliance 132-kv. circuit at the 
first tower outside of the substation yard, the G-2 
- switch on this line serving as a back-up breaker. The 
current transformers used for obtaining current records 
were Westinghouse type FB 2500 amperes, 2300 volts 
indoor busbar type with the insulation reinforced by 
adding a micarta tube three in. in diameter, three ft. 
long, with a 3¢-in. wall, and wrapping the bare 4/0 
conductor with varnished cambric to a thickness of 


2. See also Electrical World of May 9, 1925. 
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approximately 14-in. before placing the tube and current 
transformer over it. It was felt that this insulation 
would withstand any voltage that could be built up 
on the grounded side of the switch even though the 
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Fie. 4—SysteEmM DriacraM SHOWING CAPACITY AVAILABLE 
FOR Brown BOVERI AND GENERAL ELECTRIC OIL CIRCUIT 
BREAKER TESTS 


Explanation of Diagram: 

Lakeshore 7 generators, total 226,000 kv-a. 2.16 per cent on 30,000 
kv-a. Two 30,000-kv-a. banks, 7.2 per cent each. 
Two 66kv. cable circuits each § mi.,1/Ocu. 6.1 in. flat 
spacing. 

Oak Avenue Two 30,000-kv-a. transformer banks 4.5 per cent each, 

Gorge Plant (1) Several transformers total 6.6 per cent on 30,000 kv-a. 

(2) Several 22-kv. circuits total reactance 13.7 per cent on 
30,000 kv-a. 

Two banks 11.4 per cent each on 30,000 kv-a. 

Two 7500-kv-a. condensers 11.5 per cent each. Two 
transformer banks 11 per cent each on 30,000 kv-a. 
(132-kv. to 6.6-kv. windings). 

Two 42,100-kv-a. generators, 13.7 per cent each. Two 
45,000-kv-a. banks 8.9 per cent each. 

Five 30,000-kv-a. generators 15 per cent each. Two 
50,000-kv-a. banks 8.4 per cent each. Reactors each 
30,000 kv-a., 5 per cent. 

Note: On all tests using full capacity available, all 
reactors were short-circuited. 

Cleveland-Akron 200.000-cm. copper, 16.6 ft. effective 
spacing, 
200 ,000-cm. 
spacing 
Windsor-Canton 200,000-cm. copper, 15.9 ft. effective 

spacing. 

336,400-cm. ACSR, 16.6 ft. effective 
spacing. 


South Akron 
Sunnyside 


Philo 


Windsor 


Transmission 
Lines 


Akron-Canton copper, 13.6 ft. effective 


Philo-Canton 


ground connection was not of particularly low resis- 
tance. The breaker tanks were grounded to separate 
ground pipes driven near the tanks and not tied in 
with the short-circuit ground connection. 

Professor H. E. Dyche who, assisted by Professor 
E. R. Rath, both of the University of Pittsburgh, was 
engaged to take oscillographic records and to furnish 


Feb. 1927 


the necessary equipment, had added to an original 
Siemens and Halske oscillograph a number of automatic 
features making it possible to start the film at an exact 
predetermined time delay after the actual closing of the 
test breaker control circuit, and to automatically 
stop the film after a predetermined travel. This 
feature made it possible to record as many as four shots 
on one film without reloading the instrument even 
though the shots were made in rapid succession. A 
film taken in this manner is shown in Fig. 6. 

Complete results of all tests including data on the 
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system set-up are summarized in Table I. The system 
data given will be sufficient, when combined with the 
system diagram Fig. 4, to show the set-up for each 
test. 

Beginning with a standard duty cycle of 2-O C O 
shots with a two-minute interval and with a system 
set-up calculated to give approximately 225,000 kv-a., 
the duty on this breaker was increased by steps until 
on` Tests No. 16 to No. 26 the full system capacity 
available was applied. 

After Test No. 5 the oil was drained from one tank in 


TABLE I 
RESULTS OF TESTS ON 150-KV. BROWN BOVERI OIL CIRCUIT BREAKER 


Recovery volte Current | 
— — — Duration of Short-circuit 
| Closing Initial | short, 34 cycles kv-a. 
Duty cycle and Test —— c inarce [————_—_ —_—_ |__| —_—_ 
system set-up number | voltage Peak | R.M.S.| R.M.S. | *Total | Arcing | Closed | Opened Remarks 
2-OCO 2-min. inter- 1 140,000 Opened O. K. trace of 
val 4 gen. at Wind- smoke. 
sor 2 lines, 2 banks 2 140,000 1990 1190 43 20 288,000! 288,000 Ditto 
reactors in........ 
1-OCO to test oscil- 
lograph. Same set- Could not . 
up as Test l...... 3 be read 15 283,000 Ditto 
2-OCO 2-min. inter- 4 3740 2160 38 14 492,000) 288,000 Ditto 
val. Same set-up 
except no reactors 
at Windsor and 2 
condensers at Can Could not 
COD OENE 5 be read 37 13 297,000 Ditto 
8-OCO in rapid suc- 6 No oescillogram taken Ditto 
cession. Interval 7 Ditto 
approx. 10 sec. 
System same as 8 4160 2400 36 12 560,000! 332,000 Ditto 
Tost 4......cc005 Could not 
9 be read 38 14 ; 335,000 Ditto 
10 3630 2160 40 15 520,000| 335,000 Ditto 
11 4270 2490 37 14 582,000) 309,000 Ditto 
12 3740 2170 36 13 607,000) 335,000 Ditto 
13 3310 | 2010 t36 t13 470,000| 340,000 Ditto 
2-OCO 2-min. system Could not 
as in Fig. 4 except 14 be read 40 14 534,000 | Opened O. K. Some 
Cleveland off and smoke, slight of] 
22,000-kv-a. gen. throw. Noticeable 
only at Akron. 4 jumping of all three 
gen. at Windsor... 15 6920 4000 38 13 930,000 | 505,000 | tanks. 
2-OCO 2-min. inter- 16 No record Ditto 
val. System set- 
up as in Fig. 4 ex- 17 No record Opened O. K. Much 
cept 22,000-kv-a. smoke on tank No. 1 
gen. at Akron and violent jumping. 
omitted.......... Other tanks same_as 
above. 
2-0OCO 2-min. system 18 Oscillogram no good Opened O.K. Some 
same as Test 16 smoke. Considerable 
except only 4 gen. jumping. 
at Windsor....... 19 Ditto at ne ate an au Ditto 
7-OCO 1-min. inter- 20 132,000 | 262,000 | 140.0 8000 4680 2830 34 14 1,070,000} 645,000 Ditto 
val. System same 21 132,000 | 164,000 87.0 7930 4580 2800 87 16 1,040,000] 640,000 Ditto 
as Test 18........ No 
22 182,000 | record ar +7750 t4480 2830 No record 1,020,000} 645,000 Ditto 
23 132,000 | 180,000 96.5 6660 4020 2830 40 17 926,000] 645,000 Ditto 
No 
24 132,000 | record +7000 t4150 2860 No record 946,000} 652,000 Ditto 
Could not 
25 132,000 | 144,000 77.0 be read 2920 39 | 16 ac 666,000 Ditto 
26 132,000 | 217,000 | 116.0 8450 | 4900 2920 34 13 —s: 1,120,000! 666,000 Ditto 


*Estimated from current and voltage record. 
+Estimated, record cut off. 


292 SPORN AND ST. CLAIR: 


order to permit examining the contacts. Finding the 
contacts only slightly burned and the oil only slightly 
discolored, it was decided to go ahead with the tests 

without any change of oil in the other two tanks and 
= without dressing the contacts. 

The series of eight shots comprising Tests No. 6 to 
No. 13 inclusive, presents an unusual and interesting 
test in that the eight shots were given as rapidly as the 


Fic. 5—BALL TYPE Ce OF hanes owen 
150-Kv. BREAKER AFTER TEsT No. 15 


breaker could be closed, the interval averaging approxi- 
mately 10 sec. The short-circuit kv-a. opened on this 
series averaged approximately 330,000 or approximately 
one-fourth of the rated capacity of the breaker. The 
oscillograms for this series of tests are not reproduced 
here-but are of the same general form as those shown 
in Fig. 6. The first two shots were intentionally not 
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ground pipe had been made and the test current trans- 
formers completely isolated from the station ground. 

Tests No. 14 and No. 15 represent a standard 2-OCO 
duty cycle to which was applied the full system capacity 
as shown on Fig. 4 with the exception that Cleveland 
was not connected and at Akron there was connected 
one 22,000-kv-a. generator only. This set-up was 
calculated to give a short circuit of approximately 
525,000 kv-a. Fig. 5 shows the burning of the contacts 
which were removed for inspection after Test No. 15. 
Oil samples taken at this time showed slightly more 
discoloration than those taken after Test No. 5, but the 
oil was in very good condition and tested an average 
of 24 kv. 

In an attempt to obtain a record of the internal 


` pressure on this breaker during the tests, engine type 


pressure indicators were connected to the tanks through 
a fitting in the center of the manhole cover at the bottom 
of the tank. This method of obtaining a pressure 
record, however, was very inadequate as the pressure 
in the tanks was insufficient to cause any appreciable 
deflection. As near as could be determined, the in- 
dicators registered a pressure of approximately 10 lb. 
per sq. in. on all tests. 

During the interval between Test No. 15, the final 
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Fig. 6—OsciLLOGRAMS FOR TEsTs 20 AND 21 


recorded on the oscillograph, but the last six were all 
recorded on one film. The voltage element on the 
oscillograph was burned out at the beginning of this 
series of tests, but the current record was obtained in 
each case. 

Oil samples taken after this series tested 27 kv. as 
compared with a test of 28 kv. on the oil originally 
supplied to the breakers, and showed only slight 
discoloration. 

It might be of interest to note that considerable 
trouble was experienced in recording the two currents 
on the oscillograph apparently due to stray currents in 
the secondary leads. The difficulty was not overcome 
until an entirely separate ground consisting of a single 


test on March 8, and Test No. 16, the contacts were 
removed and dressed and fresh oil supplied to the 
breaker. 

For Tests No. 16 to No. 26 inclusive, the full system 
capacity shown in Fig. 4 was applied with the exception 
that the 22,000-kv-a. generator at Akron was omitted 
and that after Test No. 17 only four generators were 
available at Windsor instead of the original five. This 
set-up was calculated to give approximately 745,000 
kv-a. with five generatorsat Windsorand approximately 
725,000 kv-a. with four generators at Windsor. 

While no current records were obtained on Tests No. 
16 and No. 17, so that the exact value of ruptured kv-a. 
cannot be given, with the five generators at Windsor 
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(only four available for Tests No. 18 to No. 26) and with 
a somewhat higher voltage, it is estimated that the duty 
on these two shots was approximately 700,000 kv-a. 
On Test No. 17 which was the second shot of a stand- 
ard 2-OCO duty cycle, No. 1 pole gave off considerable 
smoke and threw a small quantity of oil from the vent 


F ia. CONTACTS OF Brown Boveri 150-Kv. BREAKER 
AFTER COMPLETION OF TESTS 


(B) Sipe View or SAME CONTACTS 


7—(A) 


indicating more distress than on any of the other shots 
during the entire series. Nine shots at full system 
capacity were applied after this test without any repe- 
tition of this apparent distress so that the reason for it 
on this shot is not at all clear. An examination of the 
barrier between the individual breaks in tank No. 1 
after the completion of the tests showed that one 
of them had been somewhat charred on both sides 
opposite the breaks. This barrier was of a material 


22 Kilovolt 
l Bus Test Breaker 


7 9 Percent Each 
132 Kilovolt Bus 


Sunnyside 
Sub-station 


To Windsor (Canton) 


Fie. 8— CONNECTIONS FOR TEsT ON 35-Kv. Brown BOVERI 


BREAKER 


different from that furnished with the original breaker, 
as it had been obtained locally and placed in the breaker 
to replace one of the originals which had become 
broken in assembly. Subsequent examination failed 
to reveal any puncture, however, so that the distress 
shown is still unexplained unless it was simply due to the 
generation of more than the usual amount of gas and 
smoke caused by the burning of this barrier. 

After Tests No. 18 and No. 19, which comprised 
another standard duty cycle of 2-OCO shots, a final 
series of 7-OCO shots at one-minute intervals was 
applied. The oscillographic records of Tests 20 and 21 
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are shown in Fig. 6. On all of the shots at the higher 
values of kv-a. a considerable movement of the tanks 
was observable due, it is believed, at least partly to the 
resilient character of the timber foundations. This 
last series was intended to consist of eight shots instead 
of seven, but, on account of the instability of the timber 
foundations causing considerable movement each time 
the breaker opened, it was agreed that between each 
of the shots the test breaker would be given a blind shot; 
that is, it would be closed and opened with the back-up 


Fic. 9—Brown Boveri 35-Kv. Type A F 12/36 O11 Circuit 


BREAKER AS SET UP FOR 22-Ky. TEST 


breaker open so as to make sure that the tanks had not 
been thrown out of alignment to such an extent as to 
prevent tripping. This proved to be a wise precaution 
as the breaker failed to trip on the blind shot made after 
Test No. 26 and no further tests were made. 

The contacts taken from this breaker after Test 
No. 26 are shown in Fig. 7. Although considerably 
burned, there was nothing, in the authors’ opinion, 
in the condition of these contacts which would prevent 
the breaker from continuing in service even without 
any dressing of the contacts. The oil was considerably 


Fie. 10—Front View or 35-Kv. BREAKER AFTER TEST. 
Note CRACK IN Cover AND RIVETS SHEARED OFF AROUND 
ToP or TANK 


discolored, but tested an average of 25 kv. as compared 
with 30 kv. for the fresh oil supplied to the breaker 
before Test No. 16. 


TESTS ON THE 35-KV. BROWN BOVERI TYPE A F 12/36 
OIL CIRCUIT BREAKER 

The general appearance of this breaker and the lo- 

cation and arrangement for test are shown in Fig. 9. 

As shown on Fig. 8, the breaker was connected tempor- 
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arily to one of the 22-kv. circuits radiating from the 
main 22-kv. bus at Sunnyside Substation. 

The 132-kv. bus was supplied only from four genera- 
tors at Windsor with two 182-kv. lines and two trans- 
former banks at Windsor in service. 

The contacts on this breaker are of the plain break 
type with spring mounted arcing contacts and are shown 
in Figs. 10 and 11. The most distinctive feature of 
this breaker of course is the fact that all three poles are 
placed in one rectangular tank and separated only by 
internal barriers. 

It was planned to give this breaker an initial standard 
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Y = ey 
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11— INTERIOR oF 35-Kv. BREAKER AFTER TEST. 
ING CONTACTS AND BROKEN BARRIERS 


Fig. SHow- 


duty cycle at about 175,000 to 200,000 kv-a. and then 
increase In one or two steps to the full rating of 250,000 
kv-a. The short-circuit kv-a. for the first test as cal- 
culated from the system set-up was approximately 
180,000 kv-a. at 0.2 seconds and approximately 200,000 
kv-a. at 0.1 sec. Tests on the over-all time required 
to trip the breaker from the closing of the trip circuit 
until the breaker contacts separated indicated that the 
duration of the short circuit would be between 0.1 and 
0.2 sec. Arrangements were made for taking oscillo- 
graphic records of current, line voltage, and are voltage 
the same as on previous tests on 150-kv. breakers. 

The planned series of tests was carried out, however, 
only to the extent of the first shot, as this resulted in a 
failure accompanied by the oil catching fire. Unfor- 
tunately, due to a mishap on the oscillograph, no record 
was obtained of the current and voltage values on this 
shot. As stated above, however, calculations indicate 
that the short circuit was probably in the neighborhood 
of 190,000 kv-a. Fig. 10 shows how the breaker tank 
was dropped on this shot, leaving the contacts exposed 
to the air. In this view is also shown the break in the 
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cover casting as well as the two halves of the rivets 
which hold the tank to the angle iron ring at the top 
and which were sheared off, thus allowing the tank to 
drop. The arcing at the exposed contacts of course 
immediately turned into a short circuit, igniting the oil 
and causing the back-up breaker to open. Although 
not visible in the pictures the lower half of one of the 
bushings was stripped of porcelain by the arc. Fig. 11 
is a close-up view of the contacts and the interior of the 
tank showing the manner in which the tank lining and 
barriers were displaced. 

It is regrettable that no determination was possible 
as to the amount of capacity the breaker could actually 
interrupt or as to whether the design could be reinforced 
sufficiently within economic limits to give it a rupturing 
capacity of 250,000 kv-a. It was definitely determined, 
however, that the breaker was not up to its rating. 


TESTS ON REYROLLE TYPE C 1-ORD-7000-VOLT OIL 
CIRCUIT BREAKER 

The Reyrolle armor clad compound filled switchgear, 

the circuit breaker portion of which was tested with the 

results given below, is shown very clearly in Fig. 16. 

The upper enclosed compartment contains the bus while 

the lower compartment just beneath the bus contains 


26.700 Kv-a 25 ~ 
Generator 


TH Specia! Closing Breaker 
Pot. Trans 


Test Breaker 


Oscillograph 
Shunts 


Arc Voltage 
Transformers 


12—DraGRAM OF TEST CONNECTIONS FOR REYROLLE 
SWITCHGEAR 


Ground 


Fig. 


the built-in current transformers designed to take care 
of the individual feeder controlled by the switch. 
Fig. 16 shows the breaker racked completely out in 
which position hinged covers automatically close the 
busbar openings. 

This breaker was purchased subject to the breaker 
being able to meet the guaranteed rupturing capacity 
of 75,000 kv-a. at 2300 volts. To determine this, 
arrangements were made to test one of these units at 
the factory of the General Electric Company at Schenec- 
tady using the regular testing equipment consisting of 
the 26700-kv-a., 25-cycle test generator and auxiliary 
equipment. 
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Fig. 12 shows the arrangement of equipment and con- 
nections for this test including the current and potential 
transformers used for obtaining voltage and current 
records. The tests were carried out under the super- 
vision of American Gas and Electric Company repre- 
sentatives, the actual testing personnel of course being 
the regular staff of men employed by the General 
Electric Company for carrying out their own tests. 

The complete results of the tests on the Reyrolle 
breaker are summarized in Table II. In connection 
with this table it is well, perhaps, to point out the 
method employed in obtaining from the oscillographic 
records the total r. m. s. value of interrupted kv-a. 
when the current wave is not symmetrical, particularly 


SPORN AND ST. CLAIR: OIL CIRCUIT BREAKERS 


295 


half the sum of the two ordinates, or five mm. To 
carry this example further, the r. m. s. total current 


: | 15 \ 2 
for the wave in question would be Ņ (=>) +5 


which is equal to 11.7 mm. As to the method of cal- 
culating the total kv-a. interrupted, since the three poles 
were all in one tank, the average of the three measured 
current values was used instead of the highest value 
which of course is used in the case of the individual 
tank breaker. l 
It was planned to give this breaker 2300-volt tests 
consisting of standard duty cycles at 40,000 kv-a., 


TABLE II 


RESULTS OF TESTS ON REYROLLE TYPE O1-ORD-7000-VOLT, 400-AMPERE 


Recovery volts 


OIL CIRCUIT BREAKER 


Peak Initial current in arc 
value Per Kv-a. 
Test Test | arc pole| cent A-c. D-c. Total inter- 
Duty cycle no. voltage | 1 and 3 initial comp. comp. | R.M.S. | rupted Remarks 
2-OCO 2-minute interval... 2340 124 9,100 Sa 9,100 Opened O. K. Some oil spilled. Hissing 
1 2300 ae ae 9,330 3,200 9,870 sound of escaping oil and gas. 
: 2280 121 9,550 1,500 9,670 38,000 
2470 131 9,280 ae 9,280 Opened O. K. Oil spilled on tests 1 and 2,1 
2 ae si 9,550 2,000 9,500 pint. Hissing sound. Oil test 26.3 kv. 
2170 115 9,400 3,000 9,860 38,000 (before test, 29.6 kv.) 
2-OCO 6-minute interval... *2290 122 14,350 6,170 | 15,650 Opened O. K. Some oil spilled. Hissing 
3 ka ie 12,600 1,440 | 12,700 sound as before. 
2570 136 12,900 8,430 | 15,400 58,000 
1880 100 11,950 11,950 Opened O. K. Oil spilled on tests 3 and 4, 
4 ges se 11,200 11,200 1% pints. Hissing sound, wooden barriers 
1880 100 11,300 11,300 45,700 broken and displaced. Oil test 24.9 kv. 
2-OCO 2-minute interval... *2380 127 23,900 6,600 | 24,800 - Opened O. K. Some oillost. Hissing sound 
5 i A 20,100 | 11,100 | 23,000 not much greater than on previous shots. 
2770 147 22,300 | 16,400 | 27,700 | 100,000 
1830 97 16,700 4,400 | 17,200 Opened O. K. Oil spilled on tests 5 and 6, 
6 A eG 14,800 5,050 15,600 approximately 1 quart. Barriers broken 
1880 100 15,400 2,180 15,600 64,300 and displaced again. {Oil test 26.2 kv. 
Started to make 2-OCO.... | 5520 102 9,420 | 8,030 | 12,380 Circuit opened for 7 cycles (0.3 sec.) but tank 
7 6600 z ba 7,350 930 7,400 burst causing short circuit and oil fire and 
5850 108 9,660 7,420 | 12,200 | 122,000 | general wrecking of switch. Duty 90 per 


cent above rating. 


*Estimated—Curves off film. 
tNew oil supplied before test No. 5., tested 29.3 kv. 


so in view of the fact that the method employed by the 
authors, and the one they believe is standard in this 
country, is apparently different from the method 
employed in England. The method employed to obtain 
the values shown in Table II consists of resolving the 
displaced wave into its a-c. and d-c. components and 
taking the r. m. s. of these two components as the total 
r. m. sS. value of current interrupted. The d-c. com- 
ponent is equal to the distance from the normal zero line 
to the actual center line of the displaced a-c. wave at 
any particular point. For example, in the case of a 
displaced current wave having a major ordinate of 20 
mm. and a minor ordinate of 10 mm., the d-c. com- 
ponent is the difference between the major ordinate and 


60,000 kv-a., and 75,000 kv-a., followed by 6600-volt 
tests at 75,000 kv-a. and 100,000 kv-a. On the first 
duty cycle in which the breaker opened 39,200 kv-a. 
no distress was evident beyond the hissing sound of 
escaping oil and gas. Approximate figures as to the 
loss of oil and other data are recorded under Table II. 
The second duty cycle on which 58,000 kv-a. and 
45,700 kv-a. respectively were obtained on the two 
shots, was handled by the breaker apparently as easily 
as the first duty cycle. Upon lowering the tank, how- 
ever, it was found that the wooden barriers separating 
the three poles were broken from their fastenings and 
displaced, the screws fastening these barriers to the 
tank lining at the side and at the bottom having been 
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torn out of the wood. Also considerable burning was 
disclosed on this test, both on the arcing contacts and 
somewhat on the main contacts. 

It will be noted that the kv-a. interrupted on test 
No. 4 was considerably less than that on test No. 3. 
This is due to the difference in the total duration of 
short circuit which is evidenced by the oscillograms 
shown in Fig. 13. It will also be noted that there was a 
six-minute interval between tests No. 3 and No. 4. 
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Fig. 13—OỌOSCILLOGRAMS TAKEN ON TEsts Nos. 3 AND 4 


The reason for this interval was the accidental jarring 
out of the manual trip lever of the breaker on test No. 
3, preventing the closing of the second shot until the 
lever had been reset. Furthermore, this jarring out of 
the trip lever is responsible for the short duration of 
only two cycles in the short circuit on the first shot, 
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thus accounting for the large difference in value, the 
decrement on the first shot being much smaller than 
on the second. 

On the final duty cycle at 2300 volts the breaker 
successfully cleared a short circuit of 100,000 kv-a. on 


-= the first shot and 64,300 kv-a. on the second shot. 


SPORN AND ST. CLAIR: OIL CIRCUIT BREAKERS 


Transactions A. I. E. E. 


Before these two tests were made the wooden barriers, 
found broken after the last test, were repaired and 
replaced and new oil was supplied to the breaker. 
The oscillograms for this duty cycle (Fig. 14) show that 
on test No. 5 the total duration of current was only 
about 114 cycles as against 314 cycles for test No. 6. 
The reason for the short duration and consequent high 
value of current on test No. 5 was the fact that the 
d-c. time delay relay used as part of the regular station 
testing equipment for tripping the test breaker was 
not reset after the last test, resulting in energizing the 
trip circuit of the test breaker as soon as the auxiliary 
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Fia. 15—OscILLOGRAMS TAKEN ON TEST No. 7 
contacts closed. This relay was properly reset before 
test No. 6 so that the normal duration of short circuit 
and the smaller value of current were obtained. 

The wooden barriers found broken after test No. 4 
and repaired prior to test No. 5 were again found com- 
pletely broken from their fastenings and displaced after 


Fra. 16—ReEYroLLE Tyee Cl-ORD—7000-Vo.tt COMPOUND 
FILLED SWITCHGEAR SET-UP FOR TEST. SwitcH RacKED Our 


test No. 6. As before, the arcing contacts, both upper 
and lower, were quite badly burned and considerable 
burning was also evident on both the upper main con- 
tacts and on the lower contact bar. 

Before proceeding with the test at 6600 volts it was 
decided, due to the badly burned condition of the arcing 
contacts after the preceding six shots at 2300 volts, 
that new arcing contacts, both upper and lower, should 
be made up and installed, that the main contacts should 
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be carefully dressed, and that new wooden baffles should 
be made up and fastened in the tank. New oil of course 
was supplied. ) 

Based on a duration of short circuit of seven or eight 
cycles for which it was intended that the time delay 
relay should be set, the generator circuits were arranged 
to give a calculated value of 75,000 kv-a. for test No. 7. 
For some unknown reason the short circuit lasted only 
21% cycles instead of seven or eight, and the kv-a. which 
the breaker attempted to open was 122,000. The 
oscillogram shown in Fig. 15 bears evidence that the 
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17—REYROLLE SWITCHGEAR AFTER Test No. 7 


short circuit actually was cleared for a period of seven 
cycles after which complete failure and blow-up of the 
breaker took place. Apparently the breaker cleared 
the short circuit but the gas pressure was so great that 
the tank was completely ruptured, one side being thrown 
against the exposed 6600-volt temporary terminals 
underneath the current transformer chamber causing a 
short circuit which immediately set fire to the oil. 
The appearance of the breaker after the fire had been 
put out is shown in Fig. 17. The force of the explosion 
which ruptured the tank was so great that the tank 
was split not only along the welded seams but on two 
edges where the steel had been bent but not welded. 

As will be noted from the table, the rupturing ca- 
pacity of this switch was exceeded by more than 60 
per cent on test No. 7 at which value the result obtained 
might well have been expected. On test No. 5, on the 
other hand, the breaker successfully opened 100,000 
kv-a. at 2300 volts, which, aside from the breaking of 
the barriers and rather extensive burning of the arcing 
contacts (the contacts tested were not designed for 
2300 volt service), ought certainly to be considered a 
creditable performance. 

Although the breaker more than met its guaranteed 
rupturing capacity, certain design features which were 
Standard with the manufacturers on breakers of heavy 
duty were incorporated in the breakers actually in- 
stalled, the principal ones being those of increasing the 
thickness of the tank from 4 in. to 5/1. in., increasing 
the depth of the tank two in., and the substitution of a 
much heavier butt type-arcing contact and the employ- 
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ment of steel barriers over which is placed a wooden 
lining instead of wooden barriers fastened to the tank 
lining. The authors have no doubt but that the 
breaker as finally obtained has a rupturing capacity 
considerably in excess of the originally guaranteed 
capacity. 


TESTS ON GENERAL ELECTRIC 132-KV. OIL CIRCUIT 
BREAKERS 


Due to the large number of 132-kv. breakers that are 
employed on the system of the American Gas and Elec- 
tric Company, the question of rupturing capacity of 
different types of breakers, particularly of 182-kv. 
rating, is naturally a very vital one to us and it takes 
a test to make the final check on rupturing capacity. 
This was one reason for the third series of tests. 
Another reason was the desire already mentioned to 
carry out tests close to the rupturing capacity of the 
breaker and thus determine if possible the correctness 
of some of the fundamental design principles and 
therefore whether designs based on these principles 


‘for rupturing capacities beyond any possible test values 


could be relied upon with a certain degree of safety. 
Still another reason was to determine experimentally 
whether a cycle more strenuous than the standard 
duty cycle on the breaker was too dangerous or whether 
it could be employed safely. 


Tests on the FHKO-39-B 182-kv. Breaker. Arrange- 


Fiag. 18—Hovuse BUILT ror SHELTERING THE GENERAL 
ELECTRIC OSCILLOGRAPH SHUNTS AND Pror. Dycue’s CURRENT 
TRANSFORMER 


ments for the test included, among other things, first, 
tapping the Alliance Line at the first tower the same as 
for the Brown Boveri 132-kv. test, and running this 
tap through the FHKO-39-B and FHKO-136-B 
breakers which were connected in series to the short- 
circuit point; second, building a temporary house 
with dark room for the oscillograph equipment, includ- 
ing in this house a platform insulated for 132,000 
volts to carry one of the General Electric oscillographs 
used for measuring currents by means of shunts placed 


Transactions A. I. E. E. 
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directly in the short circuit leads; and third, the building 
of a special insulated triangular framework support for 
mounting the shunts, together with the shelter, all 
of which is shown in Fig. 18. In addition to the three 
oscillographs supplied by the General Electric Com- 
pany, a fourth machine, Professor Dyche’s, was pro- 
vided in order to obtain parallel records of voltages and 
current, the latter by means of the same current trans- 
former used in the previous Brown Boveri test. The 
system set-up for these tests was that shown in Fig. 4 
with the omission of the 22,000-kv-a. generator 
at Akron. 

Since it was planned on these tests to take a number 
of shots with the short-circuit point ungrounded, it was 


Arc Vol/age 23 
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fourth the rating of the breaker, a standard duty cycle 
at full system capacity, a special duty cycle consisting 
of 2-CO shots with two-minute interval to obtain a 
shorter duration of short-circuit current, and finally 
several special duty cycles including a series of 7-OCO 
shots, also with full system capacity. Most of these 
tests were to be made with the short-circuit point 
grounded, permitting the taking of records both on the 
shunts and on the current transformer with its limited 
insulation. After these it was planned to take a number 
of shots with the short circuit ungrounded and with the 
current transformer disconnected from the circuit. 
Table III gives a complete summary of the results of 
all of the tests on the 39-B breaker including the data 


Coniac Ts fèri 


curren! ġ z 


ee T mn an ome eae A 
* - ¥ ¥ i 


19—OscILLOGRAMS OF Test No. 


Fia. 


10000 sontacts Fart 
i Curren?! oz 
AAAA eo aS ETT iF) 


via, ‘AAAAAN i l 


10 oN 


341/0: RMS AMPS 


FHKO-39B BREAKER (ProF. DycHE) 


Arc Voltage #3 


AAAAAAA AANAAAAAAAANAAARAAAAAAD 


TELL. he Ue L D E EEE EU Lf 
A a) UE E aoaa 


EYP 
F450 AMS AMPS 


AAA NNAAAAAAAAA AA ATRAAAARAARARA AS 


vavaravqvavaravasaarevavevee 
HBHAnHanAnh 


F ia. 


necessary to carry the leads from the shunts on 132,000- 
volt insulators to the oscillograph house and, as stated 
above, mount the oscillograph on an insulated platform. 
It was also necessary to carry a 132,000-volt insulated 
connection from one terminal of one of the permanently 
installed Windsor line potential transformers located 
in the 132-kv. yard, back to the short-circuit side of the 
136-B breaker. 

In an attempt to duplicate as nearly as possible on 
the FHKO-39-B the tests carried out on the Brown 
Boveri 150-kv. breaker, the program for testing con- 
sisted of a preliminary trial shot followed by a series of 
eight shots in rapid succession at approximately one- 
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20-—OscILLOGRAMS OF Testr Nos. 18 anv 19 (TAKEN ON ONE Fim BY Pror. DYcHE) 


from both the General Electric Company oscillographic 
equipment and Professor Dyche’s equipment. Using 
the data given in Table III on the system set-up for each 
test and by referring to Fig. 4, the exact system connec- 
tions for any test may be obtained, omitting of course 
the 22,000-kv-a. generator at Akron, shown on Fig. 4. 
During all of the tests on this breaker no inspections 
of the contacts were made at any time. Typical 
oscillograms of these tests are shown, both those 
obtained by the General Electric Company and those 
from Professor Dyche’s oscillograph. Of the latter, 
Fig. 19 shows the first shot of the standard 2-OCO 
duty cycle comprising tests 10 and 11 which were 
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TABLE IIIA 
RESULTS OF COMPARATIVE TESTS MADE ON GENERAL ELECTRIC CO. LINE SHUNTS AND PROF. DYCHE’S CURRENT 
TRANSFORMER. TAKEN AS IN FIG. 24 


Current as Meter reading Ratio of G. E. | Ratio of Prof. Ratio of 
measured by on ammeter Current as reading to |Dyche'sreading| Prof. Dyche's 
G. E. Co. Prof. Dyche'’s | in C. T. sec. measured by meter in to meter readings to G. E. 
Line shunt no. test no. oscillograph circuit Line current G. E. Oscil. per cent in per cent (readings in percent 
Peoi EOR Le AE S S EOS S ANE 
1 23 HX 2040 4.77 1910 107.0 
1 24 HX 2040 4.76 1905 107.0 
1 25 HX 2040 4.76 1905 1860 97.7 107.0 109.5 
1 26 HX 2040 4.74 1895 1800 95.0 107.5 113.0 
1 27 HX 1112 2.73 1090 1070 98.3 102.0 104.0 
1 28 HX 1112 2.74 1097 101.0 
1 29 HX 1112 2.74 1097 101.0 
1 30 HX 2230 5.42 2170 2175 100.0 103.0 102.5 
1 31 HX 2230 5.39 2160 2040 94.5 103.0 109.0 
3. 32 HX 1880 4.82 1925 2000 104.0 97.8 94.4 
3. 33 HX 1970 4.81 1920 1910 99.5 103.0 103.0 
3 34 HX 1075 2.67 1070 1145 107.0 100.0 94.4 
2 35 HX 2.61 1042 
2 36 HX 1043 2.60 1040 1093 105.0 100.0 95.3 
2 37 HX 4.69 1875 
2 38 HX 1910 4.70 1880 1790 95.3 101.5 106.5 
2 39 HX 1810 4.68 1870 1885 101.0 96.8 96.3 
2 40 HX 1020 2.59 1035 1070 103.5 98.5 95.3 
Total AVeraga. ninna aaa a —100.1 102.25 102.1 


the first tests using the full capacity of the system. 

After the completion of this duty cycle oil samples 
were drawn from the middle of each tank and from the 
bottom of tank No. 1. Dielectric tests on these 
samples gave for tank No. 1, 24.5 kv. average; for tank 
No. 2, 21.3 kv.; for tank No. 3, 27.6 kv; and for the oil 
drawn from the botton of tank No. 1, 11 kv. No 
change was made in the oil. 

The special duty cycle represented by tests 12 and 13 
at one-minute intervals was not made intentionally as 
such but was supposed to be the beginning of the series 
of seven shots at one-minute intervals. Due to 


j y 


Fic. 21—OscıLLOGRAMS8S oF Test No. 26 (G. E.) 


trouble with the oscillographs it was necessary to 
interrupt this series after the second shot. 

The special duty cycle of seven shots at one-minute 
intervals was then successfully carried out as shown 
under test Nos. 14 to 20 inclusive in the table. Due 
to the number of shots and the short interval between 
shots, it was not possible to record each shot on a sep- 
arate film, although records were obtained on all but 
one of these shots from either one or the other of the 
oscillographic equipments. Fig. 20, which shows 
Professor Dyche’s record of tests 18 and 19, is a repro- 
duction of only a portion ‘of the original film on which 
five shots were recorded. All of the shots were cleared 
by the test breaker with no evidence of distress, with no 


throwing of oil, and with very little smoke visible 
except on test No. 17 when No. 3 tank gave off quite a 
puff of smoke. This tank, however, as well as the 
other two tanks, did not give off more than a small 
amount of smoke on any other tests and the inspection 
following the completion of the tests did not reveal any 


Fig. 22—FuLL Set or Contacts FROM FHKO-39B BREAKER 
AFTER COMPLETION OF TEsT Nos. 1 To 26 : 


unusual condition in No. 3 tank or anything different 
from that in the other two tanks. 

In order to obtain a higher value of current by 
decreasing the total duration of the short circuit, a duty 
cycle consisting of 2-CO shots was made as covered by 
test Nos. 21 and 22. While this type of duty cycle did 
decrease the total duration of short circuit to approxi- 
mately 30 one-half cycles, the increase in ruptured 
kv-a. as shown in Table MI was not very large. : 
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All of the shots up to and including test No. 22 were 
made with the short circuit grounded. The remaining 
four shots, tests 23 to 26 inclusive, were then made with 
the short circuit ungrounded, so that it was necessary 
to disconnect the current transformer supplying 
Professor Dyche’s oscillograph and confine further 
oscillographic records to the General Electric equip- 
ment, the current recording oscillograph as stated 


Fic. B 


Fig. 23—(a) Rop AND CONTACT SEGMENTS FROM ONE POLE 


oF 39 B BREAKER AFTER TEsT No. 26 


(B) 


COMPARISON OF NEw Rop wiru Rop FROM 39B 
BREAKER AFTER TEstT No. 26 


above being mounted on a platform insulated for 
132,000 volts. Fig. 21 shows oscillograms obtained by 
the General Electric equipment on test No. 26 of this 
series. 

At the conclusion of the tests the oil was immediately 
drained from the tanks and the contacts from phase 3, 
which had given off the puff of smoke on test No. 17, 
were removed from the tank. It was found that the 
burning was confined almost entirely to the arcing ring 
below the current-carrying segments and that the 
burning of the rod was confined to the arcing tip and 
was such that no beads or pits were left which might 
cause the rod to stick in the contacts. It was quite 
evident that the contacts were in sufficiently good 
condition so that without any dressing at all the 
breaker could be kept in service and carry its rated 
current even though 26 short circuits had been inter- 
rupted, 17 of them at full system capacity. 

Fig. 22 shows all six contacts and contact rods taken 
from the FHKO-39 breaker after the completion of the 
tests while one of the contacts and contact rods with 
part of the segments removed to give a better view of the 
burning are shown in Fig. 23a. Fig. 23B, a comparison 
between a new contact rod and one of the rods taken 
from this breaker after the test, also shows the extent 
and character of the burning which was fairly smooth 
and without beads. The average test on the oil taken 
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from this breaker after the completion of the tests was 
19.25 kv. 

An examination of Table III will reveal a com- 
paratively large discrepancy between the values of 
current as recorded by the General Electric oscillographs 
and by Professor Dyche. The maximum discrepancy 
occurs on test No. 22 in which Professor Dyche obtains 
a value of 3610 amperes for the initial r. m. s. current 
in the are as against a value of 3020 for the same phase 
on the General Electric oscillograms. Differences of 
somewhat lesser magnitude will be found in most of the 
other tests, particularly on the full system capacity 
shots. 

In order to discover whether one or the other of the 
equipments was in error or whether the observed dis- 
crepancy was merely the possible error inherent in the 
oscillographic method of recording currents, a calibra- 
tion check was made using the set-up in Fig. 24. A 
heavy current transformer for stepping down from 220 
volts to three volts was obtained, together with a 2000- 
ampere instrument type current transformer and an 
ammeter calibrated with the current transformer, both 
of General Electric make. With this set-up, a current 
was passed through the circuit, first approximately 
1000 amperes and then 2000 amperes and simultaneous 
readings were obtained on both oscillographic equip- 
ments as well as the calibrated ammeter. The results 
of these tests made under steady state conditions which 
are shown complete in Table IIIA give a maximum 
variation between Professor Dyche’s record and that 
of the General Electric oscillographs of 13 per cent, 


To G.E.Oscillograph I 


Fic. 24—SeET-UP ror CuHeckina G. E. SHuUNTS AND PROF. 


DycHeE’s CURRENT TRANSFORMER 


which is nearly as large as the discrepancy found on the 
actual short-circuit test. 

Since check tests (with special current transformer 
and its own meter) showed the two oscillograph equip- 
ments to read within a very few per cent, it is difficult 
to explain what caused the discrepancy of some 15 
per cent on test No. 22 and a smaller percentage on 
certain other tests. A great deal of study was given to 
circuit set-ups in the endeavor to locate the cause of this 
discrepancy but nothing definitewas found. It is 
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probably fair to assume that some condition peculiar 
to the particular set-up was the real cause, although 
unfortunately nothing definite was determined. 
Plotting of the readings of the two oscillographs 
against the readings of the standard current transformer 
showed that the discrepancy was not consistent, one 
equipment reading high over part of the current range, 
then showing low results over another part; while the 
other equipment read low, then high over the same 
ranges. In view of the fact, however, that a certain 
amount of difference in calculated results is to be ex- 
pected from such causes as differences in inaccuracy of 


Fig. 25—Mupp.Le TANK oF 136 B AFTER TEstNo. 31 SHOWING 


AcTUAL OPENING WHERE WELDED SEAM FAILED 


reading waves of different heights and lengths, different 
methods of calibrating instruments, etc., a reasonably 
close agreement between results was shown. With 
these various considerations, therefore, it is probably 
not far from correct to assume that the true current 
values were represented by the mean of the two values 
indicated by the General Electric Company and Pro- 
fessor Dyche’s equipments. 

Since the records in the case of the Brown Boveri 
150-kv. circuit breaker tests, however, were taken 
with the same set-up as that used by Professor Dyche 
on the present tests, it is believed that the values 
obtained by Professor Dyche may be used as a fair com- 
parison with the results obtained on the Brown Boveri 
breaker. 

Tests on the FHKO-136B 132-kv. Breaker. After 
the completion of the tests on the FHKO-39B breaker, 
tests were made on the 136B which, as previously 
mentioned, was connected in series, with the 39B, 
the latter then being used as a back-up breaker. 

On account of the difficulties encountered in testing 
the 136 breaker, these tests were spread out over a 
considerable period of time and divided into three 
series, the first taking place on December 6, 1925, 
the second on January 10, 1926, and the third on May 
23, 1926. 


It was planned to subject this breaker to a series of 
eight OCO shots in rapid succession at approximately 
one-fourth of the breaker rating followed by one or more 
standard duty cycles at the full system capacity, and 
then to carry out one or more special duty cycles, such 
as four shots at full system capacity with one-minute 
intervals. 

The first attempt to carry out the above tests on this 
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breaker was made on December 6, 1925. Complete 
results of the tests made on this date, as well as of the 
tests made on the following January 10, 1926, are given 
in Table IV. As will be noted in this table, after sub- 
jecting the breaker to a trial shot and three of the pro- 
posed series of eight shots at approximately one-fourth 
of the breaker rating, the breaker failed by splitting 
open along the welded seam at the bottom of the middle 
tank, permitting the oil in that tank to escape. The 
character of this failure is clearly shown in Fig. 25 in 
which the tank is suspended and the view is from below. 
The tests were discontinued of course for that day and 
the tanks opened to permit examination of the contacts. 

It was found that one of the insulating cylinders 
normally surrounding the explosion chambers had 
broken from its fastenings and was lodged on the cross- 
head. The other insulating cylinder in this pole had 


Fig. © 


Fig. B 


Fia. 26—(a) THrRoAT BUSHING AND INSULATING COLLARS 
TAKEN FROM 136B BREAKER AFTER FAILURE ON TEsT No. 31 


(B) Same Turoat BusHING witH ONE COLLAR 
REMOVED SHOWING WHERE PUNCTURE OCCURRED 


(c) 


THROAT BUSHING FROM OPPOSITE SIDE OF SAMB 
PoLE SHOWING BURNING 


not fallen down but was partially broken from its fast- 
ening. It was apparent also that the explosion chamber 
insulation had failed, permitting the are to cut through 
the throat bushing to the lower edge of the steel explo- 
sion chamber. Fig. 26A shows the broken throat with 
insulating collars in place. Marks on one of the fibre 
rings show evidence of burning by the arc. Fig. 26B 
shows the same throat bushing with one collar removed, 
revealing the place where the are punctured through. 
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Another throat bushing also bearing evidence of punc- 
ture is shown in Fig. 26c. The steel explosion chamber 
itself showed marks of the arcing on the inside edge of 
the bottom opening, and retained the imbedded half 
of the six fibre screws which were broken. off and which, 
together with the explosion chamber throat bushing, 
were used to support the insulating cylinder around the 
explosion chamber. The contacts taken from this 
breaker, two of which are shown in Fig. 27, indicated 
by the small amount of pitting that the actual short- 
circuit duty was very light. 

On the trial shot an accident occurred to the General 


oe. 
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27—ConTActs FROM 136B BREAKER AFTER TEstT No. 31 
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Electric oscillographic equipment which may be of 
interest to describe. On all of the tests made on the 
39B the oscillograph mounted on the insulated platform 
was kept entirely separate from the other equipment, 
using a separate 125-volt battery for motor control, etc. 
At the beginning of these tests through some delay the 
separate 125-volt battery was not available so that on 
the first shot the necessary current for operating the 
oscillograph motor and arc was taken from the battery 
connected to the other oscillographs. This was done 
partly through an oversight as it was fully realized that 
considerable voltage might be built up on the short- 
circuit side of the breaker due to the resistance drop of 
any momentary unbalanced current which might flow 
throught the ground connection. This was definitely 
proved on the first shot taken under these conditions. 
As soon as the circuit was closed, considerable fireworks 
ensued with resultant serious damage to the General 
Electric equipment, all of the elements being burnt out 
in the insulated oscillograph and some of the elements 
in the other two oscillographs, a total of six out of nine 
being completely burned out. This burning was not 
only confined to the vibrators proper but in some cases 
the field coils too were burned out. Naturally, no 
records were obtained on the General Electric oscillo- 
graphic equipment in this series. | 

In going over such evidence as was available as to the 
cause of the breaker failure, two things were apparently 
certain; first, it seemed established beyond a doubt 
that material used in the throat bushing was inadequate 
from the standpoint of dielectric strength and perhaps 
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also from a mechanical standpoint; and second, the tank, 
and particularly the weld, seemed to be weak. The 
first, that is, the faulty bushing, through its electrical 
breakdown, probably caused the mechanical breakdown 
which in turn ruined the explosion chamber assembly 
and at the same time allowed open arcing with the 


„result that there was created a pressure sufficiently high 


to open a weld which was none too strong in the first 
place. 


The tanks were returned to the factory and rewelded, 
a stronger weld being employed in the new set-up. 
New types of throat bushings slightly different in design 
but principally different in the employment of new 
material, supposedly stronger from a mechanical and 
electrical standpoint, were also supplied. The breaker, 
embodying these changes, but no others, was submitted 
to a second series of tests on January 10, 1926. 


The set-up for this second series of tests on the 136B 
breaker was the same as on the first series with the 
exception that the 39B back-up breaker instead of 
being connected directly to the Alliance line was 
connected by means of a short temporary 132-kv. line 
to the end of the 182-kv. station bus. The results 
of this series of tests, which along with the first series are 
summarized in Table IV, proved to be almost an exact 
repetition of the results obtained on the previous 
series, with the exception that the failure on the third 
shot of the proposed series of eight was evidenced by the 
breaking of a 132-kv. bushing on the high side of the 
breaker, permitting oil to leak out, and by a sharp 
report with fire issuing from the vents on pole 3. 

The second series of tests being thus ended, the oil 
was immediately drained from the tanks and the interior 
examined. Asin the case of the failure on December 6, 
it was found that the insulating cylinders on both the 
explosion chambers in No. 3 tank (the one on which the 


Fic. 28—THrROoaT BUSHINGS FROM 136B BREAKER AFTER 


Test No. 35 (SEconp FAILURE) 


bushing was broken) were broken from their fastenings 
and both were down on the cross head. It was noted 
also that this tank showed considerably more bulging 
than the other two. Upon removing the explosion 
chambers from all of the tanks it was found that throat 
bushings were again broken in both No. 2 and No. 3 
tanks. In this case, however, the breaks were such 
that it did not seem possible that they were caused by 
electrical puncture. These broken bushings are shown 
in Fig. 28. The manner in which the high-voltage 
bushing was broken is illustrated in Figs. 29 and 30, 
«the break at the lower end of the bushing not being 
discovered until the bushing was taken apart. 
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The final explanation adopted as the reason for the 
failures of December 6 and January 10, and the one 
which served as the basis for the changes that were 
made prior to the tests of May 23, was as follows: 

The fairly long insulated cylinder placed over each 
explosion chamber was supported only and entirely at 
the bottom, partly by means of a number of fibre screws 
tapped into the bottom of the steel explosion chamber 
and partly by the explosion chamber throat itself. This 
assembly is shown in Fig. 31. When the breaker 


29—Uprper Hatr or 132-Kv. BusHING FROM POLE No. 3 
oF 136B BREAKER AFTER TEsT No. 35 


Fia. 


opened on short circuit the generation of gas caused 
some internal pressure, throwing oil against the flat 
sides of the tank and springing these sides out to a cer- 
tain extent. 
force in the opposite direction causing considerable 
thrust against the insulating cylinders over the explo- 
sion chambers. Since these long insulating tubes were 
supported only at the bottom, the cantilever strength 
was insufficient to withstand this shock and the supports 


Fig. 30—BvsuHING FROM POLE No. 3 or 136B BREAKER AFTER 


Test No. 35. Notre BREAK aT LOWER END 


had to give way, thus breaking the explosion chamber 
throat and allowing the cylinder to drop. 

While there was no conclusive evidence to show 
whether the electrical puncture encountered on the 
throat bushings during the test of December 6 was 
caused by mechanical failure or was the cause of the 


mechanical failure, at the same time there is a slight: 


preponderance of evidence, especially after an analysis 
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On the rebound the oil was made to exert . 
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of the tests of May 23, that would show that mechanical 
failure preceded electrical failure. Following out this 
theory a new assembly for the explosion chamber parts, 
including the insulating shield, was worked out and is 
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Fia. 31—ExPpLosION CHAMBER ASSEMBLY USED IN 136B 
BREAKER ON Tests 27 TO 35 INcLUSIVE (DECEMBER 6 AND 
JANUARY 10) EXCEPT THAT THROATS USED ON TeEsts 32 To 35 
WERE OF THE TYPE SHOWN ON Fa. 48 


"RHA MAAAAAAAAAAAZZZZ:2 
bn) 


28 


kaioa, aii i | 


32— EXPLOSION CHAMBER ASSEMBLY AS REDESIGNED FOR 
Tests 36 To 65 (May 23, 1926) 


Fia. 


shown in Fig. 32. It will be noted that this assembly 
differs in a number of respects from the former, but the 
principal new features are, first, that the insulating 
cylinder is supported at the bottom again by means of 
fibre screws but tapped directly into the steel pot and 
kept quite separate from the explosion throat. Further, 
although not shown in the sketch, the number of these 
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supporting screws was increased from six used origi- 
nally, to 12 in the newassembly. Second, an entirely 
new part was installed consisting of two wooden rings, 
one at the top of the steel pot and the other at the 
bottom, exactly filling the space between the inner 
insulating cylinder and the steel at these two points, 
thus taking all cantilever strain off from the lower end 
of the cylinder. These two upper and lower wooden 
rings are joined together by several connecting wooden 
uprights making a rigid structure. 

With these changes carried out the third series of 
tests on the 136B breaker was arranged for May 23, 
1926. 

The testing arrangements on this series were the 
same as on the last, with the exception that the system 
capacity available was somewhat less, the set-up being 
in accordance with Fig. 4 with the following changes: 
first, no generating capacity was available from Akron, 
and second, at Cleveland the capacity was reduced 


from seven to five generators with only one transformer 


bank stepping up from 11 kv., one 66-kv. cable circuit, 
and one transformer bank stepping up form 66 kv. to 
132 kv. at South Akron. With this reduced capacity 
the calculated value of short circuit available at 0.16 
sec. after the beginning of the short circuit was reduced 
from 775,000 kv-a. to 685,000. 

The complete results of this final series of tests on the 
136B breaker, made on May 23, 1926, are summarized 
in Table V. In view of the discrepancies which were 
found between readings on the General Electric oscil- 
lograph and on Professor Dyche’s during the 39B tests, 
arrangements were made in these final tests to have one 
element of the General Electric oscillograph supplied 
from the current transformer which was supplying 
Professor Dyche’s oscillograph. 

The program for testing was laid out in the same 
manner as that which had been attempted for the two 
preceding series. After making the preliminary trial 
shot to determine whether all oscillographic equipment 
was functioning properly, the series of 8-OCO shots at 
approximately one-fourth the breaker rating in rapid 
succession was begun. A little trouble was experienced 
at first when the breaker failed to close on the second 
shot of this series and when, after making slight adjust- 
ments on the mechanism, it failed to close again on the 
third shot of a second attempt to make the series. 
After this the mechanism was not satisfactorily ad- 
justed, and the 8-OCO shots at approximately 30-sec. 
intervals were carried out. No distress was apparent on 
any of the shots, only a slight trace of smoke being 
visible and no oil being thrown. 

The next test was a standard duty cycle of 2-OCO 
shots with a two-min. interval at the full system 
capacity available. Following this a duty cycle con- 
sisting of 2-CO shots with a two-minute interval was 
given to the breaker with the idea of obtaining a some- 
what higher current due to decreased time between the 
beginning of the short circuit and the first half cycle of 
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arcing. As will be noted from the value of inter- 
rupted kv-a. on both of these duty cycles, this procedure 
did result in increasing the current from approximately 
2300 to approximately 2500 amperes. On both of these 
duty cycles, which include tests 48 to 51, the short 
circuit was cleared without signs of distress on the part 
of the breaker. 

As a special duty cycle with a larger number of 
shots at closer intervals, the breaker was subjected to 
4-CO shots at one-min. intervals with the maximum 
system capacity available. These four shots which 
averaged 600,000 kv-a. interrupted were handled with- 
out any distress by the breaker. 

After these tests a number of additional shots were 
taken with the short circuit ungrounded. Professor 
Dyche’s equipment, of course, was disconnected from 
the current transformer, which was not insulated 
for high voltage, and General Electric records only 
were obtained, taking advantage of the oscillograph 
mounted on the insulated platform. An attempt was 
made also to further increase the short-circuit current 
by means of CO shots on which the test breaker was 
tripped through an auxiliary switch on the KO.39 
back-up breaker, thus decreasing the total duration 
of the short circuit. The first series made in this man- 
ner consisted of 4-CO shots at one-min. intervals, 
records being obtained only on the first and last shots. 
It was found, however, that the adjustment of the 
auxiliary switch trip on the back-up breaker did not 
speed up the tripping of the test breaker as much 
as had been anticipated. 

The next series of tests consisted of 4-OCO shots at 
one-min. intervals at full system capacity, the first 
and last of these being recorded in Table V. 

In a final attempt to approach nearer to the rating of 
the FHKO-136B test breaker a further adjustment was 
made on the auxiliary switch of the 39B back-up breaker 
so as to speed up considerably the tripping of the test 
breaker. With this adjustment and with the system 
still ungrounded a final duty cycle consisting of 2-CO 
shots at two-min. intervals was carried out. The 
attempt to speed up the tripping was quite successful 
in this case as it will be noted from the table that the 
total duration of short circuit was reduced to ap- 
proximately 31 half-cycles and the interrupted kv-a. 
was increased to 625,000, a larger value than on any 
of the previous shots. These shots were handled by the 
breaker with no distress, only a small amount of smoke 
being given off and no oil being thrown. Oscillograms 
taken on this duty cycle, tests 64 and 65, are shown in 


- Fig. 33. 


After the completion of the tests, samples of oil were 
drawn from the middle of the tanks and tested for 
dielectric strength, averaging 15 kv. as against approxi- 
mately 30 kv. obtained for the original oil. Upon 
draining the oil and inspecting the interior of the tanks 


it was found that all of the insulating cylinders around 


the explosion chambers were in placesand that no 
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damage had been done to any of the throat bushings. 
The burning of the contacts which is shown in Fig. 34 
was found to be confined almost entirely to the arcing 
tips of the contact rods and to the arcing bell of the 
explosion chamber, the contact segments themselves 
being in a very clean condition. 

In view of the fact that the breaker handled a total 
of 30 shots without any inspection or even a change of 
oil, and that on 18 of these shots the duty was not far 
below the actual rated interrupting capacity, and fur- 


ther in view of the excellent condition that the breaker | 


Fia. 


33—OscILLOGRAMS OF TEsTs 64 anb 65 (G. E.) 


and contacts were in at the end of the tests, it does not 
appear rash to state definitely that the breaker was fully 
adequate to meet its guaranteed rupturing capacity 
and that the troubles in the explosion chamber assembly 
encountered in the tests of December 6 and January 
10 were completely eliminated in the new assembly 
developed. 


VALUE OF THE TESTS 


While the carrying out of tests on oil circuit breakers 
is as a general rule highly interesting, it is at the same 
time a very expensive affair and further very often 
results in a considerable upset of the system. Even 
if no actual physical damage results there is always the 
damage worked indirectly as a result of the effect of the 
short circuits on the system voltage and perhaps upon 
apparatus susceptible to voltage changes or dips. 
The authors believe therefore that before a test of this 
sort is undertaken the question should be raised as to 
the benefits that may be expected from the test and that 
these benefits should be weighed to make certain that 
they are sufficient to overbalance the possible harmful 
effects. Further, the tests having been carried through, 
it is very vital that the question should be raised again 
as to what value has actually been obtained. 

Reviewing the results of the tests on the Brown 
Boveri breakers in the light of these data, it can be 
stated that in the case of the 150-kv. breaker tests 
the following benefits were obtained: 

1. While the question was not definitely determined 
in the affirmative as to whether a multi-break breaker 
could be designed and built to handle successfully 


SPORN AND ST. CLAIR: 


OIL CIRCUIT BREAKERS Transactions A. I. E. E. 
rupturing capacity in the order of 1,000,000 kv-a., it 
is believed at the same time that the performance of the 
breaker when rupturing a short circuit of the order of 
75 per cent of that value was such that there appeared 
no doubt that the limit of the rupturing capacity of the 
breaker had not been reached. 

2. Definite information was obtained as to the 
ability of the breaker to go through a cycle much 
more severe than the standard duty cycle. It was 
shown that for the system in question, if operating 
conditions called for it, the breaker tested could be 
plugged in on a short circuit four or five times in rapid 
succession with perfect safety. 

3. Inall, 26 short circuits were placed on the 132-kv. 
system of which 13 were at approximately full system 
capacity. So far as is known no appreciable damage 
of any sort resulted to the system. There were minor 
exceptions. One was that of the breaking of jewels 
on meters connected in secondaries of current trans- 
formers that fed heavily into the short circuit and 
which, through an oversight in some of the first tests, 
had not been removed from the circuit. A strain 
choke coil on the circuit supplying the full short-circuit 
capacity collapsed, and half of the primary of one of 
the current transformers on a 182-kv. circuit supply- 
ing the short circuit was short-circuited by arcing 
between turns. But with these exceptions no further 
damage of any kind was experienced. 

When the tests were originally contemplated and the 
test procedure was being discussed, doubt was expressed 
by some of the operating people as to the advisability 
of purposely placing severe short circuits on a healthy 
system. The view that finally prevailed, however, 
was that a system such as ours was at all times in danger 


Fig. 34—ArcING BELL COMPARISON OF NEW AND USED 
Contact Rop, AND EXPLODED VIEW oF ConTacT SEGMENTS 
TAKEN FROM ONE POLE or 136B BREAKER AFTER TESTS 36 TO 65 


of having a short circuit placed on it with the full 
system capacity and if it was not in a position to stand 
up under such a short circuit, the sooner that condition 
was found and remedied the better off the system would 
be. It was satisfying to find that the system was able 
to go through all these short circuits without any 
appreciable damage. 

4. Until the carrying out of the tests in question no 
check was available as to the system short-circuit 
capacity. Many calculations and much design work 
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and specification work had been done, however, on the 
basis of calculated values and it was felt that sooner or 
later some of these calculations ought to be subjected to 
test to determine whether the actual values were in 
agreement within reasonable limits. The tests demon- 
strated that the system calculations were correct at 
least to within 10 per cent. 

In the case of the 37-kv. breaker of the Brown 
Boveri type, the principal benefit obtained was, of 
course, a complete demonstration that the designer of 
the breaker had completely missed his mark in giving 
the breaker a guarantee of 250,000 kv-a. Further, it 
indicated that perhaps under no conditions would it 
be possible to build economically a single tank type 
breaker for that voltage and the rupturing capacity in 
question, namely, 250,000 kv-a. It would be interesting 
if this point, at some future time, could be definitely 
established or disproved. 

As regards the Reyrolle tests, the benefits that were 
obtained as a result of the tests can be summarized as 
follows: 


1. It gave confidence in the engineers’ original 
decision to install this equipment although so far as was 
known no equipment of that type had at that time been 
placed in service in this country. The equipment, as is 
well known, however, is widely used on the continent 
and particularly in England. 


2. As regards the design itself, it showed that the 
system of baffling, such as was originally proposed, 
which consisted of wooden linings with wooden barriers 
fastened to the linings, was inherently weak and was 
not advisable for breakers that were expected to 


rupture even such a moderate amount of power as. 


75,000 kv-a. 

Coming now to tests of the General Electric Company 
breakers, it is believed that the following can be listed 
as distinct benefits resulting from the tests: 


1. A further check was obtained on the system short- 
circuit capacity and on the calculations that had been 
employed in the past. 

2. In all, 64 short circuits were placed on the 132-kv. 
system of which 35 were at approximately full system 
capacity. So far as is known, no appreciable damage of 
any sort resulted to the system. Full advantage, of 
course, was taken of the experience gained during the 
Brown Boveri tests, so that the troubles encountered 
at that time were not met with during these tests. 
It was highly satisfying to find that the system went 
through all these 64 tests without any damage. 


3. The tests served as a very thorough check on the 
explosion chamber type of breaker and particularly on 
the assembly that was standard before the tests were 
undertaken. It showed the weaknesses of the original 
assembly and demonstrated the complete efficacy of 
the remedial measures that were finally applied to 
overcome these difficulties. This was of great value 
not only from the standpoint of future breakers but 
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also in connection with some of the breakers that were 
already in service and that were employing the original 
explosion chamber assembly. An example of this 
occurred during the summer following the spring in 
which the last tests were made when perhaps six or 
seven 132-kv. breakers of the KO-39-B type failed in 
operation, the failure consisting of the inability of the 
breaker to go back in circuit after opening a number of 
times under short-circuit conditions. An examination 
of the explosion chamber assembly, which was the 
cause of the failure, showed that the failure encountered 
was exactly similar to that which had occurred during 
the tests on the 136-B breaker. As a direct result, 
therefore, of the experience that was obtained during 
the tests the new type of explosion chamber assembly 
was substituted for the old type and no trouble of any 
kind has been experienced since. 

4. A benefit that must not be overlooked is the fact 
that a breaker of high rupturing capacity was subjected 
to a test very close to its rated values and on a cycle 
which might, on the basis of the present tentatively 
adopted standard for the derating of breakers for other 
than a standard duty cycle, be interpreted to have 
subjected the breaker to a duty considerably in excess 
of its rating. The test clearly showed that at least 
for the particular type of breaker in question, after 
certain changes had been made, the guaranteed limit 
could be handled by the breakers successfully. If now 
it is assumed that the design was carried through on a 
certain rational basis and on the basis of definite 
empirical and other fundamental data, then it may be 
safely considered that the tests of the breaker in so far 
as such data entered into its design, served as a check 
on it and on other breakers designed on the same 
principle. 

The authors desire to acknowledge the great assis- 
tance and cooperation they have received in the carry- 
ing out of these tests, and without which the tests would 
have been impossible, from the Cleveland Electric 
Illuminating Company, The Northern Ohio Power and 
Light Company, The Ohio Public Service Company, 
and the West Penn Power Company whose systems 
were either tied in with the test circuit or through whose 
cooperation in carrying a certain portion of the load it 
was possible to make available the capacity gathered 
together for the tests. 

The authors also wish to acknowledge the great help 
received from the American Brown Boveri Corporation 
and from the Reyrolle Company in furnishing the 
switches and assisting in the tests and to the General 
Electric Company for their cooperation in the making 
of the Reyrolle tests and for furnishing the switches, 
the test equipment and operators, and for other assis- 
tance rendered in connection with making the tests 
on their breakers. Finally, acknowledgment is due to 
the operating department of The Ohio Power Company 
and Professors H. E. Dyche and E. R. Rath for their 
great help in making and recording the tests. 
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Discussion 


J. D. Hilliard: The management of the American Gas and 
Electric Company, and otber companies allied in making the 
tests, showed real courage in permitting repeated and severe 
short circuits to be thrown on the system—short circuits of 
greater magnitude than any to which high-voltage system had 
hitherto been intentionally subjected,—and they deserve the 
thanks of the electrical profession. The operating and construc- 
tion departments also deserve credit for their efforts in carrying 
out the testing program in an efficient and expeditious manner. 


In consenting to the publication of the full details without 
reserve of the Canton tests made by Messrs. Sporn and St. 
Clair, the General Electric Company has taken the stand that 
it believes that the engineers of the power companies of the 
country should be fully informed regarding circuit-breaker 
operation. The General Electrice Company’s engineers realize 
the value of field tests as supplementing the tests made in its 
testing laboratory; they realize that the only test which abso- 
lutely determines the interrupting capacity of an oil circuit 
breaker i3 the test made repeatedly at the full rated capacity, 
both in current and voltage, and they realize also that the only 
thing proved by such a test is the interrupting capacity of the 
breaker upon that particular system and under the particular 
conditions existing at the time the test was made; that if the test 
had been made upon another system at the same voltage and 
current interrupted, results might have been entirely different. 
The latter remark is not ‘‘theorizing,’’ but is based upon years 
of experience in circuit-breaker testing and is a fact. 


In their paper, the authors have drawn certain conclusions 
which seemed logical to them; they have assumed that because 
to them, a breaker performed satisfactorily, at part rated current 
or part rated voltage, it would perform satisfactorily at its full 
rating. Such a conclusion is illogical and is, in a large number of 
cases, contrary to the facts. A breaker may interrupt more than 
its rated kv-a. at a voltage below its maximum rating, and be 
blown to pieces at a small part of its kv-a. rating at its maximum 
voltage rating. Many tests have proved the truth of this latter 
statement and have repeatedly proved it at the first shot of the 
higher voltage. The explanation is simple. 
rent at the lower voltage produces a strong electromagnetic 
blowout effect which instantly ruptures the circuit, while at the 
higher voltage and much smaller current, the blowout effect is 
weak, the arc hangs, producing a continuous generation of gas 
which almost instantly blows off the tank. It is my belief that 
in reporting tests upon oil circuit breakers, all authors should 
stick to observed facts in the tests, that speculation is almost 
sure to mislead and may do a great deal of harm by giving 
confidence in apparatus which is in fact not the reliable piece it 
is assumed to be. The immediately proceeding remarks are 
general and not intended to apply to any particular breaker or 
make of breaker. It is a statement based on conclusions drawn 
from observing many tests. 

It is not thought necessary to make extended explanations on 
the happenings in the case of the K-136-B breaker, except to say 
that the causes of the trouble are known, the remedy has been 
applied to our full satisfaction and the tests have proved that the 
explosion-chamber breaker is all we ever claimed it to be. 


The tests upon General Electric Company's breakers confirmed 
the empirical formula upon which the interrupting-capacity 
rating is based, they confirmed our observations as to the burn- 
ing of the arcing contacts in our own testing laboratory and it 
was this latter experience which influenced us to consent to 
the making of the full number of shots, (26 and 30 respectively), 
without an examination of contacts until the end of the tests. 
The tests confirmed also our laboratory tests for oil throw, as not 
a drop of oil was thrown from any tank during any shot on the 
K-39-B breaker and the final test on the K-136-B breaker. In 
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short, except for the very slight burning of the arcing contacts, 
there was nothing to indicate that the breakers had undergone a 
test. 

Evidently through an oversight, a misstatement of fact appears 
in the test of the Reyrolle breaker. I refer to the statement 
“For some unknown reason the short circuit lasted only 2% 
cycles, etc.” As a matter of fact the reason was known at the 
time of testing and is previously explained as being due to the 
latch on the breaker not holding. The same thing had happened 
at previous shots. I believe it is due to the General Electric 
Company, whose generator and testing organization was used to 
make the tests that this statement of fact be made. 

Since the data are given for the Brown Boveri and General 
Electric K-39-B and K-136-B breakers, it is possible to make in a 
way a comparison between them and since Prof. Dycke recorded 


= the Brown Boveri tests, we shall take his records on the K-39-B 


and K-136-B breakers. 


Brown Boveri General Electric 


eed Gna ne ene 


K-136-B 


ey eee 


Rating of breaker...... 1,500,000 kv-a. | 1,250,000 kv-a. | 750,000 kv-a. 
at 150,000-volt | at 132,000-volt | at 132,000-volt 
Break in series......... 10 2-explosion 2-explosion 
chamber chamber 
Total number of shots l 
made...........00088 26 26 30 
Maximum load inter- 
FUD(EO cei e terest 70,000 kv-a. |826,000 kv-a. | 617,000 kv-a. 
(est) 
Percentage of rated 
interrupting capacity 
interrupted.......... 46.6 65.8 81 
Ratio max. line voltage 
before shot, to rated 
voltage (per cent)... 89.5 100 104.5 


Half cycles of arc at 


2800 to 2900 amperes | 13 min. to 17 


max. 

Half cycles of arc at 

3380 to 3610 amperes 11 min. to 15 

max. 

Half cycles of arc at 

2280 to 2600 ampores 12.5 min. to 17 

max. 

Oil throw vic casoinwus some none none 
Contacts inspected and 

dressed during tests.. yes no no 
New oil used during tests yes no ' no 
Signs of burning of any 

part of breaker other 

than arcing contacts. yes no no 


While no statement is made as to the speed of‘operation or 
are lengths in the Brown Boveri breaker, it is believed from the 
arc duration that each of the ten ares was not substantially 
shorter than each of the two ares in the General Electric K-39-B 
breaker and in any event each of the two ares of the General 
Electric K-39-B breaker had a shorter are duration than each of 
the ten ares of the Brown Boveri breaker. No conclusions are 
drawn from the above facts. I shall state, however, that the 
above observations agree with test results obtained in our testing 
laboratory on a breaker of similar design. I believe it should be 
stated that the observations and conclusions in reference to 
the General Electrice Company breakers as stated in the paper 
are those of the authors, and do not necessarily express the 
opinions of the General Electric engineers. 

Electrical engineers should understand that in testing oil 
circuit breakers they are dealing with very erratic phenomena 
and because of this fact should be slow in drawing conclusions 


from any series of tests or generally applying such conclusions. , 


The information gained by means of its present testing genera- 
tor has been so valuable to the General Electric Company that 
it is building, and will have in operation in early summer, the 


— n ee 
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argest testing generator in existence; a generator that will have 
& sustained short-circuit capacity for circuit-breaker interrupt- 
ing tests of over 500,000 kv-a., three-phase, with provision for 
the addition of units of equal or larger capacity as they may be 
required. The new laboratory will be equipped to test breakers 
of all voltages and currents and to observe and record phenomena 
taking place during interruption. 

The interruption of a given number of volt-amperes by the 
breaker—for example 100,000 kv-a.—does not necessarily 
impose the same stresses as result from the interruption of the 
same kv-a. at other times at the same point on the system, at 
other points on the system or on different systems. In other 
words, volt-amperes are not equally “hot” at all times and 
places, due to a number of causes. It seems probable that this 
difference in the difficulty of interruption depends largely upon 
the magnitude of the voltage “kick” at the end of each half 
wave of arc, and upon the speed at which each half wave of this 
transient voltage is built up. The need for making many tests 
on a device and making them under the most severe operating 
conditions is clea: ly indicated. 

The Canton tests were very valuable in determining interrupt- 
ing constants on that particular system and upon the existing 
conditions, but the ‘“‘duty”’ was light as measured by other tests 
under other conditions. Certainly there are few, if any, other 
places in the world where so much power is available at 132,000 
volts. In concluding my discussion, however, I wish to empha- 
size again the importance of conservation in drawing con- 
clusions from one set of tests on a given breaker. Until experi- 
ence is gained under conditions giving a vicious recovery voltage 
“kick,” one is very likely to label a breaker safe which, as a matter 
of fact, is far from being so. 

To give a concrete illustration of what may be expected, I 
shall cite one particular test in which the length of are drawn in 
the same breaker operating with the same kind of oil, at the same 
speed, on the same system—but a different part thereof,—at 
the same voltage and current interrupted, consistently gave an 
arc nearly three times as long in one case as obtained in the other. 
In one case, the breaker was safe; in the other, it was severely 
stressed and if the break distance had not been large, it would 
have been blown up. 


J. B. MacNeill: Looking over the data on the several makes 
of breakers given for the 132,000-volt tests, the thing that 
strikes one is that the duration of arcing time is comparable for 
all designs. For instance, with the 150-kv. Brown Boveri 
breaker, the average test voltage (so-called, in the paper),— 
that is, the system voltage prior to the short circuit,—for all 
the tests is 134,700 volts; the average duration of arcing in the 
breaker is 14% half-cycles or 714 cycles on a 60-cycle circuit. 
In other words, the breaker handled approximately 18,600 volts 
per cycle of arcing. 


Now, turning to the final set of tests on the General Electric 
136-B breaker, (135-kv.), the average test voltage of 139,000 
volts was somewhat higher, the average time of arcing was 164% 
half-cycles on 60 cycles, or, the breaker handled 16,800 volts per 
cycle of arcing. 


On the KO 39-B, rated at 132,000 volts, the average test 
voltage was 132,000 volts and the average time of arcing 13.3 
half-cvcles. This breaker handled voltage at the average rate of 
20,000 volts per cycle of arcing. 

So we have those three values for comparison; 18,600 volts per 
eycle, 16,800 volts per cycle, and 20,000 volts per cycle. They 
are all of the same order of magnitude. What are the relative 
dissipations of energy in the two types of breaker? Personally, 
until I saw the paper, I had expected to see considerably less 
duration of arcing on the 10-break breaker. While the data on 
volts handled per cycle are not conclusive regarding the operation 
of the breaker, in fact, the breaker with 10 breaks made a very 
successful test, but, looking forward to higher powers, the ques- 
tion naturally arises whether the dissipation of energy on 10 
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breaks isn’t considerably greater than on 2 breaks. The indi- 
cation from these tests is that 2 breaks will handle voltage 
about as fast as 10 breaks. Possibly these comparisons don’t 
represent the ultimate development to which the two types may 
lead, but that is the conclusion that I draw from the data 
submitted here. 


The length of the ares in the breakers may vary and the dissi- 
pation of energy may not be five times in one case what it is in 
the other. The length of are, I believe, was given for the General 
Electric tests but not for the Brown Boveri tests. 


Another thing to which I invite attention is this: These tests 
are quite interesting from the point of view of the type of short 
circuit placed on the system. Some of the short circuits were 
grounded and some were made with the short circuit ungrounded. 
Most data that have been accumulated on previous tests on other 


‘voltages has indicated that ungrounded short circuits hang on 


longer. You get instantaneous conditions in the breaker when 
one pole has come to a zero of current whereby that pole may be 
subjected to as high as 87 per cent of line voltage. If the short 
circuit and the source of power are grounded, that particular 
pole that is open first cannot be subjected regularly to more than 
58 per cent of line voltage. Consequently, we have been led to 
expect longer durations of arcing with short circuits ungrounded 
than with short circuits grounded. This is the first series of tests 
of any magnitude that I have seen in which the indications seem 
to be that an ungrounded short circuit is no more severe than a 


grounded short circuit. 


Referring to Table V, we see that certain of the tests, (56 to 65), 
were made with the system ungrounded, and that they were made 
with different kv-a’s ranging from 460,000 to 625,000 are kv-a. 
The average duration of arcing on these tests is 16.7 cycles. 
Referring, now, to similar tests made on grounded short circuits, 
tests (52 to 55), the duration of arc is 15.4 on the same voltages, 
134,000 kv-a. 

The conclusion I should draw from this would be that at this 
voltage there is not much difference between a grounded and an 
ungrounded short circuit. This is of particular interest to the 
operating people at thi» time because of the discussions that have 
arisen as to the application of breakers on grounded-neutral 
systems. Several of the large systems have installed great 
quantities of apparatus for 220-kv. service, using 187-kv. ap- 
paratus. So far they have got away with it but thero has 
been a great deal of discussion as to whether they were justified 
in buying under-rated apparatus. This is the first actual test 
information brought forward that indicates practically no differ- 
ence between the two types of short circuit. If this data can be 
substantiated by further data, it would seem that the operator's 
practise of using undervoltage apparatus would be pretty well 
justified and that special apparatus was hardly necessary. 

G. A. Burnham: Itis possible to draw an entirely erroneous 
conclusion from witnessing the moving picture of an oil circuit 
breaker test. 


The film of the 6600-volt test on one of our competitor's 
breakers showed a breaker tested to destruction. In making a 
Judgment on this breaker’s ability, one should bear in mind that 
this picture showed the oil circuit breaker undergoing a test at a 
value far above its rating. 

With reference to Mr. Hilliard’s comments on testing, we 
feel very much as he does. Apparently their vast experience 
in testing has led them to the conclusion that the variables in 
circuit-breaker operation are so great that a test on a particular 
circult breaker at one place perhaps does not lead to a general 
conclusion as to how well that breaker may operate under other 
conditions. From this, we are led to believe that when com- 
parison tests are to be made, (particularly on oil circuit breakers 
in which so much difficulty is encountered in arriving at analvtical 
results), the test should be made in the same place; as near at 
the same time as possible; with the same system setup; and, 
if possible, the tests be run under what might be called a ‘master 
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supervisor.” It is obvious that exactly the same instruments 
should be used to record the results. 

In making comparison between the Brown Boveri breaker and 
the General Electric Co.’s breaker in the 132,000-volt class, it 
is perhaps, as Mr. Hilliard has said, impossible to draw a con- 
clusion without giving the most careful analytical study. The 
Brown Boveri breaker I believe handled all energy that could 
be imposed upon it at the time by the American Gas & Electric 
Co.’s system. It may have had slightly less duty, according 
to records, than the General Electric Co.’s breaker; neverthe- 
less, we do not know how much more the Brown Boveri breaker 
would have handled had it been given the opportunity to display 
its ability. It apparently operated without sign of distress, and 
no doubt would have handled considerably more energy. Both 
Mr. MacNeill and Mr. Hilliard have referred to the fact that 
the duration of arcing was about the same in both breakers. 
Both gentlemen have therefore concluded that the are length 
per arc in the Brown Boveri breaker was as great as the arc 
length per are in the General Electric Co.’s breaker. From 
these statements, it would be a logical deduction to assume 
that the Brown Boveri breaker would have five times the total 
length of are and for that reason would probably generate greater 
destructive forces. Such a conclusion would be incorrect 
as it rests upon the false premise that the speed of the moving 
elements was the same. The fact is that the moving element 
of the Brown Boveri breaker is slower and calculation shows that 
the total sum or actual are length for the Brown Boveri 10 breaks 
is almost exactly equal to the total sum or actual are length in 
the General Electric Co.’s 2 breaks. Furthermore, were Mr. 
Hilliard’s assumptions correct, it is evident that the 10-break 
breaker would have to be built enormously stronger than the 2- 
break breaker. Analysis of facts will show that this older design 
of Brown Boveri breaker, successful as it was, was not of so 
heavy construction as the General Electrie Co.’s breaker. 


We believe this special test confirms the very satisfactory 
actual service results which have been had for some years in the 
United States with these multiple-break oil circuit breakers. 
It is our opinion that the multiple-break principle gives a more 
efficient handling of the are resulting in less gas evolution, and 
less evolution results in lower pressures or destructive effects. 


Philip Sporn: Mr. Hilliard stated in his discussion that a 
breaker performing satisfactorily at a low value of current may 
not perform satisfactorily at the maximum rating. There could 
be, of course, no argument on this point. What we should like 
to point out is that the engineer who tests his breaker and 
finds that it is satisfactory even at half rating is on safer ground 
than the one who makes no test at all. 


Mr. Hilliard further stated that it is dangerous to speculate 
regarding the ability of a breaker to perform on the higher 
voltage from results obtained on a lower voltage. With this, 
again, we are in agreement. On the other hand, if a breaker 
is going to be used at other than its rated voltage, it should be 
tested at that voltage as that is the only way of finding out 
whether it can actually perform satisfactorily under those 
conditions. 

Another statement made by Mr. Hilliard was that the test 
showed that the explosion chamber is all that it was claimed 
to be. Here, again, we agree. The explosion-chamber assembly 
is now all that it was claimed to be. 

In connection with the table in which were shown compari- 
sons between Brown Boveri and General Electric Company 
breakers, statement was made that the Brown Boveri breaker 
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had the oil in it changed whereas the General Electric Company 
had no change. We should like to point out that this change 
in the case of the Brown Boveri breaker was made on one pole 
only, no changes whatever having been made on the other two 
poles. There was also a statement made to the effect that some 
burning occurred on the Brown Boveri breaker. Here, again, 
we should like to point out in fairness to the Brown Boveri 
Company that the burning in question was a slight amount of 
charring on a barrier that was made up in the field, out of micarta 
bought in a local shop. No trouble of any kind was experienced 
on any of the material that originally was supplied with the 
breaker. 


Mr. MaeNeill has raised the question as to whether, in view 
of the time of arcing being practically the same in the case of 
the General Electric as in the Brown Boveri breaker, this would 
not indicate that the relative rate of dissipation of energy was 
five times as great in the General Electric breaker as in the Brown 
Boveri breaker. We do not see that the tests have shown this. 
The fact of the matter is that the Brown Boveri breaker was 
physically lighter than the General Electric breaker. The above 
carefully considered may not lead to Mr. MacNeill’s conclusions. 


Another point brought out by Mr. MacNeill was the fact 
that previous to our tests it had been generally believed that 
ungrounded short circuits lasted considerably longer than 
grounded short circuits, whereas apparently in our tests this was 
not the case. It seems to us that there were not enough data 
obtained on this point to warrant any conclusions, nor do we 
see that this throws any conclusive light on the application of 
what we term 187-kv. breakers on 220,000-volt systems. For 
one thing, in a good many cases the breakers that were actually 
applied had clearances and length of stroke equivalent to 220,000- 
volt service, but bushings for 187,000-volt service. Such a 
piece of apparatus is, of course, underrated, but it certainly is 
not a straight 187-kv. piece of apparatus and the data which we 
have presented do not, we believe, throw very much light on the 
advisability or inadvisability of such practise. 

Mr. Burnham has brought up a fact in regard to the Reyrolle 
breaker and motion pictures of the tests which were shown. 
It will be recalled that considerable fire and smoke ensued when 
the breaker exploded. We believe it was definitely pointed 
out in Table II that in the test where the breaker exploded, 
contacts of the breaker actually opened a short circuit of 122,000- 
kv-a. or a short circuit 63 per cent in excess of its guaranteed 
rating. The resulting pressure was enough to wreck the breaker 
tank. It would appear that little else could be expected under 
such conditions. 


One more point in connection with the Canton tests we 
should like to bring out further and that is that, in all, we placed 
something like 90 short circuits on the system without apparently 
the slightest damage to it. While it may not be desirable in 
order to test the system to seek short circuits definitely, at the 
same time it is well to know that the system is so designed and 
assembled that it can withstand these trials when it may be 
called upon to withstand them without danger of everything 
breaking loose. So long as short circuits may occur on a power 
system it is essential that the system be so built that it can stand 
up under them and can come out of the short circuit unharmed 
except for the particular minor portion that can be affected by it. 
It seems to us that such a knowledge is bound to help the morale 
of an operating organization; that the less these things are feared 
the more likely it is that they will be handled properly when they 
do occur. 
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Klydonograph Surge Investigations 


BY J. H. COX! 


Associate, A. I. E. E. 


Synopsis.—Since its recent development, the klydonograph 
has been used to investigate surge conditions on a number of trans- 
mission systems. Quantitative data, which show the characteristics 
of the actual surges present on transmission systems, are presented. 
In addition, these data are discussed in relation to various existing 
theories and practises regarding the production and the elimination 


INTRODUCTION 


HE development of the klydonograph? in 1924, 
by Mr. J. F. Peters, gave promise of settling the 

, long-standing question of the prevalence of surges 
on transmission systems. This instrument and the 
results of the first fewapplications were described at the 
Annual Convention of the Institute in 1925.2 Data 
from an extensive investigation on the 220-kv. lines 
of the Southern California Edison Company were 
presented by Mr. R. J. C. Wood: at the Pacific Coast 
Convention in the same year. Since the spring of 1925, 
26 three-terminal klydonographs have been in almost 
continuous operation on many systems of widely vary- 
ing characteristics. Work has been concentrated on 
open-wire systems during the lightning seasons and on 
cable systems at other times. This paper is presented 
to place the information obtained, before the engineer- 
ing public. 

In most cases, the klydonographs were connected and 
calibrated to measure the crest values of surges between 
conductors and ground. Therefore, the surge voltages 
have been referred to the “normal operating crest 
voltage to neutral.” Where the term “times normal” 
is used, it refers to the magnitude of the surge, on this 
basis. In addition to measuring magnitude, 
klydonograph indicates the polarity of a transient 
voltage; that is, whether it is positive, negative, or 
oscillatory, where these terms have their usual meaning. 
When an oscillatory voltage is recorded, a super- 
position of positive and negative figures is obtained on 
the klydonograph record. The number of cycles, if 
few, or the approximate duration of oscillatory surges 
may be estimated from the appearance of the figures. 


The klydonograph figure resulting from a negative 
voltage, is less than half the size of that produced by a 
positive voltage of the same magnitude. It has been 
the practise to adjust the potentiometers, through 
which the klydonograph is connected to a system, so 


1. Westinghouse Electric & Mfg. Company. 

2. The Klydonograph, J. F. Peters. 
April, 19, 1924. 

3. The Klydonograph and Its Application to Surge Investiga- 
tions, J. H. Cox and J. W. Legg. Trans. A. I. E. E., Vol. XLIV, 
1925. 

4. 220 K. V. Transmission Transients and Flashovers, R. J. C. 
Wood. Trans. A. I. E. E., Vol. XLIV, 1925. 

» Presented at the Winter Convention of the A. I. E. E., New 
York, N. Y., February 7-11, 1927. 
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of transient high voltages. The correctness of some of these ideas 
and the fallacy of others are indicated. The paper is subdivided, 
according to the nature of individual investigations, as follows: 

I. Open-wire Systems. 

II. Cable Systems. 

III. Lightning Arresters. 


the operating voltage gives a potential of approximately 
three kilovolts crest at the instrument terminals. 
This produces a normal voltage line on the klydono- 
graph film. Thus negative surges, up to about 2.5 
times normal, are obscured beyond detection by this 
normal voltage line. However, since surges of this 
voltage class are not of great importance, it is considered 
preferable to continue this method of connecting the 
klydonograph, even at the sacrifice of these low-value 
negative surges. This arrangement permits the mea- 
surement of voltages of from seven to 10 times normal. 
Beyond this, the magnitude is estimated from the degree 
of spreading of the figure, or from the violence of the 
instrument flashover. 

In addition to the investigations for the purpose of 
measuring transient voltages, arrangements were made 
to record the performance of lightning arresters on 
certain systems. The arrester-discharge current and 
the surge voltages to ground at the arrester terminals 
were the quantities measured. 

The data have been divided into three parts, ac- 
cording to the nature of individual investigations: 

I. Open-wire systems, 

II. Cable systems, 

III. Lightning arresters. 

Each section is complete in itself. Of course, the 
surge condition found on open-wire lines are closely 
related to the subject of lightning arresters. 


I. OPEN-WIRE SYSTEMS 


Surges on open-wire transmission systems are of 
interest to the operating engineer, chiefly on account 
of the flashovers and consequent interruptions which 
follow. Although high voltages have a deteriorative 
effect on apparatus insulation, and although the life 
of this insulation probably is shortened by such surges, 
the effect on continuity of service usually is regarded as 
the more important point. The comparative freedom 
of high-voltage apparatus from failures justifies this 
opinion. 

Consequently, in summarizing the data, the number 
of surges, rather than the number of indications, has 
been considered. For example, if high voltages ap- 
peared on more than one conductor, or at more than 
one point of a line simultaneously, they have been 
regarded as one surge. Obviously, such a surge could 
cause only one interruption, regardless of the voltages 
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existing on individual phases or at various points. 
The maximum value and its polarity have been used in 
classifying the magnitude and the polarity of each surge, 
in the tables. 

Surges on transmission lines are usually due to one 
of three causes, lightning, switching, and short circuits 
due to mechanical reasons. However, it will be noticed 
that the causes of many surges are listed in the tables 
as unknown. No doubt, these were also due to light- 
ning storms and switching operations, but incomplete 
operating records and discrepancies in recorded times of 
occurrence prevented the detection of many of these 
causes. However, the great majority were low in 
magnitude and, therefore, not of great importance. 

All surges identified as due to lightning are listed in 
Table I, those to switching in Table II, and those to 
other causes, including unknown, in Table III. The 
tables show the relations between frequency of occur- 
rence, cause, and magnitude, for each system investi- 
gated. In addition, the principal line characteristics, 
which are likely to have affected surge conditions, are 
included in Table I. A givensystem isdesignated by the 
same number in all Tables. Aggregate data for all sys- 
tems are classified according to surge causes in Table IV. 

In order to facilitate comparison of the results from 
various systems, all data have been brought to a 
common basis. This basis is ten years operation of 
one three-terminal klydonograph at one point of each 
system. The relatively long period of ten years was 
chosen to avoid fractions for high-magnitude surges, 
which were of infrequent occurrence. Thus, the actual 
number of surges of each classification, recorded on 
any given system, has been multiplied by the necessary 
constant. Since the lightning season usually is re- 


garded as six months, the constant used where lightning ` 


surges were involved is one-half the value applied to 
all other surges. Although many investigations lasted 
only a few months, and although some were conducted 
at such times that no lightning data were obtained, the 
tests were sufficiently extensive to warrant some im- 
portant conclusions. 

Lightning. As shown by Table I, the majority of 
lightning surges were positive. However, all the 
highest surges were negative, but they were infrequent. 
The only positive surges over 10 times normal oc- 
curred on systems 4 and 21. 
exceeded 10 times normal, while negative surges some- 
times were considerably beyond. this value. In three 
cases, direct strokes were known definitely to have 
caused the large negative records. In view of the fact 
that an induced surge is of opposite polarity, and 
that a surge, due to a direct stroke, is of similar polarity 
to the charged cloud, it is concluded that those clouds, 
which cause surges, are of negative polarity’. 

The occurrence of a flashover following a surge de- 
pends upon the wave-front, as well as upon the magni- 
5. Transmission Line Voltage Surges, J. He Cox, TRANS. 
A. L E. E., 1927, pp. 330. 


These only slightly 
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tude, of the transient voltage. The maximum possible 
potential, induced by lightning, is the product of the 
field gradient destroyed by the stroke, and the height 
of the line. It has been estimated that gradients as 
high as 100 kv. per foot (330 kv. per meter) are reached 
near the earth’s surface; 60 kv. per foot (200 kv. per 
meter) has been measured. It is universally assumed 
that cloud-field gradients are constant for the height of a 
transmission line. Thus, extremely high induced 
potentials are possible. However, the extreme voltages 
are induced only near the discharge path. From this 
point to the boundary of the field, the gradient decreases 
rapidly. The rate of rise of potential, on that part of 
the line directly in the cloud field, is equivalent to the 
rate of collapse of this field. Where negative clouds are 
concerned, it is believed that the collapse takes place in a 
time of the order of three microseconds. Upon the 
release of the bound charge, it divides and travels along 
the line in both directions. On points of the line 
outside the cloud field, the rate of rise of potential 
is determined by the front of the traveling wave. With 
the rates of discharge mentioned above, the front of this 
traveling wave is determined chiefly by the space 
configuration of the charge. Klydonograph data 
indicated that lightning surges have wave-fronts vary- 
ing from a few to 200 microseconds. The higher- 
voltage surges had the steeper wave fronts. This 
conforms with the above discussion. Also, it is well 
known that the potential, which can be applied to 
any insulation, increases with the rate of application 
of the voltage. However, the time lag of the flashover 
of insulators decreases as the potential, in excess of the 
60-cycle flashover voltage, is increased. Thus the 
potential, that can be applied at any given rate of ap- 
plication, is limited, and similarly the maximum volt- 
ages, reached by lightning surges of even -the steep- 
est wave fronts, are limited by insulator flashovers. 
These flashovers permit the charge to pass to ground. 
The limitation of voltage is indicated by the fact that, 
on systems of widely different voltages, the maximum 
surges were approximately the same number of times 
the operating voltages. However, the data are not 
conclusive on this point, owing to the limitations of 
range of the klydonograph. More definite information 
was obtained on a 55-volt signal circuit. Since this 
circuit was only 2.5 miles (4.0 km.) long, any surge 
induced upon it would have been detected. This line 
flashed over repeatedly during lightning storms, but 
the potentials never exceeded 10 kv. 

In this connection, it is believed that the flashover 
voltage of 220 kv. transmission-line insulation, at the 
steepnesses of wave-front of lightning surges, is com- 
parable to the maximum potential ordinarily induced by 
lightning. Thus, lines of this voltage should be practi- 
cally immune to lightning, with the exception of direct 
strokes. 


6. Lightning and Other Transients on Transmission Lines, 


F. W. Peek, Jr., Trans. A. I E. E., Vol XLII, 19245 
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TABLE I—LIGHTNING SURGES ON OPEN-WIRE SYSTEMS 
Surges per station in 10 years, according to voltage magnitude 


edie oo 


Not causing flashovers Causing flashovers 
: Sas SSS SS ee ee SE es eee 
System Be- 
$$ —_| E |_| —___ low 
Mini- | Number 2.5 
Volt- |Length | Neutral mum Klyd. times Be- 
age, in Ground-| Ground | Insu- Sta- Months |Type | nor- 5- | 5.0—| 7.0—| Over| low | 2.5—|3.5-—| 5.0—| 7.0—| Over 
No. | kv. miles ing wires lation tions tests * mal 9 | 6.9 | 9.9 |10.0| 2.5 | 3.4 | 4.9 | 6.9 | 9.9.) 10.0 
12 P 
1 220 270 One 10 in 4 3 N 
disks (6) 
10 P 64 6 6 2 2 
2 140 245 None 10 in. 4 S N 2 2 2 2 2 
disks O 19 | 34 11 
10 P 225 15 15 15 15 
3 140 174 None 10 in. 1 4 N 15 15 
disks Oo 15 45 15 15 
10 P 64 8 6 30 8 6 4 8 8 
4 120 148 None 10 in. 4 8.0 N 2 2 6 
disks oO 2 4 2 
10 P 88 2 25 2 2 
5 120 148 One 10 in. 4 8.5 N 5 2 4 
disks O 
10 P 336 304 8 
6 110 87 Two 10 in. 2 3.5 N 8 8 8 
disks O S 82 
6 P 126 108 36 
7 110 72 None 10 in. 1 3.5 N 18 
disks Oo 
Net- 6 P 34 
8 100 work One 10 in. 1 3.5 N 
disks (0) 
6 P 43 43 43 86 
9 66 66 None 10 in. 1 1.5 N i 43 | 43 
disks O 
7 P 389 67 27 13 27 13 
10 66 16 One 10 in. 2 2.5 N 27 
disks O 27 13 | 27 
P 59 23 12 4 8 4 
11 66 53 None Pin 2 6.0 N 4 12 
O 4 13 -)'. 20 4 8 
6 P 306 13 27 
12 66 Net One 10 in. 2 3.5 N 
disks oO 80 13 13 13 
5 P 12 12 12 
13 66 27 One J, Di 2 2.5 N 12 24 
disks Oo 
8 Spec- P 
14 66 14 None 10 in. 2 ial N 
disks tests oO 
Pin P 24 144 
15 66 53 One 70 kv 1 2.5 N 24 
Oo 24 24 24 
P 84 42 42 42 42 
16 66 200 One Pin 1 1.5 N 42 
Oo 42 84 
7 P 189 | 63 32 189 | 32 64 
17 66 Net None 10 in. 1 2.0 N 63 32 32 
disks O 32 32 32 32 
7 P 80 
18 60 140 Two JD; 2 3.0 N 10 
disks O 10 10 
Net- P 36 | 24 
19 44 | work Solid One Pin 1 5.0 N 12 
O 


*P = Positive: N = Negative. O = Oscillatory. Digitized by OOS eC 
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TABLE I— Continued 
LIGHTNING SURGES ON OPEN-WIRE SYSTEMS 


Surges per station in 10 years, according to voltage magnitude 


e r a R e pea EA 


Not causing flashovers Causing flashovers 
Be- 
low 
2.5 
times Be- 
nor- | 2.5- | 3.5- | 5.0- | 7.0—/| Over| low | 2.5- | 3.5-| 5.0 | 7.0- | Over 
mal | 3.4 | 4.9 | 6.9 | 9.9 | 10.0 | 2.5 | 3.4 | 4.9 | 6.9 | 9.9.| 10.0 
24 
40 8 
120 | 120 30 60 120 | 30 30 
30 
150 270 | 90 30 30 
44 11 22 22 11 
li 11 
22 22 11 
21 
410 | 32 64 252 | 32 32 
32 32 
57 181 11 23 
23 
460 | 140 20 
20 20 
20 200 | 60 20 


System 
Mini- | Number 
Volt- |Length | Neutral mum Klyd. 
age, in Ground-| Ground | Insu- Sta- | Months /Type 
No.! kv. miles ing wires lation tions tests * 
Pin P 
Free None 45 kv. 2 7.5 N 
Oo 
Solid Pin P 
at 1 None 45 kv. 1 2.0 N 
Point Oo 
19 ohms Pin P 
at 8 Two 37 kv. 2 3.0 N 
points O 
P 
Solid None Pin 2 10 N 
(0) 
P 
Solid None Pin 1 2 N 
O 
7 P 
Ohms None Pin 2 3 N 
(0) 
7 P 
Ohms None Pin 2 3 N 
Oo 
P 
Free One Pin 1 3.0 N 
O 
*P = Positive. N = Negative. O = Oscillatory. 


The number of important surges which appear at a 
given point of a line during one lightning storm, was 
found to be low. Maore than two surges in excess of 
seven times normal voltage seldom were recorded at one 
klydonograph station. Also, many apparently severe 
storms were experienced without recording these higher 
voltages. Of course, their presence on a line depends, to 
a certain extent, on its length; the greater the exposure, 
the greater is the probability of lightning voltages at 
some point. The distance, from the point of origin, 
over which a surge maintains a magnitude of several 
times normal, is not definitely known. However, 
this appears to be of the order of a very few miles. 
It is hoped that accurate information on this point will 
be secured in the near future. In the meantime, the 
fact that only about two surges per storm occur, has 
considerable significance in connection with the ap- 
plication and operation of protective equipment. 


Table I shows a rather striking freedom from surges 
on the lower voltage lines, which operating statistics 
hardly verify. Higher, and more frequent surges, 
since lower induced-voltages must be considered, would 
be expected. For example, a lightning surge of 100 kv. 
would be 1.8 times normal on a 66-kv. line, but 5.4 
times normal on a 22-kv. line. It is true that low- 
voltage lines are better protected from the field of 


influence of the cloud, because they are invariably 
nearer the ground than high-voltage lines. Conse- 
quently, lower induced voltages are to be expected, 
but this factor is not great enough to account for the 
results mentioned above. A number of possible ex- 
planations has been considered but, to warrant definite 
conclusions, further investigation is necessary. 

Certain localities are nearly immune from lightning. 
Sometimes these are found even adjacent to regions 
where lightning is severe. On a system with lines 
extending in opposite directions from the same station, 
lightning conditions were found to be severe on one of 
these lines, and mild on the other. The freedom from 
trouble of the latter had been attributed to certain 
features which had been incorporated in its construc- 
tion. This illustrates the error of drawing conclusions 
regarding the efficiency of protective devices from 
an individual application. 

In Table I,a distinction is made between those surges 
which caused flashovers and those which did not. As 
would be expected, all the higher surges caused flash- 
overs. A wide variation exists in the amount of in- 
sulation used on lines of the same voltage. However, 
a measure of the flashover value of the average insula- 
tion, for the wave-fronts produced by lightning, is 
indicated. Surges, which were over seven times normal 


ee ee Eee -: ee Gee queen comp Ý Gee ee eee eee aa 


Feb. 1927 


and did not cause flashovers, were recorded on only 
one system. This was No. 10, a 66-kv. system with a 
minimum insulation of seven suspension units. 

The majority of the low-voltage surges are listed as 
“not causing flashovers.”’ However, several surges 
of low magnitude are listed as “causing flashovers.”’ 
Doubtless, the latter were of much higher magnitude 
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Figs. 14, B—RELATIVE PERCENTAGE OF LIGHTNING SURGES 
or Various MAGNITUDES 


at some point of the line remote from the klydonograph. 
It was found that high-voltage surges did not travel 
far. In traversing a few miles of line, they were always 
damped to a small fraction of their initial value. In 
several instances, a decrement from over 1000 kv. to 
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about 150 kv. was observed over a distance of 35 miles 
(56 km.). In one case, a surge five times normal was 
recorded five miles (eight km.) from a direct stroke, 
which caused a flashover to ground in the middle of a 
long span. Thus, it appears that the higher-voltage 
surges are damped below the corona voltage in about 
10 miles (16 km.). . When this has occurred, the surge 
may travel a considerable distance without much 
attenuation. Frequently a surge of the order of 1.5 
or 2.0 times normal, traveled 50 miles (80 km.), and 
occasionally, the entire length of a 250 mile (400 km.) 
line. 

The table shows that lightning voltages are uni- 
directional. When a flashover occurred, the klydono- 
graph often indicated an oscillatory surge. Most of 
the oscillatory records are found in the column “‘causing 
flashovers.”” However, there are a few in the other 
column. These were probably due to surges producing 
lightning arrester discharges or flashovers on con- 


Fig. 2—KtyponoGraM or A DIRECT STROKE or LIGHTNING 


necting lines, which were overlooked in collecting the 
information. 

The lightning data are plotted in Figs. 1A and 1B. 
The voltages produced by lightning are a function of the 
heights of lines, and not of the operating voltages, 
except as limited by the flashover of insulators. There- 
fore, in view of the variation in the operating voltages 
of the lines tested, the curves have been drawn with 
ordinates in kilovolts rather than ‘‘times normal” 
although the latter is a better criterion of the severity of 
a particular surge. The plotted results include all the 
data from the 27 tests. Fig. 1A is plotted in Cartesian 
coordinates and shows the relative percentages of 
lightning surges of different magnitudes. Fig. 1B 
represents the same quantities plotted on probability 
paper. The exceedingly small percentage of the total 
of the higher-valued surges, is illustrated in Fig. 1A. 
The reasonable conformity of the plotted results to a 
straight line in Fig. 1B indicates that sufficient data to 
represent true conditions were obtained, and that the 
magnitudes of lightning surges follow the law of prob- 
ability. The plotted results deviate slightly from the 
straight line at the higher values. This is explained 
by the fact that, on the lower-voltage lines, insulator 
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flashovers limited the magnitudes of many surges, 
which otherwise would have reached higher values. 

Various authors have discussed the value of the 
ground wire for reducing potentials induced on trans- 
mission lines by lightning. The theory of ground wire 
performance is relatively simple. It rests on the 
assumption that the charge on the ground wire can pass 
to ground as rapidly as the cloud discharges. The 
conclusions regarding the rate of lightning discharges 
indicate that this assumption is justified. Calculations 


Fic. 3—KLYDONOGRAM OF SWITCHING SURGE 


based on this theory show that, with typical spacings, 
the ground wire reduces by 25 to 45 per cent, the po- 
tentials induced on the conductors. Using small-scale 
models, F. W. Peek, Jr. obtained test results which 
indicate reductions as high as 50 per cent. The 
percentage protection against flashovers is much 
greater than the percentage reduction of induced 
voltages. This is for the reason that, on high-voltage 
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Fic. 4—KLYDONOGRAM OF A LIGHTNING ARRESTER DISCHARGE 


lines, many of the induced surges which cause flash- 
overs are not greatly in excess of the flashover voltages 
of the lines. It is readily conceivable that complete 
freedom from induced-voltage flashovers might result 
from a 50 per cent reduction of these voltages.” 

Induced lightning voltages, simultaneously recorded 
on the three phases of vertically-spaced lines, were 
highest on the top phase and lowest on the bottom 


6. Lightning and Other Transients on Transmission Lines, 
F. W. Peek, Jr., Trans. A. IL. E. E., Vol. XLIII, 1924, p.1205. 

7. Discussion at Niagara Falls Convention, May 1926. J. H. 
Cox, Trans. A. 1. E. E., Vol. XLV, 1926, p. 788. 
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phase, particularly where no ground wire was installed. 
Operating records also indicated that most flashovers 
occurred on the top conductor. According to the theory 
of the ground wire, with the usual spacing arrangement, 
the greatest protection is afforded the top conductor, 
which needs it most. Hence, the relative voltages 
appearing on the conductors, where a ground wire is 
installed, are a compromise between the respective 
induced voltages, as affected by the heights of the 
conductors, and the respective reductions effected by 
the ground wire. 

Because of the impossibility of obtaining lightning 
conditions at different times known to be similar, it is 
difficult to secure definite field data on the utility of 
the ground wire. However, Table I indicates a ten- 
dency in its favor. On those lines equipped with a 
ground wire, the proportion, of surges over five times 
normal to the total, is less than on lines without a 
ground wire. The most conclusive evidence was ob- 
tained on systems 4 and 5. These numbers represent 
the same system for the summers of 1925 and 1926 
respectively. A ground wire was installed between 
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these dates. It is noticed that, after the ground wire 
was installed, there were no induced surges above 
five times normal. The number of direct strokes 
remained practically the same. However, it is not 
expected that a ground wire will render the line 
immune to direct strokes. It may be argued that these 
results are due to the vagaries of lightning, rather than 
to the efficiency of the ground wire. But, the fact that 
there were nearly as many direct strokes the second 


year, indicates that the lightning season was nearly as’ 


severe. Furthermore, the operators were of the opinion 
that the improvement in their operating record was 
more pronounced than can be accounted for by the 
difference in the lightning encountered. 

It is hoped that these quantitative data and the 
accompanying discussion will contribute to the solution 
of lightning problems. As every engineer knows, these 
problems are a very important consideration in the 
operation of transmission lines. 

Switching. As shown in Table II, switching surges 
are not a serious problem where the present accepted 
factors of safety for insulation are used. The maximum 
switching surge recorded was six times normal. Surges 
of this kind over 4.5 times normal were found on only 
five of the 27 systems investigated. On 15 of these 
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TABLE II. SWITOHING SURGES ON OPEN-WIRE SYSTEMS 
Number of surges per station in 10 years, according to voltage magnitude 


Opening switches at Closing switches at . Opening switches at 
klyd. stations other stations 


845 
131 


69 


700 


258 


373 


126 


380 
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systems, no switching surge over three times normal 
appeared. The majority of all switching surges were 
below this value. 

Not all switch operations produce surges. On 
system 1, the tests covered a period during which 
3600 high-tension switching operations were performed. 
Approximately three-quarters of these caused no surges 
that were detected at the stations, although there were 
klydonographs at each of the high-tension switching 
points. Of those surges recorded, 93 per cent were less 
than two times normal. Thus, only 1.75 per cent of 
the switching operations caused surges over two times 
normal. The maximum surge recorded on this line was 


Fs . ~ 
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3.2 times normal. It is estimated from the data for the 
27 systems, that, on the average, less than one-half of all 
switching operations caused surges above normal 
voltage. 

Although the results, obtained on systems of the 
same and different voltages, varied a good deal, the 
data have been reduced to an average for all systems, 
in Table IV. Again, to avoid fractions, the surges have 
been brought to the basis of 10 years at one point of 
each of 27 systems. As shown in this table, 80.8 per 
cent of all switching surges recorded, were less than two 
times normal, 93.0 per cent were less than three times 
normal, and 99.2 per cent were less than 4.5 times 
normal. 

The highei-voltage surges were recorded on lines of 
66 kv. to 140 kv. No surge as high as 4.5 times normal 
appeared on systems below 66 kv. With one exception 
there was none as high as three times normal. The 
absence of the higher surges on the lower-voltage lines is 
attributed to the fact that, in these cases, the klydono- 
graphs were usually connected to busses with many 
connected lines. As mentioned above, the highest 
surge recorded on the 220-kv. system was 3.2 times 
normal. 


Little difference between the switching surges on 
systems with free and grounded neutrals, was detected. 
A grounded conductor on a free neutral system during 
switching operations accentuates the surges produced, 
by the factor 1.73. This is indicated by the surges 
listed for systems 2 and 3. The actual surges over 4.5 
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times normal, recorded on system 2, were caused by 
closing operations, when one conductor was grounded. 
They were all 5.2 times normal. On system 3, the 
actual surges over 4.5 times normal, listed under 
“closing switches at klydonograph stations,” were 
caused by closing a 100-mile (160-km.) line and syn- 
chronizing with the power plants. All of these were 
4.6 times normal. 

Load switching does not cause surges as high as idle- 
line switching. This was found to be the case on all 
systems. In Table II, the switching surges have been 
grouped according to opening or closing operations at 
the klydonograph stations, or at other points. In 
general, de-energizing operations at the klydonograph 
station caused the higher surges. The high surges 
listed for closing operations on systems 2 and 3 are an 
exception to this. These were discussed above. 
Moreover, the large weighting factors necessary, 
particularly for system 3, give them more prominence 
than is warranted. With these exceptions, the surges 
caused by de-energizing idle lines are appreciably the 
highest of all switching surges. Of all the surges due to 
switching operations at the klydonograph station, 
57.5 per cent were caused by opening operations and 


_ 42.5 per cent by closing operations. 


It was found that switching surges occasionally 
traveled considerable distances. This is because they 
were low in magnitude, and thus not affected by corona. 
In other words, they were governed only by the resis- 
tance term of the attenuation constant.’ Surges due to 
closing operations were recorded at distant stations 


Fig. 7—PoTeENTIOMETER FOR A THREE-PHASE INSTALLATION 
on A 12-Kv. CABLE SYSTEM 


oftener than those due to opening operations. Of all 
the surges recorded at distant stations, 53 per cent 
were caused by closing and 47 per cent by opening 
operations. 


It is interesting to note that changing taps on a 
transformer under load produced no surges. In 
general, charging electrolytic lightning arresters did not 
cause surges. However, on one system where the 
arresters were not equipped with charging resistors, 
oscillatory surges as high as 2.4 times normal some- 
times resulted. On other systems an occasional surge 
about 1.3 times normal was produced. 

Switching surges were quite abrupt when generated, 
the fronts being of the order of one microsecond. They 
were damped rapidly and the fronts became more 


TABLE III 
OPEN-WIRE SYSTEM SURGES OF WHICH THE CAUSES WERE INTERRUPTIONS, MECHANICAL SHORTCIRCUITS, AND UNKNOWN 


Number of Surges per station in 10 years, according to voltage magnitude 


—— 


Overload Interruptions Short circuits Unknown 
System SOS | | | S| YE | _ 
— — — Type Below 2.0 
Voltage ot times 2.0- 3.0- 4.4- Below 2.0 3.0- 4.4- Below 2.0- 3 .0—- 4.5- 
No. kv. surge* normal 2.9 4.4 6.0 2.0 2.9 4.4 6.0 2.0 2.9 4.5 6.0 
1 220 U 600 20 
O 20 270 
2 140 U 11 8 11 146 48 
O 8 15 45 38 15 8 
3 140 U 30 ' 240 120 30 
O 30 30 30 
4 120 U 4 4 1000 144 4 
O 20 32 4 
5 120 U 14 1117 455 21 7 
O 32 4 
6 110 U 131 33 345 16 
O 33 16 16 33 
7 110 U 
O 
8 100 U 103 103 310 34 
(6) 34 34 69 
9 - 66 U 430 86 86 
O 
10 66 U 27 134 
O 
11 66 U 31 l 24 16 8 
O 8 31 
12 66 U 27 53 ; 106 27 
O 27 27 27 27 532 53 
13 66 U 72 48 
O 48 24 
14 66 U 
O 
15 66 U 1440 48 
O 96 48 
16 66 U 83 83 
O 83 83 83 
17 66 U 252 63 
O 
18 60 U 100 20 100 20 
O 260 20 20 20 
19 44 U 72 24 24 
O 
20 33 U 96 32 ' 112 
* O 48 16 
21 33 U 180 60 60 
O 180 60 180 60 120 
22 25 U 44 396 66 
O 
23 24 U 54 
O 
24 23 U 63 252 
(0) 
25 22 U 
O 
26 13.2 U 135 68 180 23 
(@) 23 23 
27 6.6 U 40 40 920 120 
D 200 160 80 J| 40 40 


su = Unidirectional. O = Oscillatory. 
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sloping. The greater the distances from the switch the 
longer were the fronts. The wave fronts of the switch- 
ing surges recorded were from one microsecond to a 
few hundred microseconds. 

Switching surges are of short duration. The table 
shows that 86.6 per cent were unidirectional and that 
13.4 per cent were oscillatory. The only system con- 
trary to the average was No. 12. Here, the majority 
of the surges were oscillatory. These were caused by 
interrupting the charging current of appreciable sec- 
tions of line with disconnect switches. When reflec- 
tions occurred and produced an oscillatory record, 
the surge lasted only one or two cycles. Further, the 
initial voltage was always appreciably higher than the 
succeeding half cycles. This indicates rapid damping, 
and consequently, the time of application of the high 
voltage was of short duration. 

In view of (a) the moderate magnitude, (b) the low 
frequency of occurrence, and (c) the short time duration 
of the higher surges due to switching operations, they 
are not of serious importance either from the standpoint 
of continuity of service or of the effect on the life of 
apparatus insulation. 

Flashovers and Interruptions. Surges, due to flash- 
overs other than lightning, to overload interruptions, 
and to unknown causes, are listed in Table III. 

Flashovers in general are objectionable from the 
standpoint of service interruptions. In some cases, 
they result in damage to the line in places where the 
repairs require considerable time and inconvenience. 
Also, the question of the effect of flashovers at one 
point, on the rest of the system, has often been raised. 
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Apparatus and line failures have been blamed on the 
suspected presence of high-frequency high-voltage oscil- 
lations. Klydonograph records show that, on grounded 
neutral systems, no serious high-voltages are produced 
by flashovers and no sustained high-frequency dis- 
turbances are produced by flashovers or by other causes. 
Sometimes small surges occur, due either to the fault or 
to the resulting switch operation—there is no way to 
distinguish between these causes. However, these 
surges are small and unimportant. 

In the table, surges are classified as unidirectional or 
oscillatory. The latter classification really includes two 
types of surges. One isa highly damped oscillation of 
one or two cycles, the successive half cycles being much 
reduced in magnitude. These surges are really similar 
to unidirectional ones, in their effect. They sometimes 
occur in connection with switching, lightning, or 
flashovers on grounded neutral systems. Their os- 
cillatory nature often is due to reflections in the circuits. 

Oscillatory surges of the other type are sustained 
high-frequency oscillations. These occurred only on 
ungrounded neutral systems after flashovers, which re- 
sult in arcing grounds. The frequency of these ranged 
from 2000 to 30,000 cycles per second; their maximum 
voltages were sometimes 4.5 times normal. The 
oscillations resulting from arcing grounds extended to 
all parts of the system. 

It is known that the breakdown voltage of air is re- 
duced, if the frequency of the applied voltage is high 
enough to maintain the ionization of the air from one 
cycle to the next. Thus, the ionization is cumulative, 
and the breakdown is progressive. Such a breakdown 


TABLE IV 
SUMMARY OF SURGES IN 10 YEARS AT ONE STATION ON EACH OF 27 OPEN-WIRE SYSTEMS 


Below 2.0 
times 
Cause Type* normal 2.0-2.9 3.0—4.4 
Opening a switch at a station where a klydonograph was located... U 6000 960 700 
O° 750 260 95 
Closing a switch at a station where a klydonograph was located... U 4300 650 280 
O 710 360 120 
Opening switches at other stations. .......... cece cece eres ereees U 2300 100 100 
O 230 44 
Closing switches at other stations........... ccc cece cee neeecnens U 2700 220 20 
O 200 8 
Shortcircuits and flashovers other than those due to lightning...... U 290 64 
(0) 680 390 240 
InterruptionsS.......ssccssesesesesosscessosososoeesocesesoeeos U 1200 180 
O 320 210 80 
Unknown, oes eink seeren ia te e nn e ONS Be wR U 8200 1300 270 
O 1000 450 140 
Below 2.5 2.5-3.4 3.5-4.9 7.0-9.9 Over 10.0 
Lightning which caused a flashOover.......esssssoesasosesecssooe P 1600 290 200 112 50 
N 71 38 110 160 88 
(0) 810 400 84 47 
Lightning which did not cause a flashover...........cseccccccces P 3200 550 230 27 
N 5 32 17 
(0) 350 14 54 27 


*U = Unidirectional. O = Oscillatory. P = Positive. 


N = Negative 


> 
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will occur at a point below the 60-cycle breakdown 
voltage. 

In recent years, certain devices, which were designed 
to prevent insulator flashovers from such disturbances, 
have been placed on the market. But sustained high- 
frequency oscillations occur only on isolated neutral 
systems, and there, only after a flashover. Obviously, 
it is futile, even on free neutral lines, to install devices 
designed to prevent flashovers due to this type of dis- 
turbance. Since, on long lines, the service is already 
impaired, protection against the second flashover is 
of minor importance. It is encouraging to know that 
no sustained high-frequency high-voltage disturbances 
need be feared on grounded-neutral systems. 

As shown in Table III, no high-magnitude surges 
resulting from interruptions other than those due to 
flashovers, were recorded. The surges found were low 
in value. In most cases they were less than twice 
normal. The highest recorded were less than 4.5 
times normal and these occurred on only two systems. 
These results are consistent with the data on switching 
operations. Surges due to switching load currents 
always were low. 

Those surges for which no cause was found are also 
listed in Table III. As mentioned before, they were 
probably caused by switching or lightning, but incom- 
plete operating records prevented the detection of the 
causes. They were relatively low in magnitude and 
warrant no further consideration. 

In five locations, klydonographs were installed on 
both sides of transformers. In two of these tests, no 
surges which were known to have passed through the 
transformers were detected. In the others, simultane- 
ous surges sometimes were recorded on both sides, but 
they were not noticeably more severe on one side than 
on the other. The transmission of a surge through 
a transformer depends on the electrostatic relations of 
the parts. Thus, it should not be possible for a large 

surge to pass through from the low to the high side and 
still be important. This was found to be the case. 
Where the transmission was in the other direction, the 
surge was approximately the same “times normal” on 
both sides. This indicates that the reduction in the 
surge was of the same order as the ratio of the trans- 
former. In several cases, lightning surges were re- 
corded simultaneously on both sides of a transformer. 
However, each of these might have originated on its 
own side, but due to the same stroke. The actual data 
relating to the transmission of surges through trans- 
formers were rather meagre and, therefore, not 
conclusive. 

The tests on open-wire systems show that, except for 
lightning and arcing grounds no high-voltage distur- 
bances of particular importance to the operating en- 
gineer are present. 

II. CABLE SYSTEMS 

The alleged presence of high voltage transients on 

transmission systems has been blamed for many cable 
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failures in the past, both as a direct cause and a strong 
contributory factor. This naturally resulted in con- 
siderable controversy. It was a case of theoretical 
possibility versus meager and often conflicting negative 
evidence obtained in actual operation. Lack of a plau- 
sible alternative theory to explain failures and lack of 
suitable recording devices to investigate the surges 
made this situation possible and permitted it to survive 
for many years. That cable authorities have more or 
less discarded their former stand on this matter is 
indicated by the present general interest in the subject 
of dielectric breakdown and related problems in con- 
nection with cables. A number of theories which at- 
tempt to explain failures as due to the peculiar proper- 
ties of dielectrics or the conditions under which they 
work in cables, have been advanced. . Also, during the 
past two years, surges on cable systems have been in- 
vestigated with the klydonograph. The information 
obtained in fourteen of these investigations is presented 
here. 


In order to bring the data from various systems to a 
comparative basis, the records have been weighted to 
represent one year’s operation of one three-terminal 
klydonograph on each system. The total number of 
voltage indications has been counted; for instance, if 
two or more abnormal voltages were recorded simul- 
taneously on different phases or at different points of a 
system, each has been considered individually. While 
these methods of analysis have some undesirable 
features, it is believed they provide the most satisfactory 
comparison from the point of view of the effect of surges 
on insulation, which is the prime consideration. 


Summarized data are shown in Tables V and VI. 
The former classifies the surges according to their 
causes; the latter demonstrates the variation between 
particular systems. In order to visualize these results 
as applied to the average system, they may be regarded 
as representative of the total number of surges to be 
expected at a given point of the average system in a 
period of fourteen years. Of course, this assumption 
has limitations—as will be seen later. 


The klydonographs were usually connected to a 
system at generating stations or substations, and 
measured the surge voltages between the conductors 
and ground. All magnitudes were calculated with 
“times normal crest voltage to ground” as a unit. 
The highest voltage recorded was 4.6 times normal. | 
Only 10 surges or 0.4 per cent of the total were over 
four times normal. Of these, six were on one cable- 
and-open-wire system, where certain contributory 
operating conditions prevailed. Only one of these 
high surges was on a pure-cable system.’ Nearly 
99 per cent of the total were under three times normal 


8. Itis realized that a ‘‘pure-cable’’ system possibly does not 
exist literally. However, the term is used here to classify those 
systems where cables strongly predominated, or where open-wire 
transmission lines were sufficiently remote to have no effect on 
‘surge conditions at the pointsinvestigated. 
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TABLE V 
SUMMARY OF SURGES IN ONE YEAR AT ONE POINT ON EAOH OF 14 CABLE SYSTEMS 


Number of surges 


Cause 


ee rr rrr | ee | re | | ES | eS |S | | A SRS aaa 


Closing a switch at a station where a kly- 


donograph was located................ 1050 92 
Opening a switch at a station where a kly- 

donograph was located................ 340 25 
Switching at other points of the system.... 117 13 5 
Cables failures, automatic interruptions .. 300 49 13 
Unknown......eseessessssesssesssss.o 660 12 5 
TOA) esos o che Ea E E yore ease | 2467 | 191 23 
Per cent total................20 0c cease 91.6 7.1 0.9 


TABLE VI 


SHOWINGJITHE VARIATION IN SURGE CONDITIONS ON 
INDIVIDUAL CABLE SYSTEMS. FIGURES ARE FOR ONE 
YEAR'S; JOPERATION OF A THREE-TERMINAL KLYDONO- 

GRAPH ON EACH SYSTEM 


Uni-directional Oscillatory 
No. of surges No. of surges 
1.1 to 
System 2.5 Max. | Per- Max. | Per- 
Cable and times | 2.6 & | times | cent | 1.1 to | 2.6 & | times | cent 
open wire normal! over |normal) total | 2.5 over jnormal! total 
24"Kv........ 13 2.4 68 4 2 3.0 32 
26lKv eee ar 30 1.7 100 0 
26.KV........ 250 30 4.3 91 27 2.4 9 
26°Kv........ 140 7 | 3.3 73 27 | 26 | 4.6 | 27 
33 Kv........ 12} 4 | 3.1 | 89 2 1.8 { n 
66 Kv ie eaten be 215 13 4.7 96 10 2.4 4 
Cable only 
11 Kv........ 140 2 2.6 91 15 1.8 9 
13 Kven 320 1.8 98 5 1.3 2 
13 Kv........ 320 1.5 97 11 1.4 3 
13 Kv........ 600 9 2.6 100 0 
13 Kv........ 105 2 4.5 69 48 2.3 31 
26 Kv........ 38 2.6 44 46 2 2.6 56 
33 Kv........ 87 1.4 100 0 
45 Kv........ 125 1.6 97 2 2 2.6 3 
2395 67 92 197 32 8 
voltage. Also 92 per cent of the total were unidirec- 


tional and, therefore, of brief duration. Most of the 
abnormal voltages were caused by normal switching 
operations, and it is believed that many of those 
tabulated as unknown were also due to switching. 
Klydonograph clock errors and incomplete operating 
records undoubtedly prevented linking up a surge with 
its cause In many cases. 


However, the surges produced when failures occurred 
were considerably more severe than those due to 
switching. Practically all the oscillatory surges, and 
particularly the higher-voltage ones, were caused by 
insulation breakdowns. That these surges were the 
effects, and not the causes, of insulation failures is 
strongly indicated by the fact that they did not occur 
unaccompanied by a short circuit. Surges of this 
nature invariably appeared on the two phases of the 
system other than the faulty one, with about the same 
magnitude on each. The theory of production of surges 
of this nature involves the characteristics of the arc. 


total 

1 1120 23 1143 42.4 

1 360 6 366 13.6 

120 15 135 5.0 

5 150 185 32 367 13.6 

3 645 23 12 680 25.4 
10 2395 67 197 32 2691 

0.4 89.0 2.5 7.3 1.2 100 


This theory calls for a maximum of 2.5 times normal 
voltage for surges due to arcing grounds on grounded 
neutral systems’. The results for all except one system 
check very closely with this value. A maximum of 2.6 
times normal was recorded on these systems. Allow- 
ing for errors of measurement, the agreement is very 
satisfactory. 


The relatively greater severity of surges due to short 
circuits is because of the following considerations. 
These surges affect a large part of a system. In many 
cases, appreciable voltages were recorded many miles 
from the location of the failure. As a rule switching 
surges failed to travel far. In addition, surges ac- 
companying short-circuits usually were oscillatory, 
while switching surges were unidirectional. Thus 
it is seen that, for a given magnitude, surges resulting 
from short circuits are more severe on insulation. 
This is due to their longer time of application and to 
their greater energy which results in more of the system 
insulation being stressed. But the elimination of in- 
sulation failures would automatically eliminate surges 
of this class. 


In addition to the surges included in the tables, there 
were many recorded when energizing and de-energizing 
short bus-sections or leads to the klydonograph equip- 
ment, or, in other words, where very small charging 
currents were involved. These reached a maximum of 
4.5 times normal voltage, those for energizing operations 
averaging somewhat lower magnitudes. However these 
voltages appeared only on the sections being switched, 
involved very little energy, and usually were not the 
result of normal switching operations. For these 
reasons they are not included in the data. Certain 
physical conditions, which give the proper proportions 
between inductance and capacity, with high leakage 
resistance, are apparently necessary for the production 
of the higher voltages. Consequently, the great 
majority were of the order of two times normal or less. 
Surges, due to actual cable switching or operations in- 
volving appreciable currents, failed to reach three 
times normal voltage. In general, the production and 
magnitude of switching surges appear to be haphazard 


9. Voltages Induced by Arcing Grounds, J. F. Peters and 
J. Slepian; Trans. A. I. E. E., Vol. XLII, 1923, p. 478. 
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affairs and, for a given operation, no relation between 
the magnitudes on the various phases can be detected. 

The large number of small surges shown for certain 
systems is somewhat due to the influence upon the 
tabulated data, of special switching tests or other-than- 
normal cable switching operations. The latter were 
necessary, in some cases, for changing the plates or 
films in the klydonographs. 

It will be noted in Table VI that the surges on cable- 
and-open-wire systems were somewhat higher than 
those on pure-cable systems. This is partly due to 
the presence of lightning voltages on open-wire systems, 
although surges of this nature were eliminated from the 
data where known to be such. Incidentally, none of 
these known lightning surges were of a magnitude to 
make them important. Again, transmission line 
switching usually results in higher surge voltages than 
similar operations involving cables. One surge 4.5 
times normal was recorded on a pure-cable system. 
However this was due to energizing a switch group, 
which is a low energy operation as discussed above, but, 
at the same time, routine switching. Otherwise, the 
highest voltage observed on a pure-cable system was 
2.6 times normal. On one particular system the 
surges identified with short circuits were considerably 
higher than the average. For instance, this system 
accounted for 26 of the 32 oscillatory surges of 2.6 
times normal voltage and over. Its only apparent 
difference from the other systems, all of which were 
grounded solidly or through a low resistance, is the 
presence of a 75 ohm resistor in the neutral ground. 
No doubt, additional data will reveal more definitely 
the conditions or phenomena underlying these excep- 
tional results. The inclusion of the data from this 
system has exaggerated to a certain extent the serious- 
ness of surges on the average system. | 

An interesting phenomenon has been observed in 
connection with cable failures on four or five occasions. 
During three to six hours before the breakdown a 
succession of surges of the order of 1.7 times normal 
voltage has been recorded on two phases of a system, 
with the final breakdown occurring on the third phase. 
In other words the fault made itself evident some time 
before the short circuit developed. The klydonograph 
records indicated that this was not a continuous process 
but occurred more or less irregularly at intervals of 
a few minutes. Apparently, impulsive discharges 
through temporary punctures of the insulation took 
place. These created sufficient unbalance to raise the 
other phases to approximately the delta voltage above 
ground for an instant, without developing into a short 
circuit severe enough to cause an interruption. This 
action has been noticed only on 26-kv. and 33-kv. 
systems, and in each case the system neutral was 
grounded. 

Apparently, transient high-voltages are a very minor 
contributory factor to cable-insulation failures. Con- 
sidering the test voltages which cables are required to 
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withstand for an appreciable time, it also appears that 
surges cannot be held responsible for the failures en- 
countered in practise. This conclusion is reached by 
virtue of the low magnitude, the short time duration 
and the low frequency of occurrence of surges. It might 
be argued that it is wrong to assume that very high 
voltages occur nowhere on a particular system because 
none appeared at certain points studied for a limited 
period of time. However, the data were obtained on 
several systems and under a wide variety of operating 
conditions. The rarity of surges of even four times 
normal voltage naturally leads one to doubt. very 
strongly the existence of higher transient voltages on 
cable systems. Of course it is conceivable that surges, 
of the order of magnitude found in these investigations, 
might cause a failure, if the insulation at any point 
were to reach such a condition that a slight increase in 
potential would break it down. But it is doubted 


Electrostatic 
Potentiometers 


Fic. S—DIAGRAM OF CONNECTIONS FOR LIGHTNING ARRESTER 
TESTS 


that these surges could create this abnormal condition 
and its elimination would be the primary problem. 


III. LIGHTNING ARRESTERS 


The klydonograph has proven valuable for recording 
the performance of lightning arresters under operating 
conditions.'° The magnitude and nature of the arrester 
discharge current as well as the same quantitites for the 
impressed voltage surge can be determined. The 
current measurement is obtained by recording the 
voltage drop across a non-inductive resistor, which is 
inserted in the arrester ground lead. A 10 to 15 ohm 
resistor is suitable. Since the minimum recording 
voltage of the klydonograph is about 2000 volts, the 
detection of currents above 150 to 200 amperes is 
possible with this arrangement. On three-unit arresters 
the bases must be insulated from their supporting foun- 
dations to force current through the resistance shunt. 
The voltages measured at the terminals of the arrester 
are the maximum values reached by the surge at that 


10. Arrester Tests with the Klydonograph, L. R. Golladay. 
Electrical World, Sept. 4, 1926. 
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point. These exist for the very brief interval required 
for the arrester to come into operation, after which they 
are reduced by the discharge. However, the extreme 
speed of the klydonograph permits the measurement of 
these short-duration peak values. A diagram of con- 
nections appears in Fig. 8. Fig. 9 shows a typical 
installation. 

Unfortunately, in most of the tests it was not feasible 
to install equipment to measure the surge voltages 
on all three phases. Where this was the case, the 
highest conductor, or the highest and the lowest 


Fie. 9—TyricaL INSTALLATION FOR MEASURING ARRESTER 
DISCHARGE CURRENT 


conductors, were selected, for the reason that induced 
lightning voltages vary as the heights of the con- 
ductors above ground. However, the voltages im- 
pressed on the arrester terminals may not correspond 
to this law, if a flashover occurs at some distance from 
the arrester, or if transpositions are frequent. 

In Table VII the data on the performance of light- 
ning arresters are listed. All the arresters tested were 
of modern valve type. All were autovalve except No. 2, 
system 1, and No. 1, system 6. These two were differ- 
ent types. In order to bring the data from individual 
tests to a common basis, the records have been multi- 
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plied by a factor to make them represent the operation 
of each arrester for one lightning season of six months. 
Classification has been made according to the maximum 
recorded voltage of each surge. The divisions are: 
(a) above 3.5 times normal; (b) 3.5 to 2.6 times nor- 
mal; (c) below 2.5 times normal; (d) discharges re- 
corded on arresters on which no potentiometers for 
measuring voltage were installed. 

The basis of most apparatus insulation tests is twice 
the operating phase-to-phase voltage. Consequently, 
lightning arresters are adjusted to relieve surges above 
this magnitude. However, all surge calculations have 
been based on the normal crest voltage to neutral. 
Therefore, a surge 2 X 1.73 = 3.5 times normal in the 
tables, corresponds to twice the phase-to-phase crest 
voltage. Discharges for surges below this value are 
unnecessary, and, in some respects, objectionable. 
This is particularly true for the lower-voltage surges 
in view of their greater frequency of occurrence. 

As shown in Table VII, with few exceptions, the 
operation of the arresters was satisfactory for surges 
above 3.5 times normal. Some of these, for which no 
discharges were recorded, were caused by switching. 
As switching surges often are not of the same polarity 
on all three phases, the current discharge path may have 
been from phase to phase through the neutral inter- 
connection of the arrester units. For such a discharge 
no indication results on the klydonograph. Again, some 
surges, over 3.5 times normal, only slightly exceeded 
this value. In these cases the magnitudes possibly were 
exaggerated by the limitations of accuracy of the 
klydonograph. During the tests, only three lightning 
surges, which undoubtedly were high enough to require 


TABLE VII 
SUMMARY OF LIGHTNING ARRESTER INVESTIGATIONS, ON A BASIS OF ONE LIGHTNING SEASON'S OPERATION OF ONE 
ARRESTER 
£ 
3 
g Surges 2.5 times normal or 
x 3 less Surges 2.6 to 3.5 Surges 3.5 or over 
8 a ee ee oe aeons | anes ome 
; E 3 2 Discharges Discharges Discharges 
ns m -e | -a | a 
A a a ae 3 250 | 250 | 500 250 | 250 | 500 250 | 250 | 500 
g K 3 2 2 amps.| to | amps amps.| to |amps amps.| to j|amps./amps.| to |ampe 
D E = g g Num-| or 500 or |Num-/ or 500 or |Num-/ or 500 or 
& > 3 Z ber less | amps. | over | ber less | ampes.| over | ber less | amps. | over 
1 1 140* 22 2 67 1 
120 24 3 210 5 17 28 10 6 2 3 
2 1 66 26 1 58 1 3 13 2 2 6 1 1 
2 66 26 54 1 2 7 7 2 3 2 
3 1 66 11 1 126 2 7 4 2 4 4 
2 66 11 (0) 
4 1 66 4 1 26 7 7 
2 66 4 (0) 
5 1 33 23 1 26 2 
2 33 23 1 32 1 1 1 
6 1 25 5 2 73 5 16 | 83 5 5 5 5 
2 25 9 2 26 6 3 


*T his is a 140-kv. arrester connected to a 120-kv. system. 
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a discharge and for which none above the minimum re- 
cording point resulted, were recorded. 

A considerable number of discharges occurred when 
the accompanying maximum surge voltages were below 
3.5 times normal. This was particularly true on ar- 
rester No. 1, system 6 and, toa lesser extent, on arrester 
No. 2, system 1. In tests where voltage measurements 
were made on only one or two phases, higher voltages on 
the other phase or phases likely were responsible for 
many of the discharges of this type. 

The function of lightning arresters, as ordinarily in- 
stalled, is the protection of station apparatus. They 
do not necessarily prevent line flashovers. If a high- 
voltage lightning surge originates at some distance from 
an arrester, the line insulators may flash over before the 
surge reaches the arrester. This point is discussed in 
Part I. To protect against insulator flashovers it 
would be necessary to distribute arresters at short 
intervals along a line. | 

The results of these tests show that the operation of 
lightning arresters in the field confirms predictions 
based on laboratory tests. However, the data indicate 
that the occasions, upon which high-voltage lightning 
arresters are called upon to operate, are relatively 
infrequent. 


CONCLUSIONS 


1. Surge voltages due to lightning are unidirectional. 
The clouds which produce surges are of negative po- 
larity, resulting in positive induced-voltages and 
negative direct-stroke voltages. 

2. The maximum values, reached by lightning 
surges on transmission lines, are limited by the flash- 
over of the insulators. It is believed that the flash- 
over voltage of 220-kv. transmission line insulation, 
at the steepnesses of wave front of lightning surges, 
is comparable to the maximum potentials ordinarily 
induced by lightning. 

3. The flashover voltage of the average insulation 
of lines up to 140 kv. is about seven times normal for 
lightning impulses. 

4. Seldom more, and often less than two surges, 
comparable in magnitude to the insulator flashover 
voltage, appear at a given point of a line during a storm. 

5. The frequency of occurrence of the higher surges 
does not seem to be greater for low-voltage than for 
high-voltage lines. 

6. High-voltage surges are damped below the corona 
voltage in traversing a few miles of line. At low magni- 
tudes they may travel long distances. 

7. The quantitative measurements with the klydon- 
Ograph agree with the theories regarding induced 
voltages and the protection against these afforded by 
the ground wire. 

8. Switching surges occasionally reach six times 
normal voltage, but 99.2 per cent of all produced are 
less than 4.5 times normal. Less than 50 per cent of 
all switching operations create a disturbance. 
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9. Switching idle lines produces higher surges than 
similar operations involving load currents. Opening 
operations result in higher voltages than closing 
operations. 

10. Switching surges usually are unidirectional. 
When oscillatory, they are highly damped and therefore 
of short duration. 

11. Switching surges are not of serious importance 
either from the viewpoint of continuity of service or of 
their effect on apparatus insulation, where the accepted 
factors of safety for insulation are used. l 

12. Flashovers and shortcircuits produce no serious 
voltage surges where the system neutral is grounded. 
The nearest approach to sustained high-frequency 
high-voltage oscillations is the arcing ground on 
isolated-neutral systems, where this form of disturbance 
reaches a maximum of about 4.5 times normal voltage. 

13. Except for lightning surges and arcing grounds 
no high-voltage disturbances, of particular importance 
to the operating engineer, appear on transmission lines. 

14. Nearly 99 per cent of the surges found on cable 
systems are less than 3.0 times normal voltage. The 
maximum voltages are of the order of 4.5 times normal; 
92 per cent of the total are unidirectional. 

15. Where open-wire lines are combined with cables, 
the surges are somewhat higher than on pure-cable 
systems. 

16. The surges resulting from short circuits are 
relatively the most injurious to cables, owing to their 
longer time of application to insulation, and to their 
greater energy which results in more of the system in- 
sulation being stressed. However, except under certain 
rare conditions, their magnitude never exceeds 2.5 
times normal, and their frequency of occurrence is low. 

17. Apparently, transient high voltages are a minor 
contributory factor to cable-insulation failures. 

18. In the investigations of the performance of 
lightning arresters in actual service, it was found that 
arresters in general give satisfactory operation, that is, 
they relieve all surge voltages above the standard test 
voltages for equipment insulation. Discharge currents 
up to 2500 amperes occur in practise. From these 
tests it is concluded that the field performances of 
arresters confirms predictions based on laboratory tests. 

19. Lightning arresters do not protect a line against 
flashovers at distant points. 
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Transmission Line Voltage Surges 
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Synopsis.— Records of the transients actually occurring on 
transmission lines of widely varying characteristics have been 
obtained recently with the klydonograph. 

1. These records substantiate many of the theories of transients 
on lines. 

2. They indicate the incorrectness or incompleteness of some of 
these theories. 


INTRODUCTION 


HERE has been a great deal of discussion regarding 

the high-voltage transients which appear on trans- 

mission systems. Switching operations and light- 
ning are the most important causes of these transients. 
Due to their extremely short duration, there was, until 
recently, no instrument available for obtaining definite 
information regarding their characteristics. Their 
nature had been deduced from operating experiences 
such as flashovers and apparatus failures. Although 
electric circuit theory became quite well known, 
different assumptions in the premises led to different 
conclusions—hence the divergence of opinion. 

Since the recent advent of the klydonograph and the 
cathode-ray oscillograph, field data, secured under a 
wide variety of conditions, have been obtained, with 
the former in America and with the latter in Europe. 
These data do much toward clarifying the situation. 
In this paper an attempt is made to coordinate the 
author’s experiences and certain theories of surges, both 
switching and lightning, which are substantiated by 
field results. 


I. SWITCHING 


Ideal Case. The well known theory of traveling 
waves will be briefly reviewed. For simplicity the ideal 
case will be considered first. This is the case where a 
single line is switched from a limitless source, and the 
potential is applied or removed instantly. At the 
instant of such an operation, a sheer-front voltage wave, 
equal to the applied voltage, proceeds out along the 
line. It is accompanied by a current wave, equal in 
magnitude to the voltage divided by the surge im- 
pedance. These waves, when they reach a terminal, 
reflect with full magnitude with the same or opposite 
sign, according to whether the line is open or short- 
circuited, and according to whether the voltage or 
current wave is considered. The reflected wave will 
then add to, or subtract from, the initial wave. The 
maximum voltage possible from this effect on a homoge- 
neous line is twice the applied voltage. This is shown 
in Fig. 1. A transformer at the end of a line, due to its 
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8. They suggested modifications or extensions of these latter 
theories. 

This paper is a coordination of those theories which agree with test 
data obtained up to the present time. Since the results of the kly- 
donograph surge investigations are presented in a companion paper, 
only the data required to make this paper complete in itself are 
included. 


high open-circuit impedance, presents the same con- 
dition to a surge upon its first impression, as an open 
line. 

_In the case where the end of the line is neither open 
nor closed, but joins a line of different surge impedance, 
there is a reflected wave and a transmitted wave. 
Where E is the voltage of the initial wave, Z, the surge 


(a) (b) 
Fig. 1—TRAVELING WAVES ON TRANSMISSION LINE 
(a) End open (b) 


End short-circuited 


impedance of the first line, and Z: that of the second 


. l 2— Z, 

line, the reflected wave is equal to Z, 4 Z, E, 
d the t itted lt E 1 Ler 

an e transmitted wave IS equal to Z.+2: E. 


This effect is shown in Fig. 2. The usual open air line 
has a surge impedance of the order of 550 ohms, and a 
cable 50 ohms. Taking the case of a composite line, 
it is seen that, if a switch is closed on the cable section, 
there will be a reflection where the wave enters the open 
wire part, and the transmitted wave will have a mag- 
nitude of nearly 2 E. Then if the open wire line is open 
ended, or ends with a transformer, the wave will reflect 
giving a total potential of nearly 4 E. Obviously, if a 
line divides into two or more branches, the branches 


7 E se, eS eee =e aemm i a, aa 
a Ea 
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present to the line the same effect as a line of lower 
surge impedance. l 

Practical Case. In the practical case of alternating- 
current switching, the point of the applied wave at 
which contact is made, is a more or less haphazard 
affair. There is a tendency to arc over at the crest of 
the wave, especially at the higher voltages now used. 
However, with the usual closing speed of contacts, and 


Fig. 2—REFLECTIONS AT THE JUNCTION POINT IN A COMPOSITE 


LINE 


\a) Passing from cable to open wire 
(b) Passing from open wire to cable 


the breakdown strength of oil, this tendency is not the 
controlling factor. Thus the traveling wave, initiated 
by a switch closure, will not always have a magnitude as 
great as the normal crest voltage. Of course, the 
reflections are governed by the original wave. 

It must be remembered that the above discussion 
applies to the ideal case. Although the application of 
voltage by a switch closure in practise is a rather 
abrupt phenomena, it is not instantaneous. The 
voltage on the part being energized rises from zero to the 


e=E i=0 e=0 1=0 


eR mt Rare 


t<o 


— mii sl 


Fig. 3—A LINE ENERGIZED FROM A SIMILAR LINE 
full value in a time of the order of 0.1 microsecond to a 
few microseconds; that is, the front of the wave sent out 
extends over from 100 ft. toa mile of line at the start. 
There are, however, two factors entering into the prac- 
tical case, each of which tends to lengthen the wave 
fronts of surges and to lessen the voltages obtained. 
Limitation of Source. In practise, when a line is 
switched, it is not done in connection with an infinite 
power source. The nearest approach to this condition 
is elesing a single line on a high-capacity bus; that is, 
a bus which has many other connected lines. When 
a line is closed to a similar line, the wave sent out is 
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equal to 14 E, as shown in Fig. 3. Here the maximum 
voltage with reflection will be E. When a line is closed 
on a bus having more than one other line energized, the 
wave sent out is greater than 14 E, and approaches E as 
a limit. Another common case is where a line is ener- 
gized from a transformer. Whenever there is a voltage 
wave, there must be an accompanying current wave 
equal to E divided by the surge impedance Zo. It is 
impossible, however, for current to build up instantly 
The rate of rise will be limited by 
the leakage inductance of the transformer, and the wave 
front will be sloping. If the front is more than twice 
as long as the length of the line, there can not be a com- 
plete reflection, since, after the foot of the wave has 
traveled to the distant end and back, it will disturb the 
conditions at the terminal point considered. 

Fig. 4 shows the approximate circuit of a line being 
switched from the high-tension side of a transformer. 
The potential of the line is determined by the relation 


= i Zo (1) . 
The relationship between the currents and voltages in 
the circuit is 


di 
Ri+ L di +e=E 
or upon substituting, 
di R+Z , E 
dt L e L (2) 


where E is the voltage on the low-tension side of the 


Transformer ae i 
R j Transmission Line 


i 


Fig. 4—APPROXIMATE DIAGRAM OF TRANSMISSION LINE AND 


TRANSFORMER 


transformer referred to the high-tension, R and L are 

the equivalent resistance and leakage inductance of the 

transformer, and Z, is the surge impedance of the line 

with respect to ground. With E constant, the solution 
R+ Zo 


of (2) gives the equation of 7: 
coco Py 
t= “py Z, [ —€ ] 


From equation (1) it is evident that the voltage wave 
has the same shape as the current wave and its front 
extends over the same length of line. The current, 
from equation (3), will rise to almost its maximum 
value in a time equal to twice the time constant 


L 
T = “Raz,” Thus, to accomplish a complete 


(3) 


reflection, the line must have a minimum. length _ of 
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TABLE I l 
LENGTHS OF OPEN-WIRE LINES NECESSARY FOR COMPLETE REFLECTION OF A SURGE 
GENERATED BY SWITOHING A LINE FROM A TRANSFORMER 


Transf. 
Line capacity Per cent Per cent 

kv. kv-a. Amps. R X 
157 0.7 9.0 
197 0.7 9.0 
262 0.7 9.0 
393 0.7 9.0 
565 0.7 9.0 
262 0.7 9.0 
328 0.7 9.0 
437 0.7 9.0 
656 0.7 9.0 
236 0.7 9.0 
315 0.7 9.0 
394 0.7 9.0 
525 0.7 9.0 
630 0.7 9.0 
262 0.9 8.0 
393 0.7 9.0 
525 0.7 9.0 
656 0.7 9.0 
875 0.7 9.0 
175 1.0 7.0 
350 1.0 7.0 
526 0.9 8.0 
790 0.7 9.0 
1050 0.7 9.0 
131 1.2 5.0 
262 1.0 5.0 
524 0.8 6.0 
787 0.7 7.0 
1180 0.7 7.0 


v T, wherevistherate of wave propagation, 186,000 miles 
(300,000 km.) per second. Table I shows the lengths of 
open-wire lines, of various voltages, necessary for com- 
plete reflections, when energized from transformers of 
capacities commensurate with the line voltages given. 
Since the surge impedance of a cable is approximately 
one-tenth, and the speed of propagation one-half of that 
of an open wire line, the lengths of cable required are 
approximately five times those given in the table.. For 
a double reflection, giving nearly 4 E as discussed above, 
the cable must be connected to an open wire line twice 
as long. With the lengths of wave fronts generated on 
cables, it is evident that the lengths of cable and open- 
wire line necessary in a composite line for this double 
reflection are not common conditions. Further, with 
such lengths, the next factor discussed influences the 
situation. 

Attenuation. 
surge potential is the attenuation of the wave. 
attenuation factor of a line is: 


The second factor tending to limit the 
The 


a age + a) 


where r is the series resistance and g the parallel con- 
ductance per unit length of line, Zo is the surge im- 
pedance, and z is the distance traveled in the same linear 
units used for r and g. 

This reduces the wave as it travels down the line. 
In any case where there are abrupt wave fronts there are 
high-frequency components. The resistance of the 


L 

R L Zo T œ T 
ohms henrys ohms R + Zo miles 
5.7 0.194 500 0.000383 71.0 
4.5 0.155 500 0.000307 57.0 
3.4 0.116 500 0.000230 43.0 
2.3 0.0777 500 0.000154 29.0 
1.6 0.0540 500 0.000108 20.0 
2.0 0.0692 525 0.000131 24.0 
1.4 0.0480 525 0 .0000912 17.0 
1.2 0.0416 525 0 .0000790 15.0 
0.8 0.0276 525 0 .0000525 10.0 
1.8 0.0637 525 0.000121 21.0 
1.4 0.0480 525 0 .0000915 17.0 
0.9 0.0308 525 0 .0000585 11.0 
0.8 0.0289 525 0 .0000550 10.0 
0.7 0.0241 525 0 .0000458 8.5 
1.0 0.0307 550 0 .0000558 10.0 
0.7 0.0230 550 0 .0000418 7.8 
0.5 0.0172 550 0 .0000313 5.8 
0.4 0.0138 550 0.0000251 4.7 
0.3 0.0103 550 0 .0000189 3.5 
1.1 0.0201 575 0 .0000349 6.5 
0.5 0.0101 575 0 .0000175 3.3 
0.3 0.00769 575 0 .0000133 2.5 
0.2 0.00583 575 0.0000101 1.9 
0.1 0.00424 575 0 .00000732 1.4 
1.2 0.0127 575 0.0000221 4.1 
0.5 0.00636 575 0 .0000110 2.0 
0.2 0.00397 575 0 .00000690 1.3 
0.1 0.00291 575 0 .00000506 0.9 
0.08 0.00212 575 0 .00000369 0.7 


conductor is higher to these high frequencies due to 


skin effect. Thus, the first term of the attenuation 
constant, > * for the higher frequencies is many times 
0 


its value using the d-c. resistance. This will tend to 
rapidly damp out the high-frequency components and 
slope the wave. 

In the case of high voltages, corona enters and helps 
dissipate the energy of the surge’. This effect is higher 
for the more abrupt wave fronts. The effect of corona 
is to increase the second term of the attenuation 


constant 2 Zox i 


This term is negligible when only 


the leakage of the insulation is considered. For the 
higher voltages this second term is far greater than the 
first. Thus, when a surge above the corona voltage 
is generated, its energy is dissipated rapidly as the wave 
travels along the line. When the voltage has been 
reduced below the corona point, the wave proceeds, 
being governed by the first term of the attenuation 


constant, 7. This attenuates the wave more slowly. 


It has been found in tests that extremely high voltage 
surges fall to a fraction of their original value in a 
distance of only a few miles. In several instances, a 


. 7. For references see Bibliography. 
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surge was recorded at one station with a magnitude of 
1000 kv. and at a station 35 miles away with a magni- 
tude of 150 kv. It is believed that most of this attenu- 
ation took place in the first few miles. Lower valued 
surges which traveled 250 miles have been recorded. 
Characteristics of an Arc. The considerations thus 
far discussed do not take into account any characteris- 
tic of the arc, which always takes place at the contacts 
ofaswitch. This may affect the results considerably. 
Fig. 5a shows the static characteristic of an are 
in air; that is, the variation between volts and amperes 
under slowly varying conditions. This gives the effect 
of a negative resistance and an approximate equation 
is V = V — I ro, where V is the voltage across the 
arc and r, is the value of negative resistance, or the 
slope of the straight line. This characteristic, however, 
is not maintained under rapidly varying conditions. 
Under such conditions there would have to be a rapid 
ionization and de-ionization of the air and the speed of 
these phenomena is limited. Fig. 5b shows the dynamic 
characteristic of the alternating current arc in air. 


5—CHARACTERISTICS OF AN ARC IN AIR 
(a) Static (b) Dynamic 


Fic. 


This characteristic is a function of both current and 
frequency. With small currents and low frequencies 
the characteristic approaches that of Fig. 5a. With 
heavy currents the intense ionization keeps the atmos- 
phere of the arc conducting between alternations even 
at lower frequencies, while with light currents at higher 
frequencies there is not time for the de-ionization neces- 
sary to give the static characteristic. It is this 
characteristic, giving a low value of negative resistance 
at high frequencies, which minimizes the possibility of 
sustained high frequency oscillations on transmission 
lines. It is acknowledged that, if the negative resis- 
tance of the arc, in a sustained short circuit, were greater 
than the positive resistance of the connected circuit, 
oscillations with indefinitely increasing amplitude 
would be possible?:*. Tests have proved that these do 
not exist. Where the arc is in rapid air currents or a 
magnetic field the tendency is toward the static charac- 
teristic. An arc in oil also has a negative resistance 
characteristic, so the following discussion applies to 
oil-circuit-breaker, as well as air-break, switching. 
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Effect of the Arc in Switching. Where power currents 
are switched, the arc persists over any high-frequency 
oscillation and conditions are controlled by the 60- 
cycle wave. This is also true in the usual case of 
charging currents since appreciable currents usually are 
involved. In the case of closing either, the arc does not 
ordinarily extinguish after once striking. Where power 
current is interrupted the arc will extinguish at the zero 


A B 
wÇ _A : 
Ra La Ye Re, Y2Lg Ye Lg, Ye Rg 


(b) T 


G— TRANSMISSION LINE SUPPLIED FROM ALTERNATING 
CURRENT SOURCE 
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point of the current wave which is also at a low point 
of voltage. Also, when charging currents are inter- 
rupted, the arc will first extinguish at the zero point of 
the current wave, but this will be at the maximum 
In this case, surges three times 
normal are possible. For short lengths of line or 
station busses, where exceedingly small currents are 
involved, the arc maintains more of its static character- 
istic and higher potentials are possible. 

Switching Charging Currents—Larger Values. The 
above considerations may be better explained in con- 
nection with the following diagrams; Fig. 6a represents 
‘one phase of an open end line. Fig. 6b represents the 


7—SWITCHING CONTROLLED BY 60 CycLE CONDITIONS 
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(a) Voltage on supply side of switch 
(b) Voltage on line side of switch 


approximate equivalent circuit. Fig. 7a shows the 
wave of voltage at the supply side of the switch. 
Fig. 7b shows the voltage on the line, or condenser. 
The are between the switch contacts will first extin- 
guish at 1, the zero point of the current wave and the 
crest of the voltage wave. This will leave the line 
charged to a maximum of Em in one direction.’ The 
switch contacts are assumed to be separating continu- 


ously. From 1 to 3 the voltage across the switch con- 


tacts varies with the impressed voltage to a maximum 
of 2 Em at 3. There will be no restriking if at this 
time the contacts are too far apart to break down at 
2 Em. If not, reignition will occur, and there will be a 
resulting oscillation about the point of the applied 


3:34 


voltage E, or — Em, and with an amplitude of 2 E m, the 
amount of the transition to the new condition. It is 
obvious that the potential will thus reach a maximum of 
— 3E,, across the condenser. Since there is appre- 
ciable current the negative resistance of the arc is low 
and it will not extinguish during the high-frequency 
oscillation. This oscillation will then damp down to 
the applied voltage. Again, it will extinguish at that 
point, as shown between 3 and 5, leaving the condenser 
_ charged to a potential of — Em. At 5 it may again 
re-ignite with a potential of 2 Em across the contacts. 
Here again the oscillation will have an amplitude of 
2 Em, giving a maximum of 3 Em across the condenser, 
and the oscillation will damp down to the applied volt- 
age, where it will extinguish. It is evident that, no 
matter how often the arc reignites, the potential can 
never be higher than 3 Em. 

Switching Charging Currents—Small Values. When 
small currents are involved, it is possible under certain 
circumstances for the arc to extinguish at the zero point 
of the high-frequency current wave, and ignite at the 


S8—SwiITcHING CONTROLLED BY HIGH-FREQUENCY 
CONDITIONS 


(a) Voltage on supply side of switch 
(b) Voltage on line side of switch 


crest of the 60-cycle wave. This situation is illustrated 
in Figs. 6 and 8 but in this case part B of the circuit is 
small and therefore takes small charging current. As in 
the previous case the arc between the contacts will 
extinguish at the crest of the 60-cycle wave at 1, Fig. 
8b. The condenser will then be left charged to a 
potential of Em. It is assumed that after one half- 
cycle, at 3, the switch separation is such that 2 Em will 
just reignite the are. There will then bean oscillation 
with an amplitude of 2 E,, about the applied voltage 
E,, or — Em. The potential across the condenser will 
thus reach a maximum of — 3 Em. When this oscilla- 
tion has damped to a value slightly less than 2 Em the 
arc may extinguish at the zero point of the high-fre- 
quency current wave and leave the condenser charged to 
slightly less than — 3 E,,. Again the voltage across the 
contacts will vary between points 3 and 5 toa maximum 
of 4 E„at 5 when it is assumed that the switch contacts 
have separated to a position where 4 E,, will just re- 
ignite the arc. This time the oscillation will have a 
magnitude of something less than 4 Em about Em which 
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will bring the voltage across the condenser to a maxi- 
mum of slightly less than 5 Em. This process may be 
carried on with an increase of nearly 2 Em with each 
restriking of the arc. 

While it is conceivable for the process discussed in 
the last paragraph to continue beyond two restrikings, 
it is extremely unlikely; and even two should be rare. 
There are many factors which tend to prevent the high 
frequency condition from controlling the situation. 
The theory assumes that the charging current to the 
section being disconnected is broken at the zero point 
of the high-frequency current wave after the first inter- 
ruption. In the usual case of line switching the induc- 
tance and capacitance are both linear functions of the 
length of circuit. Thus, when the capacity is small, 
giving small currents, the inductance is also small and 
the frequencies are high. Usually these frequencies 
are high enough to maintain the arc over the high-fre- 
quency oscillation even though the currents are ex- 
tremely small. The worst condition as discussed as- 
sumes that the rate of opening of the contacts is such 
that the breakdown is increased nearly 2 Em each half 
cycle of the applied voltage. Further, it is just as 
likely that in position 3 Fig. 8, the arc will extinguish 
leaving the bus charged + Em rather than — 3 Em. 
In this case there would be no second restriking. 

From the foregoing, it appears that high-speed 
switches would tend to prevent the higher voltage 
surges. If, after the first extinction, the separation of 
the contacts is so rapid that in one half-cycle its break- 
down is more than 2 En, there can be no restriking. 
With the same speed of opening the breakdown be- 
tween contacts in oil increases more rapidly than in air. 
Thus there should be greater freedom from surges from 
oil switch operations than air-break switch operations. 

Closing operations should not cause potentials as 
high as opening operations. This is for the reason that 
the switch contacts are drawing continuously closer and 
therefore there should be at most only one restriking. 
This would limit the potentials obtainable to 2 Em on 
homogeneous lines. However, since switch contacts, 
especially disconnect switch contacts, are not perfect 
arcing contacts, it is possible for the second striking to 
be at a higher voltage than the first. This makes 
possible surges slightly higher than 2 Em from closing. 
It is fortunate that the higher surges come upon de- 
energizing since in this case the element of highest po- 
tential is being disconnected from the system and a 
flashover is not as serious. Further, there is usually 
the least apparatus connected to the part being 
disconnected. 

In all the above it is assumed that the neutral of the 
system is held at ground potential. In the case of an 
isolated neutral system the potentials discussed above 
are aggravated by the amount of the shift of the neutral; 
that is by a maximum of 1.73. 

Experimental Data. During the past three years, 
field tests using the klydonograph as a surge recorder 
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have been conducted on a large variety of open-wire and 
cable systems. These have given definite information 
as to the surges actually present on lines. The com- 
plete results of these tests are being given in a com- 
panion paper by Messrs. McAuley and Huggins and the 
writer. Certain of these data, however, will be dis- 
cussed here in connection with the above theories. 

Switching in general caused no serious surges. The 
majority of switch operations produced no overpoten- 
tials and the majority of the surges which were produced 
were less than two times normal. Occasionally higher 
voltage surges occurred, but these were rare. This 
would be expected due to the small chance of the simul- 
taneous presence, during a switching operation, of all 
the conditions and events necessary for their production 
as discussed above. Surges due to switching load 
currents or energizing lines were of the lower values. 
The higher surges always resulted from low energy 
operations, such as switching short lengths of line or 
busses. Many of these higher ones were caused by de- 
energizing busses or open oil switches with disconnect 
switches. Asexamples: Ina test ona220-kv. grounded- 
neutral system, with instruments at four points, about 
3600 high-tension, oil-switch operations were performed. 
Approximately one-fourth of these caused surges. The 
largest surge recorded was 3.2 times normal due to de- 
energizing a 40-mi. section of the line. Thenext highest 
were two 2.7 times normal due to opening a bus. Ona 
140-kv. isolated-neutral system in ten months tests at 
four points there were five surges between 3.0 and 4.6 
times normal. On a 120-kv. grounded-neutral system 
during ten months normal operation with recorders at 
four points there was one surge six times normal, one 
4.0, one 3.7, and five between 3.7 and 3.0 times normal. 
All of the above were caused by idle-line switching, and 
the higher ones by de-energizing operations. 

On cable systems, due to the higher charging currents 
per unit length, the higher attenuation constant, the 
longer initial wave fronts, and the denser networks 
usually encountered, milder surge conditions would be 
expected. This is what was actually found: The 
maximum surges recorded due to cable switching were 
of the order of 2.5 times normal. In one test, after a 
year’s operation, a surge 4.5 times normal was recorded. 
However, this was due to energizing a switch group and 
not strictly a cable operation. On another test, high 
surges resulting from opening a bus section prompted a 
series of tests. The highest values were as follows: 

Opening bus with disconnect switches—4.5 times 
normal. 

Closing bus with disconnect switches—2.9 times 
normal. 

Opening bus and transformer with oil switches—4.3 
times normal. 

Closing bus and transformer with oil switches—2.9 
times normal. 

Both of these conditions are low-current operations. 
Although the current would be larger with the trans- 
former connected, the natural period of the circuit would 
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also be longer, thus permitting the action discussed under | 
“Charging Currents—Small Values.” 


II. LIGHTNING 


The principal characteristics of lightning of interest 
in connection with its effect on transmission lines are: 
the gradient of the field produced by the cloud charge; 
the nature of the discharge, that is, its rate, and whether 
it is unidirectional or oscillatory; and the polarity of the 
cloud. Ryan, De Blois, Norinder, Creighton, Peek, 
Simpson, and others have all contributed towards our 
present knowledge. 

From any isolated charged body in the atmosphere 
there is an electrostatic field ending in an equal charge 
of opposite polarity gathered on the earth. As a 


Bounp CHARGE AND VOLTAGE ON A LINE AFTER A STROKB 


3 + 
e LURF Aa -i | Mee CRAEELEEEILL, 
(c) 


TRAVELING WAVES AFTER A STROKB 
Fic. 9 


charged cloud approaches a transmission line, a charge, 
opposite in sign to that on the cloud, gathers on the 
line. Since the cloud approaches slowly, the charge 
passes up from the ground through the neutral or leaks 
over the insulators. This charge in the presence of the 
field keeps the line at zero potential with respect to the 
earth. Fig. 9a illustrates this condition. Upon the 
stroke of lightning the field disappears and, if the col- 
lapse be rapid, leaves the charge bound on the line. 
If the collapse is instantaneous this raises the line 
potential to a voltage corresponding to the field before 
the stroke, but opposite in sign. The magnitude of 
this voltage is the product of the change in field gradient 
and the height of the line. Upon the disappearance 
of the field, the charge divides in the center and propa- 
gates a traveling wave in each direction as shown in 
Fig. 9c. Each of these waves has a magnitude equal 
to one half of that of the initial voltage directly under 
the cloud. It is readily seen that the rate of rise of 
voltage, and the maximum magnitude, on that part 
of the line occupied by the charge before the stroke, is 


336 


determined by the rate of discharge of the cloud, as 
well as the value of the field destroyed. The reason 
for this is that while the cloud is discharging, part of 
the cnarge is traveling out and increases the length of 
the surge, but reduces its magnitude. On the remainder 
of the line to which the traveling wave goes, the rate of 
rise of voltage is determined by the wave front, that is, 
the space configuration of the charge liberated, as well as 
by the rate of discharge of the cloud. It is obvious that 
for this phenomenon to take place the cloud must dis- 
charge rapidly, that is, in a few microseconds. Other- 
wise the charge will have time to spread out over the 
line gradually, without causing an appreciable rise in 
voltage. The amount of this rise is determined by the 
ratio of the length of the line occupied by the bound 
charge to the total length of the line, and the change of 
field gradient caused by the stroke. Also, if the neutral 
of the transformers is grounded and the discharge is 
slow, the charge may pass to earth through the short- 
circuit impedance of the transformers. 

Norinder. In 1924, Dr. H. Norinder published the 
results of his tests in Sweden.'! These tests, which 
contributed a valuable addition to our knowledge of 
lightning, consisted of extensive measurements of the 
actual intensities, and variations of the cloud field. 
Most of the data were measurements with a static 
voltmeter of the potential induced on highly insulated 
wires by the cloud field. Other measurements were 
made with a cathode-ray oscillograph of the potential 
induced on an antenna, grounded through a high 
damping resistance, by the lightning discharge. Still 
others were made with the ordinary oscillograph of the 
discharge-induced potential. 

Although the inherent variation of the physical condi- 
tions under which lightning occurs is reflected in the data, 
the salient points in Norinder’s results were as follows: 
the gradient of the cloud field at the height of the 
average transmission line was often of the order of 30 
to 45 kv. per ft. (100 to 150 kv. per m.) and occasionally 
60 kv. per ft. (200 kv. perm.). Dr. Norinder estimated 
the gradient near the lightning path to have been 90 to 
120 kv. per ft. (300 to 400 kv. per m.); the cloud was 
just as often positive as negative. One of his charts 
showed the potential reversing during the passage of the 
cloud. The range of influence of the usual stroke was 
over 1.3 mi. (2.3 km.) and under 6.2 mi. (10 km.); 
the discharge was non-oscillatory; and the discharge was 
relatively slow, the induced potential on the antenna 
rising to a maximum in the order of 0.01 to 0.02 sec. 
From the results Dr. Norinder drew various conclusions 
some of which pertained to the operation of trans- 
mission lines. 

Since both the data and the conclusions were some- 
what at variance with current opinion on the matter, 
both were criticized rather severely.!2 The most dis- 
turbing feature of these data was the long wave fronts 
indicated. If lightning strokes were as slow as 0.01 
sec., It would be impossible for surges as actually experi- 
enced to be induced on transmission lines. In a time 
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of this order the bound charge could travel the length 
of the line many times and distribute itself over the line 
or leak off through the terminal apparatus. It is evi- 
dent that the strokes which produce the surges experi- 
enced must take only a few microseconds to discharge 
the cloud. While some of the conclusions seem rather 
loosely drawn, there does not seem to be anything 
wrong with the methods used in obtaining the data. 
The ordinary oscillograph is not fast enough to record 
wave fronts of only a few microseconds. However, the 
fact that some of the oscillograms showed a wave front 
considerably longer than the minimum which the ordi- 
nary oscillograph would have recorded satisfactorily, 
indicated that these long wave fronts actually occurred. 
While the above facts seem to be inconsistent, recent 
information shows that they are not. This will be 
discussed later. 

Simpson. In March, 1926, Dr. G. C. Simpson presented 
to the Royal Society an excellent paper on lightning. 
It is not feasible to repeat the complete theory here and 
the reader is referred to the original paper." Briefly, 
the author stated that when a point ona positive cloud 
reaches a state of electrical intensity at which ioniza- 
tion begins, the point proceeds towards earth, forming a 
conducting channel of ionized air. The point of this 
channel attracts negative electrons from the surround- 
ing atmosphere. These electrons being very mobile 
pass up the channel and spread out into the cloud. 
This leaves the channel positive and it thus burrows its 
way to the earth. The channel may branch but each 
fork remains pointed and the stress high. The rate at 
which the channel can grow is determined by the rate at 
which the cloud can absorb the negative electrons. As 
the electrons pass into the cloud they soon become nega- 
tive ions, after which their speed is reduced; thus they 
tend to block up the mouth of the channel and prevent 
further flow. This accumulation of ions disperses in the 
cloud, the field is again established, and the flow con- 
tinues if the ions in the channel have not had time to 
recombine entirely. Thus the flow will be slow or even 
intermittent. The intermittent flow is most marked in 
a discharge from one cloud to another. 

With a negative cloud the process is different. Ifthe 
formation of a channel toward earth at the point of 
highest stress is assumed, the point of the channel at- 
tracts positive ions from the surrounding atmosphere. 
These ions, being relatively immobile, are unable to 
pass up the channel rapidly. They thus neutralize the 
point which reduces the stress and the point spreads 
out. In this way the charge in the cloud is held until 
the stress at the earth’s surface is high enough to starta 
channel. This channel operates as discussed above, 
for the positive cloud, with the following exceptions: 
The negative electrons are able to spread out readily in 
the ground, and the channel instead of passing into a 
region of lower stress continues always into a region of 
greater stress. The average stress is much higher. 
There is not the tendency to branch, as the field con- 
centrates towards (a smaller. area, until the cloud is 


Feb. 1927 


reached where it branches out and discharges a large 
volume of the cloud in a single flash. Thus the nega- 
tive cloud discharges rapidly and violently. 

Dr. Simpson substantiated the above theory with 
laboratory studies of discharges in conjunction with a 
large number of photographs of actual lightning strokes. 
Out of 442 photographs studied, 242 showed branches 
downward indicating positive cloud discharges, three 
were negative strokes with branches upward, and 173 
were unbranched. Since the negative branches are 
within the cloud, in general they. would be obscured. 
It was further pointed out that in all cases branches 
were less intense than trunks and that many of the 173 
apparently unbranched strokes likely had branches 
downward which were obscured by the rain. Dr. 
Simpson divided the unbranched discharges into equal 
parts which made in all 328 positive strokes and 89 
negative strokes, or nearly 4 to 1. He expressed the 
opinion that even this is too small a ratio. 

Quoting Dr. Simpson, “If this reasoning is correct 
lightning flashes between earth and a negatively 
charged cloud will be much more intense than flashes to 
a positively charged cloud, although the two clouds may 
be charged to the same intensity. In fact one would 
expect on this reasoning that discharges from positively 
charged clouds would be frequent but weak, while dis- 
charges from negatively charged clouds would be in- 
frequent but very strong.”’ l 

Experimental Data. In transmission line surge in- 
vestigations with the klydonograph it has been found 
that there are surprisingly few surges induced in a given 
locality during a thunder storm. Instead of surges of 
varying magnitude to correspond to the numerous light- 
ning flashes usually observed during a storm, there result 
only from one to perhaps 10 surges; usually not more 
than two. Further, it has been found that practically 
all of these lightning surges are positive. The few nega- 
tive surges recorded are always high and abrupt. Of 
these negative surges some are definitely known to have 
been caused by direct strokes. Bearing in mind that an 
induced surge is of opposite polarity to the cloud and 
that a direct stroke is of the same polarity, the above 
results indicate, at first sight, that all clouds are nega- 
tive. The number of surges recorded, however, is not 
consistent with the numerous flashes visible during a 
storm. 

These data, when analyzed in the light of Dr. 
Simpson’s theories and Dr. Norinder’s results, seem to 
substantiate both. Most of the lightning strokes are 
‘rom a positive cloud. Perhaps as many clouds are 
negative, but the positive clouds discharge more fre- 
quently. These positive strokes are relatively slow, 
having a wave front of the order of 0.01 seconds, asshown 
by Norinder. They are slow enough to permit the 
bound charge to distribute itself over the line or to 
escape through the transformer neutral, as discussed 
auove. Even on an isolated neutral line, where the 
charge does not escape, its distribution over the usual 


COX: TRANSMISSION LINE VOLTAGE SURGES 


337 


power line prevents a greater rise than a few thousand 
volts, which is negligible. It may be serious on com- 
munication lines, which are isolated from ground and in- 
sulated for low voltages. Tests on communication 
lines have shown more negative surges than tests on 
power lines. The effect of positive strokes may also be 


important on isolated neutral lines which are so short 


that the entire line is in the field destroyed by a single 
stroke. According to Norinder, this length would beof 
the order of two miles. Further, the effect of a posi- 
tive stroke is less severe, due to the fact that less of the 
cloud is discharged and therefore less of the field is 
destroyed by a positive stroke. The negative clouds 
discharge violently but less frequently. They discharge 
a greater volume of cloud and hence destroy a larger 
field. The time of discharge is of the order of three 
microseconds, which is too brief to permit a bound 
charge on the line to dissipate, and hence high voltages 
are induced. Likely, Dr. Norinder’s apparatus was not 
sufficiently rapid to detect these negative strokes in 
their true shape. Klydonograph records also indi- 
cate that direct strokes have abrupt wave fronts. 
These records show that induced strokes have wave 
fronts from a few microseconds to over 100 mi- 
croseconds. As mentioned above, the measured rate 
of rise of voltage due to induced strokes depends upon 
whether the measurement is made at the position of the 
initial bound charge or at some other point of the line. 
The records agree with both Simpson and Norinder in 
that they indicate that the stroke is unidirectional. 
An oscillatory surge on the line may result, however, if 
the stroke causes a flashover. 

It was found that the maximum surge potentials ap- 
pearing on lines of various operating voltages are ap- 
proximately a constant times the normai voltage. That 
is, the maximum surges are from 10 to 15 times the nor- 
mal crest voltage above ground. This indicates that 
the lightning stroke is not faster than the insulator 
flashover at these high over-voltages. When the 
insulator flashes over the charge is released and the 
voltage can go no higher. It should be remembered 
that the higher the over-voltage, the less the time lag of 
breakdown of any dielectric. 


III. 


The following conclusions may be stated: 

Switching. 1. If there were no attenuation, a 
switch closure on a cable connected to an open-ended, 
open-wire line would reflect with nearly four times the 
applied voltage. 

2. In practise, increase in the attenuation constant, 
due to steep wave fronts and to corona at high voltages, 
prevents high-potential steep-front waves from travel- 
ing long distances. 

3. The limitations of the source from which a line is 
switched limit the steepness of wave front possible. 


4. The characteristics of the arc at the switch con- 
tacts influence the surges caused by switch operations, 
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It has been shown that over-potentials caused by low- 
energy charging current operations are more severe than 
those caused by power or heavy charging current opera- 
tions. Thus de-energizing short lines or busses causes 
the highest surges. 

5. No switching operations cause surges high 
enough, or with a duration long enough, to affect the 
operation of properly insulated lines. Only rarely is a 
surge above 2.0 times normal produced. 

Inghtning. 1. Positive lightning strokes are fre- 
quent but weak. They are slow, of the order of 0.01 
seconds, and hence do not induce surges on trans- 
mission lines. 

2. Positive strokes, even though slow, may produce 
surges of importance on isolated low-voltage lines, such 
as communication lines. 

3. Negative lightning strokes are less frequent but 
more violent. They discharge in about three micro- 
seconds and hence produce high voltage surges on trans- 
mission lines. 

4. The field gradient is often as high as 60 kv. per ft. 
and may reach 100 kv. per ft. Thus a surge of over 
2000 kv. might be induced upon a lineof ordinary height 
with sufficiently high insulation. Eighteen hundred 
kv. has been recorded by the klydonograph. 

5. The time lag of an insulator flashover is less than 
the time of discharge of a negative stroke and thus the 
impulse flashover voltage of the insulators limits the 
possible potential. . 

6. The stroke of lightning itself is unidirectional. 
If an oscillatory surge due to lightning is recorded, it is a 
line oscillation resulting from a flashover. 
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Synopsis.—This paper, after referring to the work of previous 
invesligators in the application of the photographic Lichtenberg 
figures to the measurement of surge voltages, describes results of 
additional work in this field by the authors. l 

Laboratory calibrations of photographic Lichtenberg figures, 
using the cathode ray oscillograph and the lightning generator, 
are shown. Data are presented relative to the accuracy obtainable 
with these figures as a means of measuring surge voltages. 


INTRODUCTION 


HE results of continued recent study and use of the 
photographic Lichtenberg figures as a means of 
measuring voltages of short time duration in the 
order of microseconds, particularly surge voltages on 
transmission lines due to lightning, are creating a 
confidence in these figures which is gratifying both to the 
engineer who is called upon to make such measurements 
and to the engineer who uses the results in design and 


application. It wasin 1777 that Dr. G. C. Lichtenberg! 


Line 


Film \ 


<— Metal 


ene 


Material 


Ground =" 
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first described the figures in sulphur dust caused by 
the presence of a charged electrode. In 1888, Trou- 
velet? and Brown? showed that the same figures would 
be produced on a photographic plate. Several in- 
vestigators!' 5'6 have since devoted much time to 
studying the nature of these figures, although at the 
present time their exact mechanism is still an 
uncertainty. 

But it remained for Mr. J. F. Peters’ in 1924 to sug- 
gest the application of these figures to the measurement 


of surge voltages and to develop a suitable instrument. 


*Both of General Engineering Laboratory, General Electric 
Co., Schenectady, New York. 
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An extension of instrument design is described in which two re- 
cording elements are used to give greater certainty of result. 

Means for connecting a surge voltage recorder instrument to a 
transmission line by an insulator-string potentiometer are described, 
and calibration of the instrument with potentiometer is given up 
to 1400 kv. 


Specimen field records of surge voltages up to 2000 kv. are shown. 
* * * * * 


based on this application which he called the klydono- 


graph. In June, 1925, Messrs. Cox and Legg® presented 
before the A. I. E. E. the results of field tests with 
this instrument and described extended developments 
in the instrument design. In September, 1926, Mr. 
K. B. McEachron® presented before the A. I. E. E. 


A negative surge produces 
a negative figure 


| 


A positive surge produces 
a positive figure 
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Fia. 2—SHOWING APPEARANCE OF POSITIVE AND NEGATIVE 
PHOTOGRAPHIC LICHTENBERG FIGURES PRopUCcED BY POSITIVE 
AND NEGATIVE SURGE VOLTAGES OF SAME MAGNITUDE AND 
W ave SHAPE 

Directly connected recorder 


the results of a most detailed study of the calibration 
of the photographic Lichtenberg figures using the Du- 
four cathode ray oscillograph as the means for deter- 
mining with certainty the wave shape of the impressed 
voltage. Thus the discovery made 150 years ago has 
recently been applied to advantage. 
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To the work previously described, this paper contrib- 
utes additional correlative data, describes an extension 
of instrument design, and shows that the art has ad- 
vanced to a stage where surge voltages on transmission 
lines in the order -of 2,000,000 volts may be recorded 
with a reasonable degree of accuracy. 


GENERAL 


As now used, the klydonograph or surge voltage 
recorder consists of an electrode bearing upon the emul- 
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Fic. 3—CALIBRATION CURVES FOR SURGE VOLTAGE RECORDER 


Insulation, varnished paper 1/8 in. thick 
Electrode, brass, 1/8 in. diameter, rounded spherically 
Film. Eastman No. 152 


sion side of a photographic film or plate which rests on 
the smooth surface of apiece of homogeneous insulating 
material, as shown in Fig. 1. If the electrode is con- 
nected to the line side of a circuit, and the insulation 
connected to the ground side through a metal plate, 
and a positive surge voltage of, say, 20 kv. maximum 
is impressed from line to ground, a positive figure as 
shown in Fig. 2 will be found on the photographic 
film after development. If, with the same connections, 
a negative surge voltage of, say, 20 kv. maximum is 
impressed from line to ground, a negative figure, as 
shown in Fig. 2, will be found on the photographic 
film after development 

It has been found that figures will be produced even 
though the time duration of the impressed voltage is 
only a fraction of a microsecond, also that the size 
(radius) of the figure is a function of the magnitude of 
the maximum value of the impressed voltage, while the 
shape and configuration of the figure is a function of the 
wave shape of the impressed voltage. The problem 
of the instrument engineer therefore becomes one of 
deciphering the figures into terms of voltage and wave 
shape. 
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MAGNITUDE OF VOLTAGE 


The calibration of Lichtenberg figures for a given in- 
strument to determine magnitude of voltage is obtained 
by impressing voltages of different values and observing 
the size of the resulting figure. This can be done for 
as wide a range of wave shapes as are available. 


Table I and Fig. 3 of this paper give results of the 
authors’ calibrations obtained on a film-type instrument 
with varnished paper insulation and a brass electrode 
1g in. in diameter rounded spherically. The wave 
shapes varied from one-half cycle of a sine wave at 
60 cycles (wave shape No. 1) to surge voltages rising to 
their maximum value in two microseconds (wave 
shape No. 2) and in four microseconds (wave shape 
No. 3). The surge voltages were impressed from 
sections of a 500-kv. rectifying type lightning generator 
(Fig. 4), the circuit for wave shape No. 2 being as shown 
in Fig. 5 and for wave shape No. 3, as shown in Fig. 6. 
The wave shapes were determined by Dufour cathode 
ray oscillograph Figs. 7 and 8. Wave shape No. 2 
is shown in Fig. 9. Wave shape No. 3 is shown in Fig. 
10. 


When calibrating the surge voltage recorder or when 
photographing the wave shapes with the cathode ray 
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Fic. 4—500-Kv. Rectirvinac TYPE LIGHTNING GENERATOR 
USED AS SOURCE FOR SURGE VOLTAGES IN STUDYING PHOTO- 
GRAPHIC LICHTENBERG FIGURES 


The cathode ray oscillozraph used with this generator is located in the 
sheet-iron house at the left of the photograph 


oscillograph, these instruments were connected between 
ground and the various voltage taps as shown in Figs. 5 
and 6. The magnitude of the voltage was measured 
by sphere spark gap similarly connected. 

Fig. 11 shows a set of positive and negative figures for 
5, 10, 15, and 20 kv. taken with wave shape No.2. It 
is from such figures as these that the calibration curves 
are obtained. The radius of a positive figure is mea- 
sured from the figure center to the most distant streamer 
tip. 


Feb. 1927 


TABLE I 
CALIBRATION OF POSITIVE PHOTOGRAPHIC LICHTENBERG 
FIGURES 
60-Cycle Wave Shape—Wave Shape No. 1 
Positive Average Maximum 
Kv. figures deviation deviation 
impressed Number average from mean. | from mean. 
(max. of radius Per cent plus | Per cent plus 
values) figures mm. and minus and minus 
5 35 10.3 12 45 
10 34 19.0 5 16 
15 36 24.3 5 15 
20 36 30.2 8 37 
24 31 35.6 5 12 disregard- 
ing slips 
125 regarding 
slips 
Two-Microsecond Wave Front—Wave Shape No. 2 
4 29 10.6 9 25 
7.2 39 11.9 22 60 
10 36 16.3 10 35 
16.6 36 22.8 10 26 
23.2 36 30.4 5.5 19 
27.6 37 40.3 14 26 


deviation deviation 
Kv. Number from the mean. from the mean. 
impressed of Per cent plus Per cent plus 
(max. values) figures and minus and minus 
5 100 13.7 32 
10 105 8.5 31 
15 108 7.2 28 
25 104 10.2 33 
CEED ue oaee i E o a y Sea ee Be T a a | 
[ Lightning Generator Supply 


+15Kv. *10Ky. +5Kv. -5Kv. -10Kv. -15Kv. 


Ground "=" 
5— ARRANGEMENT FOR Propuciıne Wave Smare No. 2 
The capacitors of the lightning generator discharge through the induc- 
tance and resistance shown in the external discharge circuit, in which the 


balanced arrangement of circuit constants with respect to the grounded 
point eliminates local oscillations 


Fig. 


Referring to Table I, it is seen that the average 
deviation from the mean for 100 figures on the three 
wave shapes investigated at the different voltages is 
within + 15 per cent, while the maximum deviation 
from the mean is in the order of + 30 per cent. 
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Lightning Generator Kilovolts 


Ground 2+5 210 £15 220 
{ see] 


A 
oie 


Discharge Circuit 
Wave Shape No.3 


Fig. 6—ARRANGEMENT FOR PropuciIna WAVE Suare No. 3 


The capacitors of the lightning generator on the left, discharge into the 
capacitors on the right through the resistor shown in the external discharge 
circuit 


Fig. 7—TsE Dvurour CatTHovDE Ray OsciLLOGRAPH, SIDE 


VIEW 
The timing switch shown at the right of the oscillograph is for low-speed 
work. The timing switch used to discharge the lightning generator when 


calibrating the surge voltage recorder is of high-speed type of special 
design, not shown 


Fig. 8—TuHEe Durovuk CatTHove Ray OSCILLOGRAPH, FRONT 


VIEW 


These results are shown graphically in Fig..3. For 
any voltage all figures obtained on 100 measurements 
were within the extreme limits as shown. These 
limits are determined by one figure out of one hundred, 
and are quite outside-of the values which may be 
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reasonably expected from the average values shown. 
It appears that an accuracy of 25 per cent can be reason- 
_ ably expected from any single measurement made 
with these figures. Where several figures of somewhat 
the same size are obtained under similar conditions, 


6 -0 10 i 

TIME IN MICROSECONDS 
Fic. 9 

(ABOVE)—CaATHODE Ray OscILLoGRAM OF WAVE SHapeJNo. 2 


(BeLow)—CATHODE Ray OsciLLOGRAM OF WAVE SHare No, 2 
TRANSCRIBED TO RECTANGULAR COORDINATES 


VOLTAGE 


4 6 8 
TIME IN MICROSECONDS 
Fia. 10 


(ABovE)—CaTHODE Ray OsciILLOGRAPH OF WAVE Saare No. 3 


(BELOw)—CaTHODE Ray OSCILLOGRAM OF WAVE Suare No. 3 
TRANSCRIBED TO RECTANGULAR COORDINATES 
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the agreement of these among themselves permits 
a more exact interpretation. 

Messrs. Cox and Legg, in Fig. 39 of their paper’, 
show a calibration curve for an experimental model of 
a film-type klydonograph. The wave shapes impressed 
varied from 25- and 60-cycle a-c. sine wave, to a 
surge voltage which attained its maximum value in 
five microseconds, the latter surges being obtained 
from a given network and their shape determined by 


Fig. 11—PositivE AND NEGATIVE LICHTENBERG FIGURES FOR 
DIFFERENT VOLTAGES. (WAVE SHAPE No. 2) 


calculation. The magnitude of the voltage was deter- 
mined by sphere spark gap. . 

McFachron, in Fig. 7 of this paper’, shows calibration 
curves for Lichtenberg figures obtained with Eastman’s 
super-speed portrait films, placed on a glass plate, 
and using a cylindrical brass electrode one cm. in diame- 
ter with square edges. The shape of the impressed 
voltage was determined by Dufour cathode ray oscillo- 


Ss Ff Q 


KILOVOLTS IMPRESSED (MAXIMUM VALUES) 
> 


Fic. 12—CALIBRATION CURVES OF SURGE VOLTAGE RECORDERS 
FOR POSITIVE LICHTENBERG FIGURES 


Cox and Legg, Bibliography Item 8, Fig. 39 
MckKachron, Bibliography Item 9, Fig. 7 
Authors’ Fig. 3 (average curve) 


graph and the magnitude by sphere spark-gap. The 
range of wave shape was from a long wave wherein 22 
min. were required to reach a maximum value of 25 kv., 
to a short wave where the time to reach maximum 
value was 0.1 microsecond. 

The results of the calibrations reported by Messrs. 
Cox and Legg, and McEachron, are shown combined 
with the authors’ in Fig. 12. These results show 
remarkable agreement for the work of.different observ- 
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ers in different laboratories with different instruments 
and circuits, and give added weight and certainty to 
the calibration of the Lichtenberg figures as regards 
magnitude of voltage. 


WAVE SHAPE OF IMPRESSED VOLTAGE 


In studying surge voltages, the wave shape as well as 
the magnitude is of importance, for on this depends the 


Line N 


Metal 


Ground = 
13—ARRANGEMENT OF ELEMENTS FOR PRODUCING PHOTO- 
GRAPHIC LICHTENBERG FIGURES 


Fia. 


(Oppositely connected recorder) 


| 


A negative sùrge produces 
a positive figure 


A positive surge produces 
a bali figure 


Fic. 14—SHowWING APPEARANCE OF NEGATIVE AND POSITIVE 
PHOTOGRAPHIC LICHTENBERG FIGURES PRODUCED BY POSITIVE 
AND NEGATIVE SURGE VOLTAGES OF SAME MAGNITUDE AND 

WAVE SHAPE 


(Oppositely connected recorder) 


duration of the voltage. At the present time, the 
determination of the wave shape from the Lichtenberg 
figure characteristics is not as definite or as certain as 
the determination of the magnitude from the figure 
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size and herein there is room for added study. At 
the present time the figures recorded with unknown 
wave shapes can be compared with figures recorded 
with known wave shapes as determined by cathode 


Line ~ 
Electrode __ 
ai Film 
insulating es MM. WLLL 
a eria es a SoS a 
Metal 
Directly | connected Oppositely connected 
Recorder Recorder 


Ground “= 
Fig. 15—ARRANGEMENT OF ELEMENTS FOR PrRopuciING Bot 
POSITIVE AND NEGATIVE FIGURES FOR ANY SuRGR VOLTAGE 


ray oscillograph. This allows prediction of the time 
duration to within a general order, but not with the 
exactness required. The work by McEachron in this 
regard, as shown in Fig. 5 of his paper’, wherein he 


LICHTENBERG FIGURES OBTAINED 
WITH Two-REcoRDER TYPE INSTRUMENT 

A—Positive surge voltage 20 kv. maximum 

B—Negative surge voltage 20 kv. maximum 

C—Oscillatory surge voltage 20 kv. highly damped 

D—Oscillatory surge voltage 20 kv. slightly damped 


Fia. 


16—PHOTOGRAPHIC 


designates the figures as Type I, Type II, and Type 
III, is to be commended. Further study along these 
lines tending towards greater exactness in the inter- 
pretation of figure characteristics is desirable. 


DIRECTLY AND OPPOSITELY CONNECTED RECORDERS 

From Fig. 11 it is clearly evident that the negative 
figures are quite inferior to the positive figures for pur- 
poses of voltage measurement since fora given voltage 
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they are less than half the size of the positive figure; 
also McEachron has shown’ that the negative figures 
present a greater deviation for differing wave shapes. 
There is also another serious objection which is that when 
` the instrument with a moving film is connected to a 
transmission line with normal voltage continuously 
impressed, the width of the band produced by the line 


OP DEP. 


OPPOSITELY Cavntcren \ iy 
REC XY 
L 


i P 
ee 


Fig. 17—Ficures OBTAINED wira TWwo-RECORDER TYPE 


INSTRUMENT SHOWING LINE VOLTAGE BAND 


A—Positive surge voltage 13 kv. maximum (20 mm.) 
B—Negative surge voltage 14 kv. maximum (22 mm.) 
C—Positive surge voltage 17 kv. maximum (25 mm.) 

The circles shown are drawn with the figure center as a center, and with 
the circumference touching the most distant streamer tip. The radius 
of this circle is the measure of the magnitude of the voltage 

The line voltage band is from 60-cycle source of 2.84-kv. maximum 
value 


. A B 
Fia. 18—PuHotToarapuic LICHTENBERG FIGURES OBTAINED 
with Two-RECORDER TYPE INSTRUMENT SHOWING HIDDEN 
NEGATIVE FIGURE 


A —Directly connected recorder B—Oppositely connected recorder 


Negative surge voltage 9.0 kv maximum. ‘The negative figure is hidden 
under the line voltage band. Its presence is indicated by the full-size 
positive figure on the oppositely connected recorder 


The line voltage band is from 60-cycle source of 3.0-kv. maximum value 


voltage (see Figs. 17 and 18) is enough to hide negative 
surges up to values as high as 2.3 times normal line 
voltage and to give uncertainty to values somewhat 
above this. This would result in erroneous conclusions 
as regards the number of negative surges recorded. 
To overcome these objections, Mr. Foust conceived 
the idea of connecting two recorders in parallel with the 
connections of one opposite from that of the other, thus 
insuring a large positive figure for every surge. Re- 
_ ferring again to Figs. 1 and 2, the results of directly 
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connecting the recorder to the line are shown. If. 
however, the recorder is connected oppositely, that is, 
the electrode to ground and the metal plate to the line, 
as in Fig. 13, the positive surge will record a negative 
figure and the negative surge will record a positive 
figure as in Fig. 14. 

If an instrument is made up with two recorders, one 
connected directly and one connected oppositely, as 
shown in Fig. 15, then all surges, positive or negative, 
can be measured from the positive figure. In addi- 
tion, oscillatory surges will be more clearly recorded, 
and negative surges completely hidden by the line- 
voltage band will be shown distinctly as positive 
figures. These features are shown in Figs. 16, 17, 
and 18. 


Fig. 19 shows an instrument of the two-recorder type. 
It uses an Eastman film eight feet long and eight inches 
wide as standard with “Cirkut Outfits.” It is driven 
by a clock at a rate of 1% in. per hour, so as to give a 
continuous record for eight days. Timing is obtained 
by photographing the hour numbers on the film. 


Fie. 19—SurGce Vo.ttraGe RECORDER. Two-RECORDER TYPE 


INSTRUMENT 


This construction largely excludes polyphase in- 
struments, because of constructional difficulties, but the 
obvious advantages of having all figures available as 
positive figures is so great as to accept this condition. 
It is felt that the application of this idea represents a 
real extension of the use of the Lichtenberg figures and 
results already obtained in the field show its merits. 
For example, out of 103 surges measured on three 
different transmission systems, 31 were of positive 
polarity, 26 were of negative polarity, and 46 were 
oscillatory. 


CONNECTION TO TRANSMISSION LINE 


The voltage range of the instrument shown in Fig. 19 
is from 2.8 to 25 kv. maximum. Above 25 kv. maxi- 
mum, so-called ‘‘slips’’ occur in the figures as shown in 
Fig. 20, for which condition calibration curves do not 
apply. The arcover of this instrument on a two- 
microsecond wave, wave shape No. 2, Fig. 9, is 35 kv. 
maximum. Thus, some provision must be made for 
connecting the instrument to transmission lines up to 
values where the normal maximum voltage to ground is 
180 kv. maximum for a 220-kv., 3-phase line, and where 
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the maximum values of surges may be ten times this 
value. 

Messrs. Cox and Legg! describe an electrostatic 
potentiometer and antenna coupling. The authors 


INSTRUMENT RANGE 

™ Positive surge voltage 33 kv. maximum wave shape No. 2 
„j The black lines clearly evident in the positive figure (below) are com- 
monly called ‘‘slips’’ and their presence indicates the figure to be of un- 
certain calibration. However, such figures can be stated with certainty 
to be above a given voltage value depending upon the instrument design. 

The negative figure (above), though symmetrical and appearing to be 
suitable for voltage measurement, nevertheless is not so in this range 
because of the great variation in figure size with wave shape. (See biblio- 
graphy item 9, Figs. 6 and 7) 


have investigated and used insulator coupling. Of the 
various schemes proposed for such connection, that 
shown in Fig. 21 has been recently used in 27 installa- 
tions and has been found to be simple, reliable, and easy 


Insulator String 


= Potentiometer 


21—ARRANGEMENT FOR CONNECTING SURGE VOLTAGE 
RECORDER INSTRUMENT TO TRANSMISSION LINE 


Fia. 


to calibrate. The instrument is connected in parallel 
across several insulators of an insulator string with 
added protection over the line insulation as desired. 
The instrument is placed in a sheet metal housing, 
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Fig. 22, equipped with suitable entrance bushing and 
automatic grounding device when the door is opened. 
The door is equipped with a padlock. This housing 
protects the instrument from the weather and insures 
safety against tampering. The metal housing also 
acts as an electrostatic shield to eliminate stray field 
effects. ! i 

Fig. 23 shows the arrangement of housing, insulator 
string, and connecting leads for a field installation. 


Fig. 22—Sax£er MeraL Hovustna For SurGe VOLTAGE 


RECORDER 


It is important to have the instrument connecting 
leads short, preferably not longer than five feet. From 
Fig. 24 it is seen that the figure size decreases consider- 
ably with a longer lead, and if the instrument is used 
with leads of different length than that with which it is 
calibrated, the resulting error is large. 


ADJUSTMENT OF INSULATOR STRING POTENTIOMETER 

The adjustment of the insulator string potentiometer ` 
is made by adding a sufficient number of insulator units 
in series with the normal line insulators to give adequate 


Fig. 23—ILLUSTRATION oF FIELD Set-Up or INSULATOR 


STRING POTENTIOMETER AND SuRGE VOLTAGE RECORDER IN 
SHeet METAL HOUSING 


protection, and to provide enough insulator units across 
which the surge voltage recorder instrument may be 
paralleled to obtain a satisfactory line voltage band. 
This procedure may be carried on in the laboratory 
by impressing normal voltage at normal frequency 
across the entire insulator string with the surge voltage 
recorder in position. 

Table II gives the number of insulators which have 
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been used successfully in the insulator string for dif- 
ferent line voltages. 


TABLE II 


Line voltage No. of insulators | No. of insulators 


between No. of insulators instrument in parallel 
conductors . line string with instrument 
three-phase kv. insulation potentiometer | (included in col. 3) 
66 9 2 
110 13 2 
140 15 2 
220 20 4 
30 i ; I ae | 
pT L i Mbot lead fram Instrument | | | | 0 
| | to Pobertiomėter. | | e a joi ie 
! i ae ee hs Z Sloot lead | š 
A _ Da ee oy i boas 
cot cee 6 Be 
72S foot lead | ` 


VOLTAGE FROM FIGURE 
SIZE KILOVOLTS (MAXIMUM VALUE) 


100 200 00 vi 
APPLIED VOLTAGE KILOVOLTS (MAXIMUM VALUE) 


Fic. 24—CALIBRATION OF SURGE VOLTAGE RECORDER AND 
POTENTIOMETER TO SHOW EFFECT OF LENGTH OF INSTRUMENT 
LEAD . 


CALIBRATION OF INSULATOR STRING POTENTIOMETER 

The multiplying factor of the potentiometer can be 
calculated for normal voltage and frequency from the 
data obtained in adjusting the potentiometer string. 


, Crane Hook 
Po (Ground) 
a  Poential 


Line 
æ< Insulators 


A Insulators String 
Potentiomters 


a Surge 
Voltage 
Recorder 


Fig. 25—ARRANGEMENT FOR PRODUCING SURGE VOLTAGES FOR 


CALIBRATION OF INSULATOR STRING POTENTIOMETER 


For example, a 110-kv. line has a maximum value of 
voltage to ground of 90 kv. If the line-voltage band 
is three kv., then the potentiometer multiplying factor 
is 30. 

The question then arises: Does this ratio hold for 
surge voltages? To answer this question, surge volt- 
ages were impressed across an insulator string potentio- 
meter whose 60-cycle multiplying factor was 60. This 
was a string of twenty insulators, four of which were in 
parallel with the surge voltage recorder. The source 
of the surge voltages was a lightning generator of the 
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non-rectifying type discharging into an external circuit 
as shown in Fig. 25. This circuit had to be used rather 
than the circuits as shown in Figs 5 and 6 in order to 
attain the requisite voltage. The magnitude of the 
voltage was determined by sphere spark gap. The time 
of rise of the surge voltage to its maximum value calcu- 
lates to be in the order of a fraction of a microsecond. 


The results of the calibration of the potentiometer 
up to 1,400,000 volts are shown in Fig. 26. These 


` results show a generally decreasing multiplying factor 


from the higher to the lower voltages. At the higher 
voltages the multiplying factor is practically the same 
as that obtained with 60-cycle voltage. 


Results of tests with circuit arrangement with the 
rectifying type of lightning generator (Fig. 5) to give a 
wave similar to that shown in Fig. 9 are also shown in 
Fig. 26. Tests were made with the insulator string 
potentiometer both dry and wet with spray. These 
were at the highest voltage which could be obtained 


60 
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3 w KILOVOLTS PRESSED (MAXIMUM VALUES) 
Fig. 26—SurGE VOLTAGE CALIBRATION OF INSULATOR STRING 


POTENTIOMETER 


Potentiometer for 220-kv., three-phase line 

Number of insulators in string, 20 

Number of insulators paralleled with the surge voltage recorder, 4 

Instrument, as shown in Fig. 19 housed in housing as shown in Fig. 22. 
Set-up as shown in Fig. 23 


with this generator for this type of work. The results 
seem to agree quite well with the non-rectifying type 
of lightning generator at the same voltage. The 
results of tests made with the insulator string when dry 
and also when wet show that for surge voltages the volt- 
age distribution is practically unchanged under these 
two conditions. This is different from the condition 
at 60 cycles where at least at lower voltages the dif- 
ferences between the distributions wet and dry are 
greater. 

From the calibration of Fig. 26, for figures showing an 
instrument voltage of 25 kv., the surge voltage on the 
line is 1500 kv. Figures with slips would indicate 
surge voltages from 1500 kv. to 2100 kv. Film arcover 
at 35 kv. on the instrument would indicate surge 
voltages on the line of 2100 kv. or over. 


The results of these calibrations indicate that surge 
voltages up to ten times normal maximum value, line 
to ground, on a 220-kv. line can be measured with con- 
siderable certainty as regards magnitude. 


no ce ~ 
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SPECIMEN FIELD RECORDS 


On Fig. 27 are shown some Lichtenberg figures ob- 
tained on a transmission line installation. The surge 
record is from 3 p. m. until 10 a. m. of the next day. 
During this time there were lightning storms in the 
vicinity of the line. It is clearly seen that these figures 
have the same characteristics as those produced with 
laboratory equipment. (The circles are drawn for 
voltage measurement, see Fig. 17.) The figures on the 
left and right are interpreted to be from oscillatory 
surges of highly damped nature, such as shown in Fig 


Fic. 27—LIcHTENBERG FIGURES OBTAINED ON A TRANSMIS- 
SION LINE INSTALLATION DURING A LIGHTNING STORM 


16c which is known to be from an oscillatory surge 
voltage. The oscillatory nature of these surges is 
- derived from the presence of both positive and nega- 
tive Lichtenberg figures on both recorders. The 
middle figure indicates a unidirectional surge voltage 
of negative polarity such as shown in Fig. 16B. 

It is noted that there is no line-voltage band upon the 
film. This sometimes occurs and it is thought that this 
is due to the variation in voltage distribution across the 
insulator string potentiometer at normal line voltage 
and frequency. | 

Fig. 28 shows a photographic record of surge voltages 
obtained on a 220-kv., three-phase power transmission 
line, using a surge voltage recorder of the two-recorder 
type (Fig. 19) with an insulator string potentiometer 
as described above. The normal maximum value of 
the voltage to ground is 180 kv. and the multiplying 
factor of the potentiometer was 60. The record shown 
is from 11 a. m. on one day to 2 p. m. the day following. 
The line-voltage bands show when the line voltage was 
on and off during this period. 

The record shows distinctly a high surge voltage at 
4:20 p. m. on Friday and the weather reports indicate 
severe lightning in the vicinity of the installation at 
this time. The loss of the line-voltage band some thirty 
minutes before this surge shows that the line was de- 
energized at 3:50 p. m. A close examination of the 
original film reveals a surge at 4:03 p. m. but this is not 
distinguishable from the print. The figure obtained 
at 4:20 p. m. on the oppositely connected recorder is a 
positive “‘slip’’ (see Fig. 20) and therefore represents a 
voltage of negative polarity on the instrument of be- 
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tween 25 kv. and 35 kv. Using a potentiometer 
multiplying factor of 60, this figure represents a surge 
voltage on the line of from 1500 to 2100 kv. The 
corresponding figure on the directly connected recorder 
is predominently negative. Since some positive figure 
characteristics are discernible on the directly connected 
recorder, however, the surge must have been oscillatory 
and of a highly damped nature (see Fig. 16) with a first 
half-cycle of negative polarity and the second of posi- 
tive polarity and very much lower voltage. 

At 10:30 p. m. on the same day another surge was 
recorded. A lightning storm was in progress at this 
time and the line excitation had been removed about 
fifteen minutes before this surge. Positive figures 
were obtained on both recorders. The figure on the 
oppositely connected recorder indicates an initial half- 
cycle of negative polarity of 780 kv. The figure on 
the directly connected recorder indicates the second 
half-cycle to be of positive polarity of 270 kv. 

The weather records for Saturday morning show 
another lightning storm in progress. The surge 
record reveals two surges, one at 8:11 a. m. and one 
at 8:18 a. m., the line having been de-energized at 8:11 
a. m. From the print, these two surges are not so 
clearly distinguished, though from the original film 
the record is clear. The figure obtained at 8:11 a. m. 
on the directly connected recorder is of positive charac- 
teristics and on the oppositely connected recorder of 
negative characteristics. The line surge was therefore 


Fic. 28—SpecIMEN RECORD OF SURGE VOLTAGES ON A TRANS- 


MISSION LINE DURING LIGHTNING STORMS 


unidirectional and positive in polarity. The figure 
on the directly connected recorder is a positive “‘slip”’ 
and therefore indicates a line voltage of between 1500 
and 2100 kv. 


The figure obtained at 8:18 a. m. is positive on the 
oppositely connected recorder. The instrument volt- 
age corresponding to this figure is 21.5 kv. and this 
gives a line voltage of 1290 kv. of negative polarity. 

This specimen record shows how the figures may 
overlap on the slowly moving film when the surges 
occur in quick succession. Even under these conditions, 
however, it is generally possible to analyze the figures 
with considerable accuracy when the original film is 
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used and when the figures from the two recorders are 
available. 

Practically all figures obtained on transmission lines 
have been of the type II class®, and may be placed, 
therefore, within the wide range of wave fronts which 
vary roughly from that of a slow 60-cycle wave to a 
surge which comes to its maximum value in a fraction 
of a microsecond’s time. 

In connection with the surge voltage values obtained 
from the figures shown on the specimen record (Fig. 28), 
it is interesting to note that they compare favorably 
with the laboratory results of insulator flashover tests. 


The value 1800 kv. for the lightning sparkover of a - 


14-unit insulator string given by Mr. Peek" seems to 
be close to the upper limit of voltages actually measured 
on the line by means of the recorders. 


SUMMARY 


It has been shown that surge voltage recorders using 
the positive photographic Lichtenberg figures have 
given essentially the same calibration: data under a 
variety of conditions; also that the accuracy of such an 
instrument is in the order of 25 per cent, with a some- 
what better value possible for those measurements 
wherein several similar observations may be obtained. 

An extension of instrument design has been described 
wherein two recorders are used together, which allows 
the use of the positive figure as a voltage measure 
of all surge voltages, thus insuring greater certainty of 
result. A more comprehensive analysis of the figure 
characteristics is also possible, since both positive 
and negative figures are available. | 

A means of connecting the surge voltage recorder 
to a transmission line of higher than instrument voltage 
has been described which has been proved in service 
to be simple, reliable, and easy to calibrate. Cali- 
bration data are presented to show that with such con- 
nection, reasonable accuracy may be obtained in re- 
cording voltages up to values in the order of 2000 kv. 
A specimen record of such voltages obtained in the 
field is shown. 

The records which can be obtained from surge voltage 
recorder instruments connected as desired along a 
transmission line will allow the facts regarding surge 
voltages on transmission lines to be determined with 
reasonable exactness. 
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KLYDONOGRAPH SURGE INVESTIGATIONS 
(Cox, McAvLeEy, AND HUGGINS) 
TRANSMISSION -LINE VOLTAGE SURGES 
(Cox) 

THE MEASUREMENT OF SURGE VOLTAGES ON 
TRANSMISSION LINES DUE TO LIGHTNING 
' (LEE AND Fovust) 

New York, N. Y., Fesroary 10, 1927 

K. B. McEachron: In discussing the paper by Messrs. Cox, 
McAuley, and Huggins, and also the paper by Mr. Cox, I wish to 
raise a question concerning the conclusions. It does not seem to 
me that the data given support the definite conclusions drawn. 
For instance, the first conclusion in the Cox, McAuley, and Hug- 
gins paper states that the voltages due to lightning are unidi- 
rectional, and that the cloud which produces surges is of negative 
polarity resulting in positive induced voltages and negative 
direct-stroke voltages. The evidence which we have at the 
present time supports this conclusion but sufficient evidence 
to make such a positive statement appears to be lacking. 

For instance, consider the direct stroke on a transmission 
line. Negative records have been obtained due to direct strokes 
but it does not necessarily follow that whenever a steep-wave 
negative surge appears on & transmission circuit, it was the 
result of a direct stroke, nor does it necessarily mean that all 
direct strokes must be negative. Simpson’s theory, which has 
been mentioned in the paper by Mr. Cox, appears to bear out the 
conclusions given by the author, but it is necessary to remember 
that it is a theory, and in the case of lightning phenomena a 
very large amount of experimental data is necessary to prove that 
such a theory 1s correct. | 

I would like to draw attention particularly to a statement 
made on the second page of the paper by Messrs. Cox, McAuley, 
and Huggins. ‘‘It has been estimated that gradients as high as 
100 kv. per ft. (330 kv. per meter) are reached near the earth’s 
surface.” On the same page the statement is made “It is 
believed that the flashover voltage of 220-kv. transmission-line 
insulation at the steepness of wave front of hghtning surges is 
comparable to the maximum potential ordinarily induced by 
lightning.” This same statement is also made in the conclusions. 

Such a statement seems rather premature. Conditions have 
been experienced during the summer of 1926 on a 220,000-volt 
transmission circuit with fourteen disks of line insulation which 
were sufficient to flash over the line insulation several times. 
This indicates that 220,000-volt systems are not immune from 
lightning troubles provided those systems are where the lightning 
occurs. 

Although the line flashovers may have been due to direct 
strokes yet the evidence is not clear and both positive and nega- 
tive surges have been found whose potentials were between 1500 
and 2100 kv. 

Concerning the matter of attenuation which is given in the 
paper by Mr. Cox there is a factor in connection with the theory 
of bound charges which I believe has not been fully recognized. 

Assume for instance a long transmission line with a charged 
cloud one mile in extent over the middle of the transmission line. 
When this cloud discharges, a voltage appears on the trans- 
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mission circuit which is equal to the potential gradient multiplied 
by the height of the line assuming, of course, that the entire cloud 
discharges in zero time. Underneath the edge of the cloud, the 
voltage distribution along the conductor will conform to the dis- 
tribution of potential gradient before the cloud discharges. As 
a matter of fact, however, the cloud requires time to discharge 
and therefore the charge will begin to move out along the line 
having moved a distance equal to the time required for the cloud 
to discharge. If this time is less than 2% microsec. the voltage 
on the transmission line underneath the middle of the cloud will 
reach an actual potential equal to the potential gradient, times 
the height of the conductor. A klydonograph located at this 
point would indicate a voltage of E volts, while another klydono- 
graph located on the transmission line a few miles away would 
not indicate a maximum voltage of more than — volts. This 
reduction in voltage! is due to the fact that all of the energy in 
the bound charge is electrostatic, while the energy of the travel- 
ing wave is half electrostatic and half electromagnetic. 

The attenuation to be considered is that which takes place 
with reference to the traveling wave, rather than between the 
initial wave and the traveling wave. Measurements which have 
been made indicating that the voltage drops to a fractional part 
of its original value when passing over a distance of 15 or 20 mi., 
are probably due largely to this reduction in voltage which occurs 
when the bound charge becomes a traveling wave. 

In connection with the paper by Messrs. Lee and Foust, con- 
siderable work has been done with the calibration of these figures 


RADIUS IN MM. 


WN 
SOs 


SS AUR ee gs tll 


H NSSS seu agen te 
z oe 


0 


0t 0° 


10° 10° 10° 001 01 oe i 
VOLTS PER MICROSECOND 
4 0.25 SECONDS 250 MICROSECONDS A 
MINUTES MICROSECONDS 


TIME TO REACH 25 KV. 
Fig. 1 


with respect to their appearance, which the authors referred to in 
their paper. In Fig. 11, the first two positive figures are of the 
appearance which we have called type 3 figures, and the last two 


Positive figures are of the type 2 class. From the information. 


available it would be possible to predict roughly that these 
figures were made with a wave of the order of 2 or 4 microses, 
Fig. 1 herewith gives the calibration curve? which shows roughly 
how such an estimation of the wave front can be obtained. 
Locating on this curve a line representing type 2 figures for 15 or 
20 kv., and type 3 figures for 5 and 10 kv., the curved line with 
the arrows shown on the figure is obtained. This line indicates a 
wave front of between two and three microsec. to reach crest 
value. 

The statement is made that practically all figures obtained 
on transmission lines have been of the type 2 class and therefore 
come within the wide range of wave fronts which vary roughly 
from that of a slow 60-cycle wave to a surge which comes to its 
maximum in a fraction of a misrosec. time. Referring again to 
the calibration curve given, the most abrupt wave front giving 
a type 2 figure was of the order of 1 microsec. to reach its crest 
value and this only for one particular voltage, namely 17 kv. as 

1. Time Voltage and Current Oharacteristics of Lightning Arresters, 
K. B. McEachron, G. E. Review, Vol. 20, p. 678, 1926. 


2. This curve is taken from ‘‘Measurement of Transients by Lichten- 
berg Figures” A. I. E. E. Trans., 1926, V. 45, p. 712. 
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measured on the instrument. Thus the evidence indicates that 
for the waves measured, at least surges of more abrupt front than 
1 microsec. did not occur and most of them were considerably: 
slower than this. 

A. H. Schirmers Mr. Cox’s paper, as well as the paper by 
Messrs. Cox, McAuley, and Huggins, presents a number of in- 
teresting conclusions, which in general are substantiated by the 
results obtained from a number of tests made on telephone lines 
during the past summer. These tests were made on a 5-mi. 
open-wire line carrying eight wires. Approximately twenty 
recorders were in use during the major portion of the lightning 
season. 

In no case did we obtain record of more than two surges 
during a single storm, and usually only one surge per storm was 
recorded. It should be noted that in our case the klydonographs 
were connected directly to the line, there being no line voltages 
to contend with, so that when only one surge was recorded, it 
means that during that storm no voltage in excess of 2000 volts 
was obtained on the line. The results also show that the surges 
produced by lightning are either unidirectional or highly damped 
oscillatory surges. Our data also agree with the conclusion given 
in the papers that lightning arresters do not protect the line 
against flashovers, even at relatively short distances from the 
arrester. For example, in one case six recorders were placed on a 
line wire within 1000 ft. of the protector. The first recorder, 
located at the arrester, showed no evidence of potential. The 
second recorder, located only 66 ft. from the protector, indicated 
& voltage of approximately 8000. The third recorder, located 
224 ft. from the protector, showed voltage above the range of 
the instrument, and the fifth recorder, located 700 ft. from the 
protector, flashed over between the electrode and the ground 
plate. 


Our data, however, do not support the conclusion that the 
clouds which produced surges are always of negative polarity, 
resulting in positive induced voltages or negative direct-stroke 
voltages. None of the telephone wires under test was directly 
hit by lightning during the period of observation. Nevertheless, 
extremely high surges of both positive and negative polarity 
were recorded. Both the positive and negative surges were of 
relatively steep wave fronts, which also does not support the 
conclusion that the surges from positive lightning strokes are 
slow, of the order of 0.01 sec. A summary of our results shows 
that five storms produced positive surges and three storms 
produced negative surges, while three other storms showed 
positive and negative surges. These last surges we have attrib- 
uted to discharges between clouds, rather than between cloud 
and earth. Even in these cases, voltages nee, were well 
above the range of the instrument. 


As pointed out before, many high-voltage surges were ob- 
tained on the telephone line. However, these surges were 
of extremely short duration, and in no case, even where the 
recorders flashed over only a short distance from the protectors, 
did these surges cause any damage to telephone cables, or 
permanently ground telephone arresters, as usually occurs 
from lower voltages imposed on telephone lines either by induc- 
tion from, or momentary accidental contact with, electric 
light and power circuits. While in the latter cases the voltage 
may be applied for only 0.1 sec., still, this time is so much longer 
than the period of application of the lightning potentials that 
the effects are more severe even though the maximum voltages 
reached are substantially smaller than the lightning voltages. 


Fig. 8, in the paper by Messrs. Cox, McAuley, and Huggins, 
gives a diagram of connections for lightning-arrester tests. 
This diagram shows the klydonograph connected to the same 
ground as the lightning arresters. With this connection, the 
klydonograph merely records the drop in potential across the 
lightning arrester, and not the potential of the line to ground. 
During heavy discharges the potential of the protector ground 
connection may be many volts above true earth. In order to 
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obtain a record of the effectiveness of protection at a given 
location, it is necessary to connect the ground plate of the 
klydonograph to an independent ground. 


R. W. Atkinson: Messrs. Cox, McAuley, and Huggins in 
their paper state that transient voltages are a rare and unim- 
portant cause of cable failure. These may of course be com- 
paratively rare without being comparatively unimportant. 
Even a few failures per hundred miles per year for a given cause 
are evidently a matter of great concern to operating companies. 


The writer shares what he believes is a general agreement in 
the industry with the opinion expressed by these authors, that 
transient voltages are not a major cause of cable failure. How- 
ever, both of these papers throw a great deal of light on the fact, 
which has been known that a certain number of cable failures 
have resulted from transient voltages, particularly from unusual 
transient voltages. For instance, it is shown in these papers, that 
certain types of transients are of relatively low frequency so 
that they travel with substantially sustained peaks throughout 
the system. It is also pointed out that some of these are of the 
same character and thus materially more harmful than a single 
impulse. Probably the most direct application of this is in 
connection with the testing after installation with alternating 
current which fortunately is now becoming a thing of the past. 


Thus, while a transient voltage of a given number of times the 
operating voltage may be only slightly or not at all destructive, 
a transient of the same number of times a test voltage may be 
very destructive. 


There is an effect of even comparatively small over-voltage 
transients which is usually overlooked, but which, as has been 
pointed out previously, may well be of importance. The shape 
of the curve of power factor versus voltage of a cable is different 
depending upon the direction of the cycle, that is depending 
upon whether the voltage is being raised or lowered. To what- 
ever extent this change of power factor with voltage is a measure 
of ionization of air spaces within the cable, this simply means that 
the amount of ionization at a given voltage depends on the 
previous history, and is greater if the cable has been subjected 
previously tc a higher voltage. The action of a transient volt- 
age has been likened to a trigger, which releases the energy from 
the normal operating voltage in such a way that its effect may be 
as severe as would be a steadily maintained operating voltage 
of considerably higher magnitude. 


Published records show not only that there are individual 
instances where cable failures have been directly traceable to 
transient voltages but information is published in at least one 
instance concerning a system where a change with respect to the 
amount of transient voltages existing, produced an important 
effect on the number of cable failures experienced. 


I wish to emphasize that transient voltages are important in 
connection with cable operation, and that it will be very valuable 
to continue to obtain information as to the transient conditions 
in various systems so that these may be evaluated in terms of 
what might be termed an equivalent steady operating voltage. 
Where a system is exposed to such transient voltages, it is 
obviously just as important to make the apparatus on it capable 
of meeting any transients which cannot be prevented, as it is 
important to have the apparatus and cable meet the steady 
operating condition. 

Yet one more word as to a specific instance where the data 
shown by these authors explain that cable may be subjected to 
damaging transient voltages. If a cable insulated for relatively 
low voltage is connected to an overhead line insulated for con- 
siderably higher voltage, it is obvious that hghtning potentials 
sustained by the cable may in this case be especially destructive. 

F. W. Peek: The klydonograph is of special interest to 
me because it affords further means of checking conclusions 
regarding lightning which I arrived at several years ago. I am 
going to tell you a little about my work to show how well it is in 
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agreement in the most important respects with the results of 
Messrs. Cox, McAuley, Huggins, and Lee and Foust. 

Several years ago I undertook to determine, if possible, the 
order of the voltage and other characteristics of lightning, the 
gradients produced, etc.; the magnitude and character of light- 
ning on transmission lines; the strength of apparatus and line 
insulators when subjected to lightning voltages; and the value 
of the ground wire and other protective apparatus. With such 
information it is possible to make lines that are immune from 
lightning. Whether or not immunity is secured is, to a great 
extent, an economie problem. The results of my investigation 
have already been given to the Institute.*4 As far as I know it 
was the first time that estimates of the actual values of lightning 
voltages on transmission lines were ever made. The rules for 
pre-determining lightning voltages and the lightning strength of 
insulators, ete. are quite simple. I will give a brief summary of 
my conclusions. 

The voltage of a lightning flash is of the order of 100,000,000, 
the current 80,000 amperes, and the energy 4 kw-hr. The maxi- 
mum gradient is 100 kv./ft. (330 kv./m.). The discharges are 
usually non-oscillatory and some times take place in a few 
microseconds. 

Lightning disturbances on transmission lines are generally steep 
waves of a few microsec. duration though the lower voltage 
disturbances may be of larger duration. The induced voltage 
increases directly with the height of the conductors. It is found 
by multiplying the apparent gradient by the height of the line, 
but is limited by the lightning flash-over voltage of the insulator. 
Thus V = gah = Gh. When h is the height in feet, gis the 
gradient in volts, and @ is a factor depending upon how rapidly 
the cloud discharges. Gis the apparent gradient. The maxi- 
mum possible gradient is 100,000 volts/ft. (330,000 volts/ 
meter). This value can usually apply only in case of a direct 
stroke. In practise, because of the time required to discharge 
the cloud, G is usually less than 50,000. A voltage wave is 
reduced in a few miles by corona losses. After the wave is well 
under way the vcltage is also reduced to one-half because part 
of the energy becomes magnetic. The lightning flash-over volt- 
age of insulators and the strength of insulation is always higher 
than the 60-cycle values. An insulator flash-over curve made 
by artificial lightning has been checked to 1,800,000 volts by 
natural lightning with good agreement. 

The ground wire, by cutting lightning voltages in half, has the 
effect of increasing the line insulation and at the same time 
reducing the stress on apparatus. It must be properly installed. 

If a line is over-insulated, apparatus failures may result if 
protective gaps or arresters are not used. 

Reasons that more trouble is not experienced are that most 
high voltages originate at some distance from the station, and a 
large number of induced voltages are from slowly discharging 
clouds. 

By comparing the lightning strength of apparatus and insu- 
lators with possible lightning voltages the probability of failures 
and outages can be estimated. Whether a line is made immune 
or not is a question of economics. 

It can be seen that my conclusions agree, in most respects, 
very well with the conclusions arrived at in these papers. 


I was particularly interested in the value of 1800 kv. given 
by Lee and Foust for the lightning flashover voltage cf a 14- 
unit insulator string as measured by klydonographs on an actual 
line. Estimates were made of the maximum possible and usual 
highest lightning voltages for such a line, and are given in Table 
Iin my paper®. The insulators are-over values are given as 1800. 
For conductors 40 ft. high the maximum possible voltage is given 


3. F. W. Peek, Jr., Liyhtning and Other Transients on Transmission 
Lines, Transactions, A. I. E. E., 1924, Vol. 43, p. 1205. Lightning, 
Journal Franklin Institute, Feb. 1925. 

4. F. W. Peek, Jr., Lightning (A Study of Lightning Rods and Cages 
with Special Reference to the Protection of Ot! Tanks), A. I. E. E. Trans, 
1926, p. 1131. 
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Either of these values is high enough to cause insulation flash- 
over. The maximum voltage would be limited to 1800 kv. by 
the insulator. This is the value actually measured by Lee and 
Foust. The values in Table I were made long before such a line 
had been built. Table I also shows the effectiveness of a ground 
wire on such a line. 


H. B. Vincent: I want to ask a few questions of Messrs. 
Cox, McAuley, and Huggins on their paper. In the data sub- 
mitted were the lines in all cases energized, or were there any 
as 4000 kv. and the usual highest 2000 kv. without ground wires 
cases where the records were taken of the lightning voltage 
while the line was not energized? 


There is no mention made of any so-called control devices in 
connection with the insulators, which might or might not affect 
the flashovers? Referring to their Table I, in case No. 2, which 
is a 140-kv. line, they recorded 2 flashovers with a voltage over 
10 times normal, and on another line of the same kv. they had 
15. Now, did the first line only have 2 and not 15 because there 
were fewer lightning storms, or were the insulators installed 
with some control device which presumably decreased the pos- 
sibility of flashovers? If such records were kept, I am wonder- 
ing whether it would throw any further light on the question 
of flashovers. I am not questioning the value of the klydono- 
graph, which is beautifully shown and recorded. But, inasmuch 
as the cause is tied in with the effect (the effect being the flash- 
over of the insulators), I simply question whether anything has 
been lost sight of in not mentioning the matter of control devices. 


The operating man is also interested in the amount of damage 
that is done, as much as he is in whether the voltage is ten times 
or twenty times normal. I am wondering whether the data 
could not be amplified to show the effect a little more clearly, 
in addition to the cause. 


R. G. Hooke: The Public Service Electric and Gas Company 
of New Jersey, with which I happen to be associated, have been 
using the klydonograph for nearly three years, and I want to 
amplify a little the data that have been given; particularly that 
in the paper by Messrs. Cox, McAuley, and Huggins. In their 
Table V, they give the relation between causes of surges and 
magnitudes. 

I compared this roughly with our own records, because it is 
given as the average that might be expected on any one system, 
and I wanted to see how nearly our system lined up with that 
average. I found that the percentages due to different causes 
were rather interesting in that we had only about half as many 
surges resulting from switching at the klydonograph station, 
whereas we had twice as many as they give caused by switching 
at other points in the system. From that table also it appeared 
that we had an unusually high percentage of surges of the larger 
magnitudes. This is brought out particularly, perhaps, in their 
Table VI. i 


I would call attention to their remarks that, ‘‘On one particular 
system the surges identified with short circuits were considerably 
higher than the average. For instance, this system accounted 
for 26 of the 32 oscillatory surges of 2.6 times normal voltage 
and over. Its only apparent difference from the other systems, 
all of which were grounded solidly or through a low resistance, is 
the presence of a 75-ohm resistor in the neutral ground.” They 
also say that ‘The highest voltage recorded was 4.6 times normal. 
Only ten surges or 0.4 per cent of the total were over four times 
normal. Of these, six were on one cable-and-open-wire system, 
where certain contributory operating conditions prevailed.” 


The system referred to, happens to be that operated by 
Publice Service Electric and Gas Company in what we call our 
Southern Division. We have in Trenton approximately 10 mi. 
of 26-kv. cable, connected through about 32 mi. of open wire, 
to a cable network in Camden. In the latter city there are 
about 20 more mi. of 26-kv. cable, including ties with the Phila- 
delphia Electric Company. Iam going to give the details of two 
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or three of the higher surges in this area because I think they 
are of particular interest. 

We have recorded about 500 surges there in two years; 4.6 
per cent of these have been between three and four times nor- 
mal and 1.4 per cent have been above four times normal. The 
highest was 4.7 times normal. That highest surge was caused by 
a cable failure in Trenton. A report was received at our office 
that a cable was smoking. We sent a man out to investigate, but 
before he could get there the cable failed. Simultaneously, 
we lost a cable in Camden not far from the klydonograph location. 
The disturbance, therefore, originated in Trenton and traveled 
some 40 mi. to cause trouble at the other end of the system. | 
This, however,.is the only case in our records of a failure which 
may have resulted from a high surge. On the contrary, with one 
exception, all of the higher over-potentials appear to have been 
the result of cable breakdowns rather than their cause. The 
basis for this statement is the fact that insulation failures 
frequently are not accompanied by surges, but the surges, when 
they do occur, are always coincident with faults. This means 
that if we eliminate the cable faults, we shall practically eliminate 
the high voltages, as is brought out in the paper. 

The one exception that. I mentioned is interesting. It was 
a surge of 4.6 times normal and was the result of an accidental 
relay operation. A line was tripped out which happened to be 
carrying a fairly heavy load, together with the synchronizing 
power between our system and Philadelphia. We have no satis- 
factory explanation for the resulting surge. Similar switching 
operations are quite frequently performed. We often separate 
from Philadelphia intentionally and we never have had any such 
occurrence on any other occasion. 

We have also had a klydonograph located in another trans- 
mission system containing something like 135 mi. of open wire 
and 51 mi. of cable. This system was operated for a good many 
months with a solidly grounded neutral, but it has now been in 
service for about six or eight months with a 75-ohm resistance 
At the time we changed the operating condition, 
we made some fairly extensive ground tests with different neutral 
resistances; we tried 75 ohms, 150 ohms, and 300 ohms, throwing 
grounds directly on the system. The object of these tests was 
not to see what surges we would get, but to try out the functioning 
of our relays. The surges which occurred, however, are very 
interesting. 

While operating with a solidly grounded neutral, three tran- 
sients of above four times normal were recorded due to the 
deenergizing of low-capacity equipment in the substation where 
the klydonograph was located. Surges of this nature are men- 
tioned by the authors and since they are of very short duration, 
they are not considered to be important. They are, therefore, 
excluded from the following table which gives the results obtained 
with the different neutral resistances. Southern Division data 
are included for comparison. 


Southern 
Central Div. Div. 

Neutral resistance, ohms.... 0 75 150 300 75 
Number of surges recorded. .| 240 115 9 15 498 
Per cent from 1 to 1.9 times l 

normal voltage........... 84.6 75.6 55.5 46.7 84.5 
Per cent from 2 to 2.9 times 

normal... ...seesessssss. 15.4 21.8 44.5 46.7 9.5 
Per cent from 3 to 3.9 times 

NOrMal......ssssssooens. 0 2.6 0 6.7 4.6 
Per cent from 4 to 4.9 times 

MOMMNIAl poise hela ewe ed eee bcs 0 0 0 0 1.4 


These figures indicate very clearly that the higher the resistance 
in the neutral, the greater will be the percentage of surges of 
the higher magnitudes. Under no conditions, however, have 
transients in excess of four times normal occurred in the Central 
Division. 
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Comparing this with the data obtained in the Southern | 


Division, as indicated in the table, it appears that nearly twice 
as high a percentage of surges between three and four times 
normal have been recorded in Camden on the 75-ohm resistor, 
and that seven, or 1.4 per cent of the total, have been above 
four times normal, whereas there was none of this magnitude 
in the Central Division. Obviously, there is some difference 
between these two transmission systems and the high surges on 
one cannot be explained on the basis of the neutral resistor. 
It happens that at numerous points in the southern part of 
New Jersey, the soil is dry and sandy and we find it difficult 
to obtain low-resistance grounds at our stations and substations. 
Since the high surges which have occurred seem, in general, 
to be due to faults in certain areas, while faults in other parts 
of the system cause much less voltage disturbance, we are of 
the opinion that the ground resistance at the point of fault is 
of particular importance. In fact, it is of more importance than 
the resistance which we find it necessary to use in the neutral in 
order to keep on friendly terms with the Telephone company 
whose lines parallel certain of our transmission circuits. 

To summarize, then, with different neutral resistances, we have 
found that the higher the resistance the more surges might be 
expected of magnitudes of between two and three times normal, 
but there is very little likelihood of any transients of above four 
times normal occurring even with 300 ohms in the ground con- 
nection unless there are other causes either in the constants of 
the system or in the ground resistance at the point of fault. 
In connection with this general discussion, it is of interest that 
in one case an arcing ground in a cable joint caused surges of 
less than 2 times normal for a period of about 30 hr., the figures 
being obtained intermittently until complete failure finally 
developed. 

In studying our particular problem, namely the high surges 
which occur in our Southern Division, we are now planning 
to install three or four more klydonographs in the area, attempt- 


ing to find out whence the surges come and whither they travel.. 


We have had only one instrument in that whole system thus far. 
We have, however, carried on some cooperative work with the 
Philadelphia Electric Company. They installed a klydonograph 
on their side of the Delaware River about 4% mi. from our 
klydonograph station. We found that for a surge to be recorded 
simultaneously at both places it must be over two times normal 
on one side or the other. Attenuation amounted to about 45 
per cent in the 4 14-mi. cable tie. We think that is very interest- 
ing because with the klydonograph at one point if we get such 
an attenuation we don’t know very much about what the surges 
may be elsewhere. However, in spite of the surges which we 
have—and I think they have been as serious as any company 
has experienced—we tend to disagree with those who charge 
cable breakdowns to high-voltage transients. We feel that the 
cable which we are now able to buy, in view of the voltages which 
it stands on test, should be almost entirely unaffected by surges 
up to four or even five times normal. I don’t see any way to 
draw definite conclusions on this point, but it would be very 
interesting if some manufacturing company could conduct tests 
to determine the effect of transient voltages on cable insulation. 


J. H. Cox: In the development of the klydonograph, we 
found the probable error of a record to be about + 15 per cent, 
with a possible error of about 30 per cent. It is encouraging 
to note that the Messrs. Lee and Foust check this value. 


There are two principal points in which the authors’ procedure 
has differed from ours. They have used two oppositely con- 
nected electrodes for each connection, and they have used a 
different form of potentiometer for connection to lines. The 
use of two oppositely connected electrodes has certain advantages 
as pointed out by the authors and it is to be commended under 
certain conditions. Its principal advantage is that it gives a 
positive measure of the maximum voltage when the potential is a 
damped oscillation and the initial impulse is negative. There 
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is also some advantage in having a positive figure for a negative 
surge, but it must not be inferred that the negative figures are 
entirely useless. The hiding of the small negative figures by 
the normal voltage band in the single-element instrument, ean be 
prevented, if desired, by setting the potentiometers to elim- 
inate the normal voltage band. In any case, negative records 
above 214 times normal will be detected and it is question- 
able if surges on transmission lines below this value are very 
important. The advantages of the double connected arrange- 
ment are gained at the sacrifice of certain others. The instru- 
ment has a higher electrostatic capacity and hence imposes a 
greater burden on the necessary electrostatic potentiometer, 
which at best has a low capacity itself. It makes a more ex- 
pensive arrangement both in installation and in operation as it 
eliminates the possibility of the multi-electrode instrument. 
With the inherent inaccuracy of spring clocks, having the 
records of three terminals on one film makes the time record 
much more complete. A double-electrode arrangement was con- 
sidered when the first film-type klydonograph was designed, 
but it was discarded at that time in favor of our present arrange- 
ment. However, the method to be preferred for a particular test 
is determined by individual opinion and the nature of the test. 

While the authors have gone to greater refinement in the 
instrument they have chosen the opposite trend in the poten- 
tiometers used. The use of a string of suspension insulators 
as a potentiometer was suggested for approximate work by 
Cox and Legg in their paper on page 869 in the 1925 Trans- 
actions, A. I.E. E. When the klydonograph was first developed 
this form of potentiometer was investigated by Mr. Peters and 
discarded as unsatisfactory. The scheme works well as long 
as the surroundings remain constant, and as long as the insu- 
lators are dry, or wet and clean, but when the insulators be- 
come slightly dirty and get wet, as is inevitable in service, the 
leakage conductance disturbs the ratio. This can be readily 
seen by a comparison of the electrostatic capacities involved. 
The capacity of the singly connected film-type klydonograph 
is about 8 micro-microfarads per terminal. I have been told 
that the capacity of the doubly connected klydonograph is 
23 micro-microfarads. Its greater capacity is due to the fact 
that it has two terminals and a ground sheet connected to 
one of them. The capacity of a single 10-in. insulator disk 
is about 25 micro-microfarads, which value is divided by the 
number of insulators in series. It is easy to see that a vari- 
able leakage path in parallel with a capacity which is smaller 
than the connected instrument will seriously disturb the ratio. 
As mentioned by the authors, this disturbance should be less 
for impulsive applications than for the normal frequency. 

The authors mention the effect of a change in the lengths 
of the leads used. This is inevitable where such small capacities 
are involved. In an actual test it is often difficult to keep the 
lengths of the leads down to 5ft. Altogether, the most desirable 
form of potentiometer is that having the highest capacity. 
At best this is none too high. The capacity of a 6 ft. ring of 2-in.. 
iron pipe mounted 12 in. above a ground plate is from 100 to 
200 micro-microfarads. 

We have recently made use of condenser bushings as poten- 
tiometers. The klydonograph is connected from one of the 
condenser steps to ground. This scheme gives excellent results. 
The arrangement is not subject to as many variable leakage 
paths as the others. Furthermore these paths are not as im- 
portant since the capacity across which the klydonograph is 
connected is from 250 to 800 micro-microfarads. No calibration 
in the field is necessary as the bushing can be designed for a 
definite ratio and this ratio remains fixed. 


H. L. Wallau: (communicated after adjournment) The 
following data as to the magnitude of voltage surges experienced 
when switching high-voltage (66-kv.) cable circuits may be 
of interest. 

The circuit was as follows: 
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No. 1 Breaker—Connecting 11-kv. generating plant bus to 
30,000-kv-a. transformer bank stepping up to 66 kv. 

No. 2 Breaker—Connecting high-tension side of transformer 
bank to 66-kv. cable circuit. 

No. 3 Breaker—Connecting 66-kv. cable to low-tension side 
of 66-kv./132-kv. transformer bank. Length of cable circuit 
8Y mi. 3 single-conductor 500,000 cir. mil. cables 30/32-in. 
paper insulation 9/64 lead, spaced vertically 6}4-in. centers. 

No. 4. Breaker—Connecting high-tension side of bank to 
132-kv. 4,0 three-phase circuit 47 mi. long. 

Tests were made at no load. 

The magnitudes of the over-voltage surges were obtained 
from oscillograph records. 


CLOSING BREAKERS 


C, indicates breaker closed before test 
O, indicates breaker open before test 
X indicates breaker closing under test 


Max. over-volt- 
Breaker number 
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#66-kv. neutral ground open at far end. 


OPENING BREAKERS 
C, indicates breaker closed before test 
O, indicates breaker open before test 
X indicates breaker opening under test 


Maximum over- 
over-voltages 
—— | |__| 00 66- kv. cable, 


1 2 3 4 per cent 
x o loan nae 0.0 
x Cc C © 0.0 
x C C o 6.1 
X C O Oo 71.4 
C x C Cc 50.7 
C x c Oo 63.0 
Cc! x C o 74.0* 
C X o o 105.0 
C C X o o* 
C C X C 9.5 
C C x re) 17.5* 
C C C X 37.0 


+66-kv. neutral ground open at far end. 

The maximum over-voltages obtained were for both closing and opening 
operations when the first 66-kv. breaker (No. 2) was actuated. For the 
closing operation the highest surge obtained when the 132-kv. bank had 
been previously closed on the cable circuit through the No. 3 breaker, thus 
simultaneously energizing both the cable circuit and the transformer bank. 
For the opening operation the next highest surge resulted when deenergiz- 
fing the cable circuit only. 


A. L. Atherton: (communicated after adjournment) We 
who deal with lightning arresters have what is perhaps the most 
indefinite problem in the electrical industry today. Although it 
is recognized that the results secured thus far do not cover all 
conditions and are not extensive enough to justify the drawing 


of final conclusions, there are several points of vital importance | 


to the lightning-arrester question which warrant notice. 
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(a) First of these is the amazingly small number of times a 
lightning arrester is called upon to operate in a season. In the 
old days, when electrolytic lightning arresters were generally 
used, the manufacturers’ recommendations for setting of the 
series gaps were rather indefinite, it being left to the user to 
adjust the gaps so that the arrester operated frequently but not 
too frequently. It was general practise to set the gaps so that 
the arresters operated quite often. The customer had invested 
some money and wished to have some visible evidence that 
he had bought something. It was not infrequently the case 
that these arresters would operate many times in a single storm 
and possibly several hundred times in a year. Observe now the 
date of Table IV, keeping in mind that voltages less than double 
normal line-to-line voltage, which corresponds to 34% times 
normal] voltage to ground, are not in the dangerous class and do 
not require an arrester operation. It is to be presumed that 
the only times when the arrester would be required to operate, 
would be for those voltage values greater than 3.5 times normal 
for which a flashover did not occur along the line. The total 
number of these is less than two per year per location. If we 
include those cases when the line insulators flash over, the 
total number of voltages in excess of 3.5 times normal is less 
than 6 per year per location. Even including all cases of flash- 
over, to consider the condition of line insulation so greatly 
increased beyond present practise as to eliminate flashover, the 
total is less than 18 per year per location. This isa very startling 
reduction below the previous conception of how many times an 
arrester should operate in a season. | 

These figures are averages for all voltages and the weight of 
data lies at the higher voltages. The variation with voltage 
will be touched on later. 


(b) Along this same line is another point almost equally 
startling. For years we have considered that it is desirable to 
provide as short a path as possible between lines to take care of 
switching transients. It appears clear from the information 
available here that switching transients are practically negli- 
gible. Wherever the length of line involved is appreciable, the 
voltage is low, and in general the voltages in excess of the value 
3% times normal voltage to ground for which an arrester opera- 
tion might appear to be required, occur on very short lines and 
therefore are practically negligible because of short duration. 
The function of a lightning arrester is definitely the protection 
against lightning voltages. 

(c) All of this arouses renewed interest in the time-honored 
question as to whether arresters are required on the higher 
voltage systems, and if not, where the dividing line can be 
placed. From the data given, it is clearly evident that voltages 
dangerous to the insulation of any apparatus at present made or 
contemplated for commercial use may readily be induced in the 
line conductors, providing the circuit is located in a territory 
where lightning conditions are at all severe. It appears that 
the magnitude of voltage which reaches a station is determined 
in general by the flashover value of line insulation. Insula- 
tors flash over even on lines for the very highest voltages. One 
way to look at this question then is that the need for lightning 
arresters is dependent on the ratio between insulation strength 
of the apparatus and flashover of the line insulators both pre- 
sumably under the same conditions of transient voltage. Con- 
sidered on this basis, the line insulators probably offer the 
same order of protection to terminal apparatus throughout the 
voltage range and, if this line of thought is correct and complete, 
lightning arresters are as necessary at the higher voltages as at 
the lower. 


To get a further idea as to the relative need for protection in 
the various voltage classes, and to try to take into account the 
number of overvoltages per year which was neglected in the 
line of thought we just followed, we may total the data of Table 
I by voltage classes as follows: 


Surges per station per year 


Without With and |Without flash- 
flashover | without flash-| over, 3.5 times 
System 3.5 times over, 3.5 normal and 
——_—- normal times normal | above plus all 
No Voltage and above and over with flashover 
26 and 27 6.6-13.2 0 6 29 
20 to 25 22-23 5 8 23 
- §to 19 44-66 2 8 18 
1to8 100-220 1 3 13 


In this summary, fractional values are given as the next 
higher whole number. 
There may be indications of a slight trend toward higher 


VoLTage 


figures for the lower voltages, but there is no indication that 
the figures are of a different order of magnitude. On this 
basis, the need for arresters seems to be about the same for 
all voltages, neglecting any differences there may be in factors 
of safety of apparatus insulation and relative importance of 
serial continuity. 

Assuming, for the moment, that the need is equal, we must 
not take this to mean that the justification for the use of present- 
day arresters is equal for all voltages. Justification for use 


still depends on economics and the cost per kv. of present-day . 


arresters increases very rapidly with voltage in the higher ranges. 

To get the correct idea from these thoughts, we must keep 
in mind that experience with and without lightning arresters 
at the middle voltage classes, 33 or 25 kv. and down, has clearly 
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demonstrated that good service cannot be rendered without 
lightning arresters if the circuit is in a location where lightning 
is prevalent. 

We must also keep in mind that we cannot draw definite 
and final conclusions at this time. The data are not nearly 
complete enough to eliminate the possibility of large errors. 
It is interesting however to note the trend of opinion as the 
information accumulates. 

(d) One further point in this connection bearing particularly 
on the question of line insulator flashover and the measurement 


LEE AND FOUST: MEASUREMENT OF SURGE VOLTAGES 


Transactions A. I. E. E. 


of transient voltages which I should like to stress is the rather © 


general present practise of referring to ‘“‘Impulse Flashover 
Value” for insulators or insulation. It seems to me that this 
is a very dangerous practise. When we say impulse flash- 
over voltage, we give the definite impression that there is one 
such voltage value for any particular piece of insulation. This 
i The impulse flashover voltage may be any- 
thing between the 60-cycle flashover voltage value and some 
value very close to infinite dependent on the duration of the 
application. If we apply a million volts to a path, and flash- 
over occurs after one microsecond, it is evident that we can 
prevent flashover not only by reducing the voltage value but 
also by reducing the time. A curve something like that shown 
in the accompanying Fig. 2, doubtless exists. It is difficult to see 
how we can justify speaking of such a curve by one voltage 
value and it is very easy to see how such a locse practise may get 
us into misconception and future trouble. 

For example, if we determine the “impulse flashover volt- 
age” for a string of insulators by applying a rapidly increasing 
voltage and measuring the voltage at the flashover by means 
of a sphere gap or klydonograph, we measure the voltage value as 
indicated in Fig. 3, herewith. Weget the same kind of valueasa 
maximum by klydonograph tests in service at the time of flash- 
over. When the klydonograph says 10 times normal voltage fora 
flashover, the induced voltage may have been on the way to 100 
times normal when the flashover stopped it. If we refer to this 
kind of value as the “impulse flashover voltage,” we give the 
impression that lower voltage values will not cause flashover. 
Suppose, however, that a transient voltage appears which never 
reaches this crest value but persists for some microseconds. It 
is entirely possible that such a transient will cause flashover, 
and if transient voltages on transmission circuits may be of 
appreciable duration, such as 10 to 20 microseconds, as is likely, 
this voltage value may be very much below “the impulse flash- 
over voltage” above referred to. It is not unlikely that some of 
the flashovers with relatively low recorded voltages may be 
explained in this way. 5; 

There is a growing interest in the proper proportioning of 
line insulation, apparatus insulation, and protective equip- 
ment to make the design of systems consistent asa whole. If we 
base such system design on a single voltage value, as the tendency 
now is, we are liable to be in error. Even if we could assume 
that a test, as in Fig. 3, gives one point of the curve of Fig. 
2, we would still have no assurance that this curve would have 
the same shape for various kinds of insulation, and when we 
are dealing with such widely different things as air flashover 
around insulators and dielectric puncture under oil in trans- 
formers, the difference is not likely to be negligible. 

The manufacturers have been asked to give impulse flash- 
over voltages for various kinds of apparatus and line insula- 
tion, particularly when applications are to be made on the 
very high-voltage systems in lightning territories. Such state- 
ments are meaningless and can only lead to misunderstandings 
and disagreements. Let us learn from past engineering experi- 
ence that inaccuracies of speech are dangerous and adopt precise 
terms in this matter as we have had to in others. If we must 
specify a value for impulse flashover voltages, let us specify 
also the duration of this voltage or better yet, a curve of time 
against voltage. 

V. E. Goodwin: (communicated after adjournment) I 
fully agree with the comments of Mr. Atherton and wish to 
emphasize the importance of a proper understanding of the 
term ‘‘impulse flashover’’ or ‘‘impulse failure” of apparatus. 
It is, for instance, common practise to speak of insulators as 
having a definite flashover or of the impulse strength of an 
insulated structure such as a transformer. The flashover of an 
insulator may be taken as illustrative, although this discussion 
applies equally well to the puncture of insulation or to other 
apparatus subjected to the action of transient phenomena. 
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Whether or not a given insulator will flash over depends on 
both the voltage and the time of application. The lower the volt- 
age applied, the longer the time of application to cause failure. 
This means that the body of the wave is important since the flash- 
over may occur after the wave front has passed. On the other 
hand, if the voltage rises to a high enough value the insulator 


will flash over on the wave front, thus preventing further rise 


in voltage. 

When stating that a piece of apparatus has a certain impulse 
flashover, it is necessary to specify the wave used in determining 
this value and state whether the arcover occurs on the front, or 
if after the front has passed how long a time elapsed before the 
areover took place. 

The terms ‘‘time lag” and ‘‘impulse ratio” are open to the same 
criticism as the term ‘‘impulse strength.” Time lag as ordinarily 
understood is an indefinite term since the wave is not specified 
and the lapsed time may involve a simultaneous voltage increase, 
as in the front of the wave or it may be a constant or decrease) in 
voltage as In the body or tail of the wave. 


One method of measuring time lags is to apply various over- 
voltages above that which this specimen will withstand continu- 
ously, and determine the times required in each case to cause 
breakdown. For this method to be satisfactory, the potential 
must rise to its maximum value in a time short compared to that 
required to cause breakdown. Until the cathode-ray oscillo- 
graph became available, this method could not be used for it 
was not possible to determine the time relations satisfactorily. 


The other and more common method for measuring time lag is 
to determine the time required for the breakdown to occur on a 
steep wave front after the potential has reached a value which 
it could withstand if continuously applied. With this method, 
the exact wave front must be known and several points taken. 
Comparison of curves of these two methods for determining time 
lag will show quite different results. 

The term “‘impulse ratio” does not have a definite value unless 
the impulse applied to the test specimen is prescribed and 
it is known that the breakdown occurred on the wave front and 
not after the voltage has reached its maximum value. 

The terms ‘impulse strength, time lag, and impulse ratio” 
have come to have a variety of meanings and are terms which the 
Institute might well define to prevent confusion. 

H. H. Plumb: (communicated after adjournment) Mr. Cox 
has brought out some interesting data in his first paragraph 
under Experimental Data, applying to lightning discharges. 
His deductions appear to be somewhat in conflict with other 
conclusions in the paper, and I wish to submit a different deduc- 
tion which will harmonize the conclusions. 

That there are surprisingly few discharges indicated by the 
klydonograph during a thunder storm, and the figures showing 
positive, supports the deduction that only negatively charged 
clouds discharge with sufficient severity and swiftness to make a 
record on the klydonograph. The few negative Lichtenberg 
figures recorded may have been direct strokes in every case. 
The evidence thus analyzed shows that in a thunder storm, many 
discharges take place, from both positively and negatively 
charged clouds; the discharges from positive clouds are relatively 
slow and fail to register on the klydonograph; the negatively 
charged clouds are discharged swiftly and with severity, and these 
usually register, with a positive Lichtenberg figure if by induced 
or bound charge, but negative if by a direct hit on the line. 
This view is in complete accord with Dr. Simpson’s theory and 
Dr. Norinder’s results. 

J. H. Cox and P. H. McAuley: Mr. McEachron has objected 
to certain of our conclusions as somewhat premature with 
present available data. It should be obvious that the inherent 
variations in the physical conditions under which lightning 
occurs are reflected in any data obtained, and that the reliability 
of the conclusions is relative to the amount of data from which 
they are drawn. Moreover, deductions from data of this nature 
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are invariably influenced, to a certain extent, by individual 
experience. Several of the discussions illustrate this point. 
To make a paper complete, however, results must be summarized 
and conclusions indicated. As Mr. Peek has pointed out, the 
Magnitude of an induced surge is influenced by the rate of dis- 
charge of the cloud and is less than the product G h. Thus, 
although gradients as high as 100 kv. per ft. (830 kv. per meter) 
are reached near the earth’s surface, it is entirely possible that 
surges high enough to flash over 220-kv. insulation seldom 
are induced. Furthermore, these higher gradients are present 
only in the vicinity of the lightning stroke. The division of 
an instantaneously released charge into two traveling waves, 
each with a surge voltage of one-half that of the initial voltage, 
is one of the most elementary laws of wave propagation and was 
not neglected by the authors. The reduction referred to was 
from more than 1000 kv. to about 150 kv. This indicates a 
rapid attenuation in spite of a maximum initial reduction factor 
of one-half. 

Mr. Schirmer has reported some results which appear to 
conflict with Simpson’s theory of lightning. These, however, 
are not so inconsistent when it is remembered that the voltages 
measured on telephone lines are low compared to those on power 
lines. Mr. Schirmer has some interesting data which show that 
the drop across the protector ground on telephone circuits is 
relatively high. The drop across power-line lightning-arrester 
grounds has not been investigated, but tests on this are now 
being started. 

Mr. Vincent has asked some questions regarding test con- 
ditions which may have affected the results. In some cases 
the lines were not energized during lightning storms. This did 
not appear to influence the results very greatly. The only 
influences of having the line energized are that terminal con- 
ditions are different, and that the net surge voltage to ground 
becomes the sum of the instantaneous applied voltage and the 
surge potential. Lines 2 and 3 in Table I were of similar con- 
struction, neither being equipped with control devices. The 
difference in the number of surges over ten times normal was 
due to difference in the lightning encountered. The only claims 
made for flashover control devices are that they increase the 
flashover voltage of the line, and therefore higher surge voltages 
should be recorded on lines so equipped. In our experience with 
the klydonograph, however, we were unable to detect this 
difference. 


Mr. Plumb has made certain comments regarding the first 
paragraph under Experimental Data in the paper Transmission 
Line Voltage Surges. This paragraph merely includes a number 
of statements regarding the data recorded and what these indicate 
at first sight. The conclusions stated by Mr. Plumb are dis- 
cussed in the remainder of Part II of the paper. For instance, 
it is explained that positively charged clouds discharge too slowly 
to cause surges on transmission lines and that the surges ex- 
perienced, both induced and direct, are caused by negatively 
charged clouds. 


E. S. Lee and C. M. Foust: Several phases of the work on 
Lichtenberg figure measurements of surge voltages have been 
touched upon during the discussion, particularly by Mr. Cox, 
and we wish to add a few remarks relating to the points raised. 

Regarding the use of the positive Lichtenberg figures to record 
all surges whether of positive or negative polarity, it is felt that 
this practise is advantageous for three reasons: 

1. Because negative surge voltages up to approximately 2.5 
times normal give negative Lichtenberg figures upon a directly 
connected recorder which are entirely obscured by the normal 
line-voltage band, and the interpretation of negative figures 
somewhat above this value may be uncertain. 

2. Because negative Lichtenberg figure sizes are dependent 
upon the rate of voltage rise to a much greater degree than the 


positive figures. l 7 
3. Because the availability-of both figures for all high-voltage 
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surges permits a more accurate determination of the nature of the 
surge producing the figures. 

We do not consider the limitation of the two-recorder type of 
instrument to a single-phase instrument to be a disadvantage, 
since the certainty of the result obtained is greater. 
the three-electrode type of instrument as a three-phase instru- 
ment requires that the conditions be arranged so that there is no 
interference between electrodes. 


We have investigated both insulator and electrostatic-potenti- 
ometer methods of connecting the instrument to the transmission 
line and have used the insulator-potentiometer method for several 
reasons, among which are the following: 


1. Availability of normal line insulator units, ease of installa- 
tion, and small space occupied. 


2. Requisite safety is assured by the use of an insulator- 
potentiometer string having a greater number of units than nor- 
mal line insulation. 


3. All measurements are made across a portion of the normal 
line insulation. 


4. Laboratory tests have not demonstrated that the electro- 
static-potentiometer method may be relied upon for any greater 
degree of accuracy than the insulator-string method. 

While there is considerable evidence to support the contention 
that for 60-cycle voltages the distribution over a string of insula- 
tors may vary with conditions, such as indicated by the decrease 
in flashover under wet conditions, there also appears to be con- 
siderable evidence which indicates that this change in distribution 
does not take place where the applied voltages are of very steep 
wave front. This seems reasonable because of the much larger 
charging current present with very steep waves and the conse- 
quent unimportance of the low surface-leakage current. Data 
have been published which indicate that for steep waves the flash- 
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overs wet and dry do not differ greatly. Our laboratory test 
on insulator strings of various lengths seems to bear this out. 
Using a wave front of about two microseconds the distribution 
of voltage across the individual units of a string of six insulators 
was found to be independent of the magnitude of the voltage and 
similar to the 60-cycle distribution. These investigations 
check our ratio results on various insulator strings at 60 cycles 
and impulse voltage, and indicate that our ratio of line voltage 
to instrument voltage will be constant and identical both wet 
and dry on impulse voltages, and dry on 60 eveles. 

The 60-cycle ratio with the string wet will vary somewhat due 
to the increase in surface-leakage currents. The use of the 
electrostatic potentiometer, however, does not seem to rectify 
this condition because the rings are still necessarily supported 
by porcelain insulators, again supplying surface-leakage paths 
which tend to disturb the norma] frequency distribution. As 
regards the high capacitance of the electrostatic potentiometer, 
this may be a disadvantage since the higher the capacitance, the 
greater the distortion of the surge voltage from normal. 

Mention has been made of the lead effect shown in Fig. 24 of 
the paper in connection with the insulator-string potentiometer. 
The results shown on this graph however, were, not obtained upon 
an insulator string but on an electrostatic potentiometer. While 
this potentiometer did not have the capacitance of some of those 
which have been used in practise, the results obtained do demon- 
strate a characteristic which will be obtained in any type of 
capacitance voltage-dividing arrangement used. In such 
devices, connecting leads should always be as short as possible. 
Therefore, Mr. Cox’s statement “Altogether the most desirable 
form of potentiometer is that having the highest capacity” 
must necessarily be modified, since recognition must be given 
to the fact that high-capacitance potentiometers distort the line 
transient. 
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A New Electronic Rectifier 


BY L. O. GRONDAHL: 


Associate, A. I. E. E. 


Synopsis.—A new rectifier utilizing a partially oxidized disk ' 


of copper as a rectifier unit is described. The disks may be ar- 
ranged into groups suitable for all fields of rectifier applications. 

The rectification appears to take place at the junction between the 
copper and the oxide without observable physical or chemical changes, 
and is similar in character to rectification by the hot-cathode type 
of rectifiers. 

The physical characteristics of assembled rectifiers and a method 
of designing the same for special purposes are oullined and some 
of the destgn problems discussed. 


HE present paper is a discussion of the results of 
a development which has been based on a phe- 
nomenon discovered by one of the writers and re- 
ported at the meeting of the American Physical Society 
held at Washington, April 23-24, 1926.2 
In the course of an investigation of copper oxide 
formed on a piece of copper, during which current was 
passed through the oxide in a direction at right angles 
to the surface of separation, it was observed that the 
resistance of the combination was less when the current 
flowed from the oxide to the copper than when it flowed 
in the reverse direction. In the first unit, the ratio 
of the resistances in the two directions was about 3 to 1. 
The phenomenon was so different in nature from any- 
thing that had been observed in other known types of 
rectifiers that an intensive study and experimental 
investigation was undertaken during which it became 
more and more evident that the new device has charac- 
teristics which make it very probable that it will find 
general application as a rectifier. 


DESCRIPTION 


A rectifier element consists of a disk of copper on 
which has been formed a layer of copper oxide, as shown 
in Fig. 1. A good electrical connection is made with 
the exposed surface of the oxide layer by means of a 
terminal member of soft metal, such as lead or metal 
foil. The copper disk and the terminal member of 
soft metal are conveniently made in the form of washers 
and assembled on a bolt to provide a good connection 
between the outer surface of the oxide and the soft 
metal washer. 

Fig. 1 shows such an assembly of a half wave rectifier. 

In the new rectifier, the rectification appears to be 
restricted to a microscopically thin layer at the junction 
between the copper and the oxide, and takes place 
under entire absence of electrolytic action or other 
observable physical or chemical changes. 

Any number of individual elements may be assembled 
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It is pointed out that the new rectification phenomenon is of a 
radically different nature from those observed in structurally some- 
what similar contact rectifiers. The usual theories of contact 
rectification, which are based on electrolysis or thermoelectricity, 
are not applicable to the present case. The new phenomenon is 
discussed in the light of more recent theories based on electron 
affinities of copper and copper-oxide, which are in better accord with 
the observations. 

Some applications are given for which the rectifier seems to be 
especially suited. 


in series and in parallel into rectifier groups for any 
desired value of current and voltage. The two stand- 
ard methods of connecting rectifiers for full wave 
rectification are shown in Fig. 2. Fig. 3 shows an 
assembly of four copper oxide rectifier elements into a 
group for full wave rectification, the connections 
being the same as in b of Fig. 2. Such an assembly 
may be used without a central tap in the transformer. 


Fig. 1—AssEMBLY OF SINGLE Harr Wave RECTIFIER 
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With good ventilation, such a unit will supply a uni- 
directional e. m. f. of 6 volts and acurrent which depends 
on the area used. The current density that may be 
used depends on the effectiveness of the ventilation 
that is provided. In order to dispose of the power lost 
in the rectifier, it may be provided with ventilating 
fins as illustrated in Fig. 4. With current densities 
greater than two amperes per square inch, a forced air 
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draft or immersion in oil is necessary. A rectifier 
provided with ventilating fins and immersed in oil has 
been operated continuously at 3.5 amperes per sq. in. 
The necessity of making special provision to dissipate 
the heat developed is due to the fact that for a given 
capacity, the volume and therefore the radiating 
surface of the rectifier itself are comparatively small. 


CHARACTERISTICS OF SINGLE RECTIFIERS 
Although at first thought the fact that contact is 
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made with the exposed surface of the oxide layer would 
suggest a certain similarity to contact rectifiers such as 
those of the ‘‘cat-whisker’” type used in radio, a careful 
investigation seems to point definitely to the junction 
between the copper and copper oxide as the seat of 
rectification. The ordinary ‘‘cat-whisker” type con- 
tact rectifier has a comparatively high resistance and 
is entirely unsuitable for the supply of any considerable 


Fic. 4— ASSEMBLY SHOWING SERIES PARALLEL CONNECTIONS 
USED FoR H1GH CAPACITIES 


amount of power. Those who have worked with such 
rectifiers will realize that the apparatus, even dis- 
counting its power limits, is unsatisfactory for most 
uses on account of the instability of the contact and the 
erratic behavior of the unit as a conductor. The pres- 
ent rectifier is consistent in its behavior, does not 
depend on a point contact, and the resistance is so low 
that the rectifier is capable of carrying large currents. 
The whole area at the junction between the copper and 
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the oxide participates in the rectification and there is 
nothing that would suggest the idea of a sensitive 
spot such as is characteristic of the contact rectifier. 
The following curves illustrate the points that are 
emphasized in the preceding paragraph. Fig. 5 shows 
the relation between current and electromotive force 
in the two directions through the copper oxide. In this 
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Fig. 5—CuRRENT VOLTAGE CHARACTERISTICS OF COPPER- 
COPPER OXIDE ELEMENT 


figure, the part of the curve that represents the current 
in the high-resistance direction has been drawn to a 
scale 1000 times as great as the remainder of the curve. 
The scale for currents above the horizontal axis is in 
amperes; the scale below the horizontal axis is in 
milliamperes. 

Fig. 6 gives the relation between resistance and 
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electromotive force. The negative values of electro- 
motive force correspond to the high-resistance direction. 
The resistances approach a common value as the voltage 
approaches zero. As the voltage is increased from zero, 
the high resistance increases and the low resistance 
decreases, at first very rapidly, and then at a decreasing 
rate as the voltage increases. The low resistance con- 
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tinues to go down practically along an exponential 
curve while the high resistance increases to a maximum 
beyond which it decreases slowly with further increase 
in voltage. The low resistance is shown in the curve 


in the upper right hand corner with the scale magnified - 


200 times. The ratio between the two resistances 
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increases up to values well beyond those at which the 
rectifier may be allowed to operate. 

- The rectification ratio, which is obtained by dividing 
the low resistance at any particular value of e. m. f. 
into the high resistance at the same e. m. f., is shown in 
the curve of Fig. 7. This ratio bears a definite though 
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not a simple relation to efficiency. The relation be- 
tween the two is complicated by the fact that in practise 
the voltage across the elements of the rectifier varies 
from zero to a maximum which is different in the two 
directions. The efficiency of a full wave rectifier 
built with four washers is shown in Fig. 8. This is an 
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average unit. The efficiency here shown is the ratio 
of d-c. watts output to a-c. watts input. True power 
efficiencies of over 80 per cent have been observed. 
Since the rectification ratio at very low voltages ap- 
proaches unity, it follows that the efficiency of the unit 
as a rectifier at very low voltages approaches zero. At 
the voltages that are common in the usual applications 
of a rectifier, the ratio is so high that variations are not 
often important. A few principles that have to be 
kept in mind in the design of rectifiers are given below. 


DESIGN 


For most applications, the losses due to reverse cur- 
rent should be taken into account although they are 
small. This may be seen from the following 
considerations. 

In a full wave rectifier connected as shown in b of 
Fig. 2, the voltage across each element during the part of 
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each cycle when the voltage is applied in the high- 
resistance direction is considerably greater than the 
voltage applied in the low-resistance direction. Usually 
the voltage applied in the high-resistance direction is 
such that the rectifier is working well beyond the maxi- 
mum of the high-resistance-voltage curve (Fig. 6). 
For these reasons the ratio of the current in the low- 
resistance direction to the current in the high-resistance 
direction is considerably less under actual working 
conditions, than the ratio as shown in Fig. 7 of the high 
to the low resistance measured at the same voltage. 
Fig. 9 shows the true power efficiency of a rectifier 
made up of four 11%-in. elements as shown in Fig. 3. 
The power output was kept constant for each curve, 
the designating number of each curve being one-fourth 
the total power output. Points to the left of the maxi- 
mum efficiency represent an excess of [osses in the low 
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resistance direction; points to the right, an excess of 
losses in the high-resistance direction. If a given 
rectifier is used to supply a practically constant output 
voltage, as is required for battery charging service, 
the losses in the high-resistance direction remain nearly 
constant, while the losses in the low-resistance direction 
decrease with a decrease in charging rate. For this 
reason, it is sometimes advisable to use a larger number 
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of elements for a rectifier with a small output than is 
required for one with a larger output. 

The number of elements required for a given power 
output depends also upon the method of cooling. The 
manner in which the elements are to be connected, 7. e., 
the number in series and the number in parallel, may be 
determined from curves such as those shown in Fig. 9. 
To obtain maximum efficiency in a complete unit, 
the number of elements in series between any two 
terminals of the rectifier is found by dividing the de- 
sired voltage output by the voltage giving the maximum 
efficiency on the corresponding curve. Enough 
elements are to be connected in parallel to give the 
desired current output, keeping the output per washer 
at the value previously decided upon. If the method 
of connecting that is shown in a, Fig. 2 is used, the 
number of washers in series should be doubled, thereby 
operating each element on the same portion of the 
characteristic curve as in the four-cell type rectifier. 

For applications requiring a current of a few tenths 
of an ampere or less, such as supplying the plate 
current of vacuum tubes, it is sometimes necessary in 
order to obtain the maximum efficiency to use an 
element of less than 114-in. diameter, or else to use a 
smaller output per washer than would be used in other 
applications. This can be seen from the curves, for 
the maximum efficiency (114-1in. washers) occurs at 
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low current values only for the curves of smal! values 
of output per element. 


CHARACTERISTICS OF RECTIFIER GROUPS 


Fig. 10 gives the efficiency of a rectifier group used 
as a battery charger. Since in the charging of a battery 
we are interested in the average value of the direct 
current, efficiency is taken as the ratio of d-c. volt- 
amperes to the a-c. watts, and is less than the power 
efficiency. 

The oscillograms of Fig. 11 show how the relation 
between the battery voltage and the a-c. voltage im- 
pressed on the rectifier affects the wave form of the 
charging current. These currents result from a com- 
bination of the steady battery voltage and the fluc- 
tuating voltage supplied by the rectifier. The portion 
of the cycle during which charging current flows into 
the battery increases with the increase of the applied 
voltage. 
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Fig. 11—OscILLOGRAMS OF CHARGING CURRENT IN SIX- 
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The form factor of the rectified wave has been found 
to vary in different units between 1.13 and 1.25. The 
form factor of a pure sine wave is 1.11. The oscillo- 
grams of Fig. 12 represent the wave forms of the rectified 
current from a full wave and a half wave rectifier in a 
non-inductive load. On account of the fact that the 
resistance varies with the voltage applied, the low 
values of current are a little Jower than they are in a 
sine wave. ‘The distortion is barely noticeable. 
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The rectifier may be used at any ordinary frequency 
without any effect on its operation. It has been tried 
with measuring instruments and found to give good 
rectification up to a frequency of over 3,000,000 cycles 
per second’. Above 100,000 cycles per second, there 
is a gradual decrease in rectification ratio which may be 
due to capacity. | 

The effect of temperature on efficiency may be com- 
pensated in various ways and the following is an illus- 
tration of what may be done by the proper choice of 
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Fig. 12—OsciILLoGRAM8 OF RECTIFIER CURRENTS IN NON- 
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the size of the unit and by the use of a reactive ballast. 
The problem under consideration was to supply a 
certain constant amount of rectified power at all tem- 
peratures from 0 deg. cent. to + 80 deg. cent. with a 
constant voltage supply. The results are shown in 
the curve of Fig. 13. 

The voltage regulation of a rectifier depends primarily 
on the effective resistance of the unit. It may be 
pointed out that just as in a battery of storage cells or 
of primary cells, the regulation may be controlled by 
varying the number of cells that are put in parallel, so 
in the case of this rectifier it is possible to control the 
regulation. Within reasonable limits, practically any 
excellence of regulation can be obtained by building into 
the rectifier the necessary amount of copper. Ina test 
of a rectifier of small capacity, the regulation between 
no load and full load was changed from 16.5 per cent 
to 8.5 per cent by doubling the amount of copper in 
the rectifier. 


THEORY 


While the investigation of the new phenomenon has 
not yet been carried on to a point where it is fully 
understood, it is safe to say that it cannot be explained 
by application to it of the theories which are usually 
advanced in connection with contact rectifiers. 

One of these theories is based on thermoelectricity. 
Since the oxide in our rectifier is very often not over 
0.0015 in. in thickness, it is difficult to imagine any 
considerable temperature difference between the two 
surfaces. In addition, experiment shows that the 
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asymmetric resistance is concentrated at or very near 
the surface of the junction between the oxide and the 
copper and that the heating of this junction produces 
an e.m.f. which is in the wrong direction for the 
rectification that actually takes place. The thermo- 
electric explanation is, therefore, not tenable. 

Another explanation that has been adopted by some 
physicists is based on electrolysis. This explanation 
is probably applicable to some contact rectifiers. 
Where it is applicable, the rectifiers have characteristics 
that are easily recognized. .They require some time 
after the e. m. f. is applied to reach their steady state. 
The current is very irregular and shows frequent and 
very sudden variations. After operation for a com- 
paratively short time, products of electrolysis appear 
and the rectifier deteriorates. The rectifier under 
consideration has none of these characteristics. After 
the application of the e. m. f. it is immediately operative 
in its steady state. The current is smooth as would be 
expected with a conductor that has a definite value of 
resistance for each value of e.m.f. There are no 
indications of products of electrolysis even after 
operation for a year or two with current densities of 
0.5 ampere to 1 ampere per sq. in. It seems safe to 
say that the explanation based on electrolysis must 
be rejected. 

Schottky’s‘ theory, involving the work required to 
carry an electron across the boundary between the two 
substances, also fails to give a satisfactory explanation 
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as it is probable that the electron affinity of copper is 
greater than that of copper oxide. 

Jolley in his book on Alternating Current Rectifica- 
tion mentions a theory which assumes a double layer, 
each half of which is made up of one constituent of the 
crystal. This condition may exist in the present in- 
stance at the surface where the two substances are 
joined to each other. It may be that beyond the last 
layer that contains oxygen atoms, there is a layer of 
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copper atoms all, or most, of which are in chemical 
combination with the oxygen. It is not easy to get a 
mental picture of the action of such a double layer. 
It may have value when taken together with the work 
function considerations. 

One of the present writers’ has proposed a theory 
based on the fact that the copper and the oxide are in 
very intimate relationship. The transfer of an electron 
from copper to oxide, or vice versa, may then take place 
without passing through the whole potential drop 
represented by the electron affinity of either substance, 
but only through a potential drop corresponding to 
their difference. Under this condition it is conceivable 
that even at room temperature and without any appli- 
cation of e. m. f. a great number of electrons are able 
to escape from the copper and into the copper oxide. 
The copper then serves the same purpose as the hot 
wire filament in a vacuum tube, and maintains an at- 
mosphere of electrons in the oxide in excess of the 
normal amount. On account of the short distance 
between the electrodes, the comparatively large area, 
and also probably assisted by the dielectric constant 
of the oxide, the resistance to the flow of electron 
current in the direction from the copper to the oxide 
is small. 

When the e. m. f. is applied in the opposite direction, 
there is a tendency to drive the electrons back into the 
copper. This is opposed by the ready diffusion of 
electrons from the copper into the oxide so that the 
electrons become concentrated near the surface of the 
copper. The resultant gradient in electron concentra- 
tion in the oxide produces a potential gradient which 
opposes the flow of electrons in the direction from 
oxide to copper. This theory seems to fit the voltage 
resistance curves very well. Experiments are under 
way which will test it more completely. 


PRACTICAL APPLICATIONS 


The simple structure, excellent performance, and 
promise of long life of this rectifier make its use in 
practical applications seem particularly desirable. 
Engineers are already recognizing and beginning to 
exploit these characteristics. 

In discussing the possibilities of the new rectifier, a 
prominent engineer suggested the idea of an entire 
automatic substation in the form of a tank mounted on 
a pole with the transformer, rectifier, and suitable 
switches housed in the tank. The complete absence 
of the requirement of servicing the rectifier, the length 
of its useful life, which gives promise of being very great, 
possibly even equal to that of the transformer, make 
this idea seem very likely to become practical. 

The rectifier gives a smooth rectified current which 
looks very much as though it had been commutated by 
means of a perfect commutator. It is very constant in 
its characteristics, requires no electrolyte, and does not 
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involve any moving parts or contacts to be made or 
broken; in fact, it consists only of parts that are solidly 
bolted together. It requires no attention or servicing, 
and can be built into units to meet any reasonable 
requirement of current and voltage. Each element 
represents a relatively small increment of current and 
voltage and they may be assembled into groups just as 
storage cells are assembled into batteries. The follow- 
ing are meant to be suggestive illustrations, rather than 
a comprehensive list, of its immediate uses. 

1. Instruments. A practical use to which the 
rectifier has been put is in connection with d-e. instru- 
ments used on a-c. circuits. Here it is found exceed- 
ingly convenient. With a wavemeter, for instance 
where it has been common practise to use a thermo- 
couple meter, the rectifier is advantageous. A thermo- 
couple takes some time to reach a condition of equi- 
librium so that after every setting of the wavemeter, 
the operator has to wait for the instrument to reach a 
steady state. The rectifier responds instantly and in 
wavemeter work, therefore, it is possible to proceed 
very much more rapidly with a rectifier meter than 
with a thermocouple meter. It is also very sturdy, so 
that a temporary overload causes no injury to the 
rectifier. In general, the rectifier with a d-c. instru- 
ment is very convenient for reading small alternating 
currents. As is seen from the curves, the rectifier is not 
sensitive at low values of power so that there is a limit 
below which the rectifier is very inefficient. This 
limit is very low and the instrument can be used 
satisfactorily down to a few micro-amperes. Here it is 
important to match the impedances of the rectifier 
with the instrument and of the rectifier-instrument 
combination with the source. The impedance of the 
rectifier changes with the power so that an instrument 
that is well matched for one range is not necessarily 
satisfactorily matched for another range. The desired 
results may be obtained by matching impedances for the 
lowest range and the scales can be adjusted to take 
care of the higher ranges. 

The direct-current output of the rectifier at low 
values of power is approximately proportional to the 
square of the a-c. input. 

For reasonable precision in measuring instruments, it 
is necessary either to provide temperature compensa- 
tion for the resistance variations in the rectifier or to 
choose the constants of the instrument so that the 
resistance variations of the rectifier are unimportant. 
This has been done very satisfactorily in special 
applications. Both the high and low.-resistance of the 
rectifier have a high temperature coefficient. The 
temperature change in the efficiency of a rectifier is due 
in part to the changes in resistance and in part to the 
changes in pressure due to the unequal expansion of the 
bolt and the other parts from which the rectifier is 
made. Pressure changes may be used to compensate 
partly for the resistance changes. Compensation may 
also be accomplished by introducing in the circuit 
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resistances which have an effect that is opposite to that 
of the rectifier itself. 

For use with very sensitive instruments, the rectifier 
should be protected against illumination. Illumina- 
tion not only changes the resistance, but produces a 
small e. m. f. in the rectifier. 

2. General Battery Charging. The application of 
chargers are as numerous as the applications of storage 
batteries. The automobile starting battery may be 
used as an illustration since it is very often found 
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necessary to give it an extra charge. This is usually a 
very inconvenient thing to do on account of the neces- 
sity of getting into the battery case and making the 
necessary connections. A small transformer and rec- 
tifier could be installed either in the automobile or on 
the wall of the garage with a plug on the instrument 
board or in some other convenient place so that the 
connection necessary for charging would be very simple. 
In such an application, the rectifier is especially prac- 
tical on account of the fact that it is very sturdy and 
requires no attention. The charging of telephone and 
other storage batteries may be arranged as desired in 
accordance with the principles already laid down. . 

3. Control Apparatus. The control of electric cir- 
cuits is usually accomplished by means of electro- 
magnets. Electromagnets are more easily operated by 
means of direct current than they are by means of 
alternating current and the provision of a rectifier with 
each magnet makes this possible. Thus, for instance, 
d-c. switch magnets and circuit breaker magnets can be 
used on a-c. lines. 

4. Telegraphy. A system of duplex telegraphy has 
been proposed which is given in outline in the diagram 
of Fig. 14. This makes it possible by the use of 
alternating current and a rectifier to polarize the line so 
that any telegraph line can be duplexed by simply 
adding a sending instrument and a receiving instru- 
ment and four small rectifiers at each station of the line. 
If the rectifiers are of the half-wave type, the operation 
of one sending key will transmit the upper half wave, 
which will be received by the sounder which is asso- 
ciated with another rectifier which also transmits the 
upper half wave. When the other sending key is used, 
the lower half wave is transmitted and this operates 
the sounder at the other end which is associated with a 
rectifier that transmits the lower half-wave. Such a 
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system seems practical when one can use rectifiers that 
are reliable and the capacities of which are easily 
adapted to the purpose in question. 

5. Detectors. The rectifier in its usual form is not 
suitable for a radio detector, but can be used in a similar 
way in circuits which involve larger amounts of power. 
For instance, if it is desired to get a current pulse 
through a transformer by making and breaking the 
current in the primary, a rectifier can be used to make 
the pulse uni-directional. In such cases, the rectifier 
serves the same purpose as a detector on a very much 
larger scale. 

6. By-pass for Field Switches. With motor or 
generator field switches, provision has to be made to 
guard against the injurious effects that may result from 
the sudden release of the energy of the magnetic field. 
A rectifier connected between the terminals of the 
switch in such a direction that it opposes the flow of the 
direct current serves as a low resistance for the induc- 
tive surge that accompanies the opening of the switch 
and is very effective. A very high resistance rectifier 
may be used since the voltage of the field discharge is 
great and the energy loss in the rectifier may be made 
negligible. It is already in use in a number of similar 
applications for the protection of relay contacts. 

7. Edison Direct Current Systems. In Edison direct- 
current systems a rectifier of this type has peculiar 
advantages due to the fact that it is static and can be 
assembled into units of any desired capacity. A large 
unit might be made up of a number of smaller standard 
units constructed so that the capacity of the rectifier 
may be altered as required by the load. Such a 
rectifier is entirely noiseless and the only moving parts 
are the fans or pumps necessary to carry away the heat. 

8. Radio. An interesting field for rectifier manu- 


Fig. 15—‘‘A” BATTERY TRICKLE CHARGING UNIT 
facturers has been the radio field. Here again, the 
rectifiers are used as battery chargers. 

“A” batteries are very often maintained by what is 
known as the trickle charge method and tube rectifiers 
for this purpose have recently appeared on the market. 
With some “B” battery chargers it is necessary to 
disconnect the “B” battery and connect the various 
groups in parallel. The present rectifier can be built 
in the proper voltage and current capacities to charge 
either “B” or “A” batteries and to charge them at a 
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normal rate or at a trickle charging rate as desired. To 
charge an “A” battery at a trickle charging rate, a 
smal] transformer and a rectifier consisting of 4 to 16 
copper disks may be used. .Such a unit is shown in the 
photographs of Figs. 15 and 16. The unit may be 
assembled in a case together with the “A” battery 


Fig. 16—‘‘A”’ BATTERY TRICKLE CHARGING UNIT 


itself. Rectifiers have been designed to meet the 
demand for 2 ampere chargers and 5 ampere chargers. 
A 2 ampere charger is shown in Fig. 17. 

A “B” battery charging unit for any e. m. f. up toa 
115 volt “B” battery may be had by connecting the 
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rectifier with the necessary ballast reactance to the 
110 volt house lighting circuit. For a 135 volt battery, 
it is necessary to use a transformer to step up the 
alternating voltage. The transformer can be built 


Fic. 18—'‘B” BATTERY CHARGER 


with the necessary reactance so that the size of the unit 
does not need to be any greater in the second case 
than in the first. With such a unit, it is only necessary 
to reverse the switch to disconnect the battery from the 
receiving set and connect it to the rectifier. 

The more interesting application of rectifiers in radio 
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is probably in battery eliminators. For this purpose, 
the rectifiers have to be built with the necessary voltage 
and current capacity to supply not only the power to 
operate the tubes, but the power that is lost in the 
filter. Units have been built which give satisfactory 
service as substitutes for both “A” batteries and “B” 
batteries. Fig. 18 shows the interior of a “B” battery 
charger, which is the same as the rectifier that is used in 
a “B” battery substitute. 


GENERAL DISCUSSION OF POWER UNITS | 


Since the units are built up from small elements, the 
weight per kilowatt capacity is practically independent 
of the size of the unit. If we take the 1.5-in. washers 
that are being used at present as our basis for considera- 
tion, we find that with proper ventilation, 200 such 
disks are sufficient to give an output of 1 kw. Two 
hundred disks correspond to about four pounds of 
copper and the necessary metal for ventilators and 
supports is probably equivalent to about 16 pounds 
more so that the total weight per kw. capacity is about 
20 pounds. This weight may be assembled in a space 
of approximately 400 cu. in. The capacity per cubic 
foot is, therefore, approximately equal to four kw. 
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Discussion 


G. W. Janson: Schemes such as that shown in Fig. 14 have 
been tried at various times by communication engineers, in their 
efforts to increase the output of telegraph circuits. The possi- 
bilities of these arrangements have, however, been generally 
limited by factors other than the effectiveness of available 
rectifying means. However, there are probably many other 
valuable uses for a rectifying element having the excellent charac- 
teristics described in this paper. 

Several questions have occurred to me which would be of 
interest to those seeking to adapt the element to purposes other 
than converting an a-c. supply to a d-e. supply. 

What is the maximum voltage per element which may be ap- 
plied before the rectifier passes a-c.? Are the characteristics of 
the rectifier permanently changed after that maximum voltage 
has been applied? Has the rectifier been used for application to 
loads of varying resistance and are the voltages under such condi- 
tions affected differently from those shown in the curves? Are 
there any polarization effects? 

Another question that might be of importance is whether any 
time lag exists between the application of a potential to the 
flowing of direct current. I wondered, for example, whether the 
resistance ratio curves and the data on resistance at various volt- 
ages were determined by d-c. methods or by a-c. methods. If by 
a-c. methods, would those ratios be different for the steady d-c. 
state? 

A. G. Oehler: When a rectifier is made of a number of ele- 
ments connected in series, does the voltage or the power rectified 
in each unit divide up equally over all of the elements? What 
factors of design or what inherent characteristics limit the voltage 
which can be rectified by this rectifier? 

George Crisson: The system of signaling described by 
Messrs. Grondahl and Geiger is of interest because it accom- 
plishes duplex operation by very simple means which do not 
involve the problem of line balance. 

Certain effects occur in this system, however, which are not 
encountered in the telegraph systems now in use. These effects, 
which are due to the fact that the velocity of propagation of a 
wave over a telegraph wire is not infinite, put definite limits on 
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the distance over which signaling can be carried on without the 
use of repeaters. 

No reason is seen why the system should not operate satis- 
factorily when the length of the line is a small fraction of the 
wave-length. The operation of any key will cause changes in the 
strength of the current in the corresponding instrument at the 
other end of the line so that signals can readily be sent but will 
not affect the instruments in the second channel. 

As the distance from the generator to the end of the circuit 
increases, the behavior of the system becomes more complex. 
Operating a key has less effect on the corresponding instrument at 
the far end, and begins to produce changes in the current of the 
distant instrument in the second channel. This effect is due 
entirely to the fact that a finite time is required for a wave to 
travel from the generator to the key and back. It is quite dis- 
tinct from the weakening of signals due to losses in the line. 

The system would become inoperable when the distance from 
the alternator to the key has increased to one-eighth of the 
wave-length, or the total length of the line has reached one-quarter 
of the wave-length, assuming that the alternator is located at the 
middle. 

Assuming that a frequency of at least 200 cycles would be 
required to avoid operating difficulties caused by the periodic 
nature of the current, the greatest length of line workable by this 
system without repeaters would be about 200 mi. for non-load 
open-wire lines, and a much shorter distance, in the neighbor- 
hood of 50 mi., for non-loaded circuits in cable. Practically, 
the lengths would have to be still less to allow for a safe operating 
margin and for various factors not considered in this simple 
treatment. 

This system could not be applied to composited lines without 
modifying the compositing apparatus, which separates the tele- 
phone and telegraph currents at each end of the line in such a way 
as to encroach seriously upon the range of frequencies required for 
the telephone. 

Of course, for classes of service permitting the use of a fre- 
quency lower than 200 cycles, the workable length of the line 
would be increased and the difficulty of applying the system to 
composited lines would be somewhat reduced. 

Joseph Slepian: Four to five years ago in meditating about 
the usual thermionic rectifier—that is, a rectifier consisting of two 
electrodes in a high vacuum, one electrode heated—it occurred 
to me that probably other types of rectifiers were based upon 

essentially the same phenomenon, that is, the presence of three 
suitable materials, two metallic conducting electrodes, and an 
intervening material. In the case of the thermionic rectifier the 
part of the intervening material is played by the vacuum. 


Jn this combination of three materials, the electrodes are good 
eonductors of electricity. The intervening vacuum by itself 
is an insulator but if electrons are somehow supplied to it, it 
becomes a good conductor. In other words, electrons can move 
freely in this vacuum if they are provided. 


Now it seemed to me that it might be possible that other insu- 
lating materials than a high vacuum would have this same 
property, so that it might be possible to take two metals and put 
an insulating material in between them, this insulating material 
having insulating properties ordinarily not so much because it 
obstructed the flow of electrons but because it, itself, lacked free 
electrons. Now, if one of the electrodes was able to supply free 
electrons to the insulating material, and the other not, a rectifier 
would be obtained. 

Of course if such a rectifier was to be practical, this insulating 
material would have to carry electrons rather freely, but the 
electrons would have to be supplied to it by the adjoining elec- 
trodes. It seemed, of course, that this intervening insulating 
material would have to be very thin, because you could not 
expect the electrons supplied to this material to move through it 
so freely as they will do in a vacuum. I thereupon set out to 
investigate the properties of thin insulating films between unlike 
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electrodes, and for a little over two years I examined all kinds 
of combinations to get a very thin layer of insulating material. 

I considered films formed chemically, and I got results that 
were frequently promising, and which led me to continue my 
work, but I never got anything that looked practical, or appeared 
to be worth following in greater detail. 


Then I heard that a man from one of our neighboring com- 
panies, the Switch & Signal Co., had devised a rectifier consisting 
of copper and copper oxide for which great claims were made. I 
rather scoffed at it when I first heard about it, as I had already 
experimented with copper oxide. I had placed sheets of copper 
oxide against various metals and observed some rectification, but 
always the rectification was small and rather erratic. 


A little time later some of these oxidized copper washers were 
supplied to me at the laboratory and I proceeded to test them, 
not expecting very much, and was quite amazed at the results. 
The rectification was steady to an unbelievable degree. After 
the experience of my two years work it seemed absolutely 
revolutionary. I had never seen or heard of anything like that 
in a rectifier of this type, and I looked into the rectifier more 
closely and was interested to find it had just the elements I was 
looking for. The ideal that I had been working for seemed to be 
realized in this rectifier that Mr. Grondahl had provided. 


The rectifier consists of two bodies of metallically conducting 
material; namely, the copper and the oxide, and an intervening 
insulating layer. I have proved the existence of this layer be- 
tween the oxide and the copper by making capacity measure- 
ments. The electrostatic capacity has such a magnitude as to 
indicate that the rectification takes place in a layer less than a 
0.0001 em. thick between the oxide and the copper. 


It is most astonishing that a rectifying layer is obtained by such 
simple means as forming the oxide on the copper. It is also very 
astonishing that this rectifying layer is obtained only between the 
copper oxide and the metal on which it was formed. A piece of 
copper oxide by itself clamped against a piece of copper will give 
some rectification, but of an altogether different order and quality 
from that obtained where the oxide is formed on the copper 
itself. 


B. O. Adkerson: Does the use of foils of other metal than 
lead, e. g., aluminum and gold, change the resistance of the 
rectifier in the two directions? If the resistance is affected what 
is the amount of such change? 


Fig. 6 in the paper shows the voltage-resistance characteristic 
curve of the rectifier between plus and minus 4 volts, and in reply 
to a previous discussion it was stated that about 30 volts was the 
maximum that one element would sustain. Does the resistance 
decrease continuously to zero as the negative potential is in- 
creased to this maximum? If it does not, what is the resistance 
at the point of discontinuity,. i. e., just before puncture occurs? 
When the rectifier is once rendered inoperative by exceeding the 
maximum voltage, will it automatically reform upon reducing the 
voltage, similar to an electrolytic rectifier, or is the element 
useless unless the copper washer is again oxidized? 


Dr. Eccles’ rectification theory, mentioned in Jolley’s Alter- 
nating Current Rectification, indicated that rectification may 


- occur at hot points of contact between or in the rectifying mate- 


rials. Does the difference of potential across the rectifier, as 
determined by a rapid oscillograph, differ in any way from that 
across a pure resistance of equal ohmic value, when current is 
made and broken through it, i. e., is there any evidence of a 
potential difference other than the RJ drop caused by the passage 
of the current? 

Does the instantaneous response of the rectifier, mentioned in 
connection with wave-meter work, mean that the time required 
for the rectifier to reach a steady state is negligible, as considered 
from a practicable point of view, or that there is no perceptible 
change of current with time as determined by the oscillograph? 
If there is a change of current what is its approximate magnitude, 
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is the current increasing or decreasing with time, and does the 
change occur in both directions through the rectifier? 

L. O. Grondahl: The first question is with reference to 
maximum allowable voltage. The curve that gives the relation 
of the resistance in the high-resistance direction to the voltage 
shows that the resistance decreases with increasing voltage above 
two volts. We think of three volts in the high-resistance direc- 
tion as being a normal counter-voltage for the rectifier to with- 
stand. We are using them, however, in large units up to six 
volts with additional radiating surface. Within the limits men- 
tioned it is only a question of carrying away the heat. When 
higher voltages are used the losses in the high-resistance direc- 
tion make it difficult to carry away the heat generated. 

The resistance curves in the paper were taken with direct 
current. There is no polarization. There is a very slight 
change in current in the high-resistance direction, but it is 
immaterial and a large part of it is explainable as due to rise in 
temperature. It is not in the right direction to be caused by 
polarization. We have tried rather carefully to find a back 
current such as exists in a cell that polarizes. -We have not been 
able to find anything of that kind. 

That answers the question also in regard to the various loads. 
The effect of varying the load is illustrated in the efficiency curve. 
In that case the various loads were obtained by simply changing 
the load resistance. 

There seems to be no tendency for one unit to pick up the load 
and carry it to the exclusion of the other units. It divides itself 
exactly in terms of the resistances of the elements. As far as our 
experiments show up to the present time the rectifier behaves as 
if it were a pure resistance phenomenon. 

In some rectifiers, one rectifier will pick up the load for a little 
while, and then another rectifier in the series will take its place 
so that the load darts back and forth between the elements. 
That does not happen here at all. The load is evenly and 
steadily distributed. 

We have a unit in the laboratory that we have been using for 
eight or ten months now, supplying one ampere at 1500 volts 
for oscillators. It has been a reliable supply without any 
maintenance. 

On the question of forming first of all, there is no such phenom- 
enon as forming in connection with the rectifier as far as we have 
been able to determine. When I say that it operates instanta- 
neously, I mean that the time required for the current to start and 
for the final condition to be set up, as far as rectification Is con- 
cerned, is as nearly instantaneous as you can get it with the 
inductance that vou have in the circuit. It depends upon the 
inductance in the circuit rather than upon the characteristics of 
the rectifier. The rectifier is a resistance pure and simple as far 
as its observable qualities are concerned, certainly in operation. 

The change in current in the high resistance direction that I 
mentioned is of very small value and probably has no practical 
importance at all. lf you have 1 milliampere high-resistance 
current (fur instance, back leak, when the alternating current is 
off and the battery is discharging through the rectifier) it may 
grow in a little while up to 1.5 milliampere. That is something 
we have not yet explained. However, there is no effect similar to 
forming. 
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You can put the rectifier on direct current in either direction for 
any length of time, take it off and put it on‘in the opposite direc- 
tion, and it behaves just as though nothing had happened to it. 
You can start it on an a<. circuit for rectifying after it has been 
rectifying for a long time, and it behaves exactly the same as 
when you start it after it has been resting for several weeks. 

The question of hot spots: if you go up to very high voltages, 
say 30 or 40 volts per disk so that you puncture the surface, then 
you find that it acts like every other dielectric—it punctures in a 
spot—but we have not found any other evidence of the rectifica- 
tion taking place in spots, or the current being carried in spots. 

The lead is used as a contact on the outer surface, because it is 
more impressionable than other metals that are easily obtainable 
and makes a lower resistance contact, a slightly lower resistance 
contact than we get, for instance, with aluminum foil. It is not 
quite as low as we get with gold foil. Gold foil is inconvenient to 
handle and sheet lead is practical. So we use the lead. All 
resistance changes are continuous. 

J. F. Dreyer, Jr.: I should like to ask what degree of uni- 
formity exists in these units? Do they vary much in resistance? 

L. O. Grondahl: The degree of uniformity depends entirely 
upon how well we are able to make the manufacturing process 
uniform. For our train-control work, for instance, we hold them 
within 10 per cent on the output. That is, those are our specifi- 
eation limits. 

H. J. Rosenberger: Four questions came to my mind: 
(1) What oxide of copper is used? (2) How do you put it 
there? (3) How do you keep it there? (4) Does it make any 
difference how thick that layer is? 

L. O. Grondahl: The oxide is the cuprous oxide, the red 
oxide of copper. It is formed in a furnace and it is formed at 
such temperatures and under such conditions that it stays. 


The thickness is of no consequence at all except that the resis- 
tance increases with the thickness since the current has to flow 
through a thicker layer of oxide. Whether you have two mills of 
oxide or you have ten mills of oxide, you have identically the 
same kind of rectifier except for that increase in resistance in the 
low-resistance direction. The rectification takes place at the 
junction between the copper and the oxide or so close that we 
have not been able to distinguish it from the junction. 


We have worked as low as 0.001 or 0.0015 in. of oxide, but for 
practical purposes we use 0.002 or 0.003 in. 


D. E. Trucksess: I should like to know if there is any relation 
between the pressure on the contact and the output. I under- 
stand that after the rectifier has heen operating for a while the 
output drops off. Can that output be increased by increasing 
the pressure? 


L. O. Grondahl: The pressure applied seems to have an 
effect in that it reduces the contact resistance on the outer 
surface of the oxide. It is necessary to have a contact that is 
uniform over the whole surface as nearly as possible in order to 
get the low resistance. 


As time goes on, there may be a slight reduction in pressure 
due to mechanical changes, which may be compensated for by 
tightening the bolt. As far as we know the pressure is important 
only in reducing contact resistance. 
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Synopsis.— Various factors contribute to impair the quality 
of telegraph signals. For instance, there may be interfering 
currents either induced in the circuit or brought in by conduction, 
the proportioning of the circuit elements may be imperfect or batteries 
and relays may be out of adjustment. The result in any case is 


HE object of this paper is to describe methods of 
making measurements of the over-all transmission 
efficiency of the common types of telegraph 

circuit and to explain how the results may be analyzed. 
The most direct and practical method of measuring 
the efficiency of such circuits consists in determining 
the lengthening or shortening of the dots, dashes, 
and intervening spaces comprising the signals by com- 
paring the signals delivered by the receiving relay with 
the sent signals. This paper will be limited to a dis- 
cussion of this effect which will be called distortion, 
and a description of methods which have been devised 
for measuring it. 

The electrical characteristics of the circuit and the 
wave shapes of the operating currents are not dealt with 
in this paper except to the extent that their effects are 
included in the results of the measurements of over-all 
transmission efficiency. 

In recent years considerable work has been done by 
engineers of the Bell System in connection with devising 
and applying convenient and accurate methods and 
means for making quantitative tests of telegraph signal 
distortion. This includes comparatively elaborate and 
refined apparatus intended primarily for laboratory use 
and simpler devices suitable for field work. The 
technical staff has made extensive use of the new de- 
vices, and measuring sets for use by the field forces 
are now under commercial trial. 

Various other methods have been used in the past 
with a view to testing telegraph transmission and the 
results obtained have been of considerable value. Since 
little has been published on this subject, a brief discus- 
sion of several older methods will also be given. 


GENERAL DISCUSSION OF TELEGRAPH DISTORTION 


The following discussion applies directly to telegraph 
circuits employing only two different current values? 
thus including substantially all important long-distance 
wire circuits with the exception of some submarine 
cables which are operated with three-current values. 
It may also be applied to many radio telegraph circuits. 
Considerable modification would be required in order to 
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to distort the telegraph signals so that the received signals are not a 
true copy of those transmitted. The paper describes methods for 
measuring this distortion and for analyzing the results so as to 
indicate the nature and extent of the impairment and its probable 
cause. 


adapt the ideas outlined herein to the case of circuits 
employing three or more different current values. 

The operation of telegraph circuits by hand or 
machine involves impressing signals comprising parts 
of different length or duration at the sending end of the 
circuit and the reproduction of these signals at the 
receiving end. The interpretation of these signals 
depends upon the correctness of the length or duration 
of the individual signal parts, commonly referred to 
in the case of a two-element system as “marks” and 
“spaces” (corresponding respectively to the ‘‘closed”’ 
and ‘“‘open’”’ positions of the transmitter). Loudness 
or strength of the local response is practically never a 
factor in telegraph transmission since in nearly all cases 
use is made of local circuit arrangements at the ter- 
minals which provide sufficient strength and also avoid 
any change in strength due to variation in the line 
circuit. Excessive “lag,” that is, time required for 
transmission over a circuit, is objectionable and, in 
the case of some printer circuits, variation in lag de- 
grades transmission. Consideration of lag is usually 
not of importance, however. 

An ideal or perfect telegraph circuit reproduces 
signals at the receiving end exactly as they were im- 
pressed at the sending end as regards length of the 
component marks and spaces, and any change in these 
lengths during transmission may be considered as low- 
ering the quality. Therefore, the departure from per- 
fection of the received signals, 1. e. the lengthening or 
shortening of marks and spaces which occurs during 
transmission, is a measure of the degradation in trans- 
mission quality. 

Definitions. It has been found desirable to subdivide 
distortion of telegraph signals into certain components. 
The main reason for doing this is that the components 
are largely due to different and distinct causes and re- 
quire different treatment for their proper control in 
both design and transmission maintenance work. 
Fortunately, it is convenient to separate these com- 
ponents in connection with distortion measurements. 

In explaining these components let us suppose a given 
signal such as the letter C in the American Morse code 
to be sent at regular intervals over a telegraph circuit 
and suppose that the signal is formed in such a way that 
each repetition is substantially perfect at the trans- 
mitting end. If the distortion of each of the unit 
marks or dots of a large number of successive signals 
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is measured at the receiving end and tabulated, it is, 
in general, found that the distortion differs not only 
from dot to dot in a given repetition of the signal, 
but also that it differs from signal to signal for a given 
dot. Let us obtain the average of a large number of 
distortions for a given dot and consider each individual 
distortion as being made up of two components, one 
the average and the other the individual departure from 
the average. The average distortion of a given part 
of a large number of successive signals will be called 
the systematic distortion. The individual departure 
of one distortion from the average will be called the 
fortuitous distortion. 

It is found of great value to subdivide the systematic 
component of the distortion still further. To under- 
stand this subdivision, assume that we are dealing with 
a telegraph system in which markings and spacings are 
sent by means of currents which are equal in magnitude 
but opposite in sign. It is, of course, possible with such 
a system to transmit the marking by means of negative 
current and the spacings by means of positive current, 
or vice versa. The change from one method of trans- 
mission to the other is accomplished by interchanging 
the positive and negative batteries at the transmitting 
end and at the same time interchanging the connections 
to the marking and spacing contacts of the receiving 
relay. 

Now let us assume that the systematic distortion is 
brought about by the fact that the positive battery at 
the transmitting end is stronger than the negative 
battery. Further, let us assume that the circuit is 
such that this will result in lengthening of the marks 
when positive current is used for transmitting marks. 
Then, when negative current is used for transmitting 
marks, shortening the marks by substantially the same 
amount will result. When the systematic distortion 
is of such a nature that interchanging the functions 
of the. two current values employed changes the sign 
of the systematic distortion but not its magnitude, the 
distortion will be referred to as bias, inasmuch as it 
indicates a lack of symmetry in the circuit. 

Now assume a similar telegraph system in which the 
battery voltages are equal but which gives rise to 
distortion due to the fact that the current at the re- 
ceiving end of the circuit is slow in building up. If 
the current does not have time to reach its final value 
on the short impulses, the first dot following a long space 
may be shortened. In this case it is obvious that inter- 
changing the functions of the positive and negative 
current does not alter either the sign or the magnitude 
of the resulting distortion, the first dot of the C signal 
being shortened whether it is formed by means of posi- 
tive current or negative current. If the systematic 
distortion is such that it changes neither sign nor mag- 
nitude on interchanging the functions of the two current 
values employed, it will be called characteristic 
distortion. 

In general, it will be found, in measuring the system- 
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atic distortion, that neither of the two simple conditions 
considered above exists by itself. When the functions 
of the two currents are interchanged, it is nearly always 
found that the magnitude of the systematic distortion 
is changed but the sign may or may not be. This 
phenomenon may be described in a simple manner by 
saying that both bias and characteristic distortion are 
present and that the bias is reversed but that the 
characteristic distortion is not. In other words, it is 
convenient to say that the total systematic distortion, 
when the circuit is normal, is given by the expression 

C+B 
where C is the characteristic distortion and B is the bias 
and that with the reverse condition the total systematic 
distortion is given by the expression 

C- B 
The separation of the two components is then easily 
effected by simply adding and subtracting these 
measured values of the systematic distortion and 
dividing by two. 

We are now in a position to give a definition of the 
components of the systematic distortion for the general 
case. Let us call the systematic distortion measured 
with the circuit normal S, and with the circuit altered 
so as to interchange the functions of the two current 
values employed Sə. Then the characteristic compo- 
nent is defined as (Sı + S2)/2 and the btas is defined as 
(Sı — S2)/2. 

It should be noted that, in practically all cases, 
individual factors which cause distortion do not produce 
pure bias, characteristic distortion, or fortuitous dis- 
tortion but rather a combination of these. One reason 
for this is that the effect of a particular factor depends 
on the extent to which the wave shape has been affected 
by other factors. Furthermore, distortion produced 
by a given factor in a particular repeater section depends 
on the impressed signal combination and this combina- 
tion is, of course, changed by any distortion experienced 
previously; this is of importance mainly in connection 
with circuits made up of a number of repeater sections. 
As a result, the amount of one component of distortion 
as determined by the method outlined above depends 
to a secondary extent on the amount and sign of the 
other components. Dhistortion-corrrecting devices such . 
as the Gulstad vibrating circuit’ also tend to prevent 
linear addition of increments of distortion. It will be 
apparent from the foregoing that in order to obtain 
accurate data on total distortion, measurement should 
be made over the entire circuit with all components 
present. 

In practical field work it is most generally desired 
to obtain a measure of the maximum total distortion 
which may be expected to occur at fairly short intervals. 


This maximum distortion is reached or exceeded when 
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comparatively large characteristic and fortuitous com- 
ponents combine with bias in such a manner as to cause 
a comparatively large total distortion. Since bias is 
the most readily corrected or neutralized distortion, it is 
nearly always determined separately. | 

Many different signal combinations have been used 
in transmission measuring. The Morse letter C has 
been used for the most part since this was found to be a 
fairly severe combination from the standpoint of charac- 
teristic distortion. Miscellaneous signals such as 
occur in actual operation are, in general, preferable to 
anything else for the measurement of total distortion 
and are, therefore, used in some methods. For the 
measurement of bias, the use of “reversals” (a stream 
of dots and unit spaces) is convenient and gives good 
approximate data. 

Distribution of Different Values of Distortion. It is 
of interest to note that the distribution of distortions 
of different magnitude is generally in fair agreement 
with the normal distribution curve of the theory of 
probability. This has been shown by results obtained 
in tests on a number of representative telegraph circuits 
in the Bell System. A distribution curve showing the 
quality of telegraph transmission of a particular circuit 
may therefore be constructed by measuring the total 
distortion of a number of parts of signals, obtaining the 
average distortion A, and the probable deviation d 
from the average. The latter is obtained from the 
following formula: 


{zee 
d = 0.6745 \ -NLI 


where N is the number of measurements, r is the dif- 
ference between the distortion obtained in a particular 
observation and the average distortion A. The dis- 
tribution curve may then be plotted from the formula 
given in Fig. 1. 

Fig. 1 shows a typical curve plotted from the results 


of tests of a particular circuit at a manual operating 


speed (dotting rate about 12 per second). The basic 
idea of this distribution curve is that within a particular 
range of distortion (that is, on the horizontal axis) 
the probability of the distortion of any particular signal 
impulse falling in this range is indicated by the area 
Half of the area under 
the curve is included between the vertical lines drawn 
at distance d on each side of the vertical line passing 
through the peak of the curve, it being equally probable 
that a given impulse will have a distortion within and 
without this range. 

If the distribution of distortion is in accordance 
with the normal distribution law, the two parameters 
A and d completely determine the grade of transmission. 
A circuit with good transmission has small average dis- 
tortion and a high narrow curve whereas a circuit with 
poor transmission has large average distortion or a low 


flat curve or both. 
The definition of perfect telegraph signals and the 
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method of specifying the distortion or departure of 
signals from perfection could be formulated in other 
ways than that followed in the preceding discussion. 
However, it is believed that the criteria which have 
been set forth are very good for manual operation and 
are fairly good in connection with present printing 
systems and circuits‘. As regards the latter, for 
complete information it would be desirable to determine 
not only the distortion as defined above but the relative 
displacement of marks and spaces because synchronism 
is involved in the operation of these systems. 

Effect of Distortion on Operation. A large quantity 
of data has been collected in connection with tests of 
different telegraph systems and tests which have been 
made solely for the purpose of determining the effect 
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of different amounts and kinds of distortion upon 
manual and printer operation. The effect of distortion 
will be discussed only very briefiy here, however. 

It is thought that the limit which distortion may 
reach without seriously impairing service is about 35 
per cent., as a round average figure, for either manual 
or printer circuits as used in the Bell System. In order 
for telegraph operation to be satisfactory, it must, 
in general, afford communication with very nearly 100 
per cent accuracy. In the case of printers, there is no 
effect whatever until distortion becomes large enough 
to cause errors. In manual operation, however, the 
strain on the receiving operator due to distortion, as 
well as the effect upon accuracy of reception must be 
taken into consideration. 


4. See Printing Telegraph Systems Applied to Message Traffic 
Handling, A. H. Reiber, Trans. A. I. E. E., Vol. XLI, 1922, pp. 
39-51, and Printing Telegraph Systems, J. H. Bell, Trans. 
A. I. E. E., Vol. XX XIX, 1920, pp. 167-230. 
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METHODS AND MEANS OF MEASUREMENT 


Several methods of observing telegraph transmission 
quality, which have been employed in the maintenance 
of commercial telegraph circuits and in the design and 
development work of the Bell System, will be described 
below. Generally speaking, methods 1 to 4, inclusive, 
are older methods in which standard telegraph appara- 
tus is used in connection with making certain observa- 
tions and accordingly are discussed only briefly. 
Methods 5, 6, and 7 are newer methods employing tele- 
graph transmission measuring apparatus specially 
designed for the purpose and will be treated more fully. 

The more elaborate and refined methods have been 
used to advantage in connection with development 
work on d-c. and carrier telegraph systems including 
balancing artificial lines and arrangements for minimiz- 
ing distortion. They have likewise been employed in 
designing compositing arrangements by means of which 
telegraph circuits are derived from wires used simul- 
taneously for telephony. In the case of the d-e. 
metallic telegraph system,’ it is believed that it would 
not have been practicable to evolve a satisfactory 
design without the use of these or equivalent methods. 


The determination of the distortion of telegraph 
signals as defined above consists essentially in the 
measurement of comparatively small intervals of time, 
4. e., very small fractions of a second. For compara- 
tively low-speed operation, that is, at manual speeds 
and somewhat higher, a reasonable limit of sensitivity 
of apparatus for measuring differences in time intervals 
is of the order of about one thirty-thousandth second 
for refined laboratory tests. For general field work, 
a sensitivity of the measuring apparatus of about one 
thousandth second is usually sufficient. These sensi- 
tivities are found to be well within the unpredictable 
variations in circuit performance from time to time. 


Measurements of distortion by means of the methods 
described herein have given results which furnish a good 
criterion of the quality of telegraph circuits, data thus 
obtained being, in general, reasonably consistent with 
observations by highly trained telegraphers in the case 
ofjmanual circuits, and with printer performance in the 
case of printer circuits. It will be appreciated that 
these data, being practically independent of judgment 
on the part of the observer, are considerably more 
accurate and dependable than those obtained by older 
methods in the case of manual circuits. As regards 
printer circuits, some inconsistency is to be expected, 
for reasons which were brought out in the discussion 
of distortion. However, experience to date indicates 
that relations between the results of measurement of 
distortion and printer performance are fairly consistent 
and the new methods should be of considerable value 
for use in connection with printer circuits. 

1. Listening Tests. On manually-operated circuits, 
the quality of transmission may be observed by means of 


5. See Note3. 
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listening tests. In making such tests, a good sender 
should send signals at the distant end of the circuit 
while a competent operator at the receiving end listens 
to a sounder. The receiving operator then forms 
judgment as to whether the signals are biased or un- 
steady and whether transmission is satisfactory or not. 
Unsteadiness, of course, indicates the presence of con- 
siderable characteristic or fortuitous distortion or both. 
It is very convenient to make these observations since 
no special apparatus is required. In many cases it can 
be done without interfering with the normal operation 
of the circuit. 

Experience has indicated, however, that there is 
considerable uncertainty in connection with such ob- 
servations since they depend upon personal judgment. 
Skilled operators with considerable experience in pass- 
ing judgment on telegraph signals often disagree and a 
particular operator does not form consistent opinions 
from time to time. It is, of course, impossible to detect 
small distortions or differences, as is required in con- 
nection with development work. In lining up circuits 
for service by means of listening tests, improper ad- 
justments may be made in order to overcome faults of 
the sender or to suit the tastes of individual receiving 
operators. 

2. Meter Observations. Ammeters and voltmeters 
which are not sufficiently fast to follow all the individual 
signal impulses faithfully are used to a considerable 
extent for detecting bias and unsteadiness of circuits 
when a steady stream of dots and short spaces, or 
reversals, is sent over a circuit. A measure of the bias 
is obtained by taking the difference between the meter 
reading for biased signals and the reading for unbiased 
signals. The presence of fortuitous distortion is indica- 
ted if the meter needle vibrates unsteadily or if sudden 
deflections occur occasionally. This method is partic- 
ularly useful in maintaining multi-section circuits, 
especially those operated at high speeds. It is usually 
necessary to use the meters in local circuits rather than 
directly in the line and to take certain precautions to 
avoid misleading results. 

8. Tape-Recorder and Similar Methods. A tape 
recorder, such as that used in the Wheatstone system of 
telegraphy, giving a graphic record of telegraph signals 
has been of considerable use in telegraph transmission 
investigations made by Bell System engineers but it 
has been almost entirely superseded by improved 
testing apparatus. Tape records properly taken and 
analyzed furnish complete information on the signal 
distortion (as defined above) and displacement of marks 
and spaces. The process is complicated and very 
laborious, however, the results not being available for 
a considerable time, and the accuracy with available 
apparatus is not great. However, a quick but rough 
idea of the quality of transmission may be obtained 
by merely inspecting the tape records. 

In using the recorder, it is preferable to impress a 
perfect, regularly recurring test signal at the distant end 
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and take two tapes, one with normal signals and the 
other with ‘‘inverted”’ signals, that is, with marking and 
‘spacing interchanged. A number of signals may then 
be measured and the components of distortion may then 
be computed. 

-= Tape recorders have been used in connection with 
making transmission observations on working telegraph 
circuits also. Two recorders are employed, one at the 
sending end of the circuit under test and the other at 
the receiving end. The effect of transmission over the 
circuit can be ascertained by comparing received marks 
and spaces with the corresponding sent marks and 
spaces. 

It has been found practicable with some refinement 
of standard apparatus to obtain an accuracy of about 
+ 3 per cent at a speed of 15 dots per second with 
recorders, corresponding to + 0.001 second. 

A recording voltmeter has been employed to ad- 
vantage in determining the stability of transmission 
over telegraph circuits. In doing this, a continuous 
record is made of received signals while reversals are 
sent over the circuit. The record will show not only 
interruptions of material extent but gradual changes in 
bias. 

Other instruments, such as Morse recorders, oscillo- 
graphs, and “undulators,” have also been employed 
for making records to show the quality of signals. 

4. Tests With Printers. The start-stop and multi- 
plex printing telegraph apparatus,’ which is in general 
use in this country, is adaptable to simple manipula- 
tion which gives a very good indication of the quality 
_ of transmission for printer operation. A test which is 
commonly made is a determination of margin of orien- 
tation. Another test which is used in some cases is 
called a determination of bias margin. 

In order to explain these tests, certain basic principles 
involved in the operation of these systems will be briefly 
outlined using a typical system for illustration. In 
the typical system, each printer operation requires five 
units of line time, five impulses being sent, one after 
the other, from segments on the sending ‘‘distributor”’ 
and received in the same sequence on corresponding 
_segments of a distributor at the receiving end. The 
brushes of the sending and receiving distributors, of 
course, rotate in approximate synchronism. The 
receiving segments are shortened so that only the middle 
portion of each incoming signal unit is used for operating 
the selecting arrangements and, therefore, distortion 
must exceed a certain amount before there is any 
effect whatever upon the accuracy of the received mes- 
sage. A phase or “orientation” adjustment is provided 
so that each segment may be traversed by the rotating 
brush so as to receive a signal from the line at the 
proper time. This permits the obtaining of orientation 
margin by rotating the ring of receiving segments a 
short distance, first one way and then the other, until 
errors appear in the printed copy. 


6. See Note 4. 
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In order to obtain a measure of the quality of trans- 
mission of the line circuit, the orientation margin is 
first determined locally and then a similar determination 
is made with signals transmitted from a distant station. 
As the printer may be assumed to be operating on 
substantially perfect signals on the local test, the 
difference between the margins found in the two tests 
is a measure of the distortion of the line circuit. 

In making a test of bias margin, the printing appara- 
tus is first tested locally; then with the most favorable 
orientation setting, the signals are biased in one direc- 
tion and then in the other until errors are noted in the. 
printed record. Similar tests are then made with the 
distant station sending over the line circuit. Bias 
may be impressed at the receiving end, in which case 
the difference between the range which can be impressed 
without causing failure and the local bias range is a 
measure of the excellence of the signals as normally 
received over the circuit. When bias is impressed at 
the sending end of the circuit, the corresponding differ- 
ence is a measure of the amount of distortion with which 
signals could be repeated into the line without causing 
failure; this test is, therefore, of most value in checking 
up parts of long circuits. 

For printer circuits, this method has the advantage 
that measurements are made with apparatus identical 
with that used in operation and the results are readily 
interpretable in terms of performance. Good data 
on total distortion for use in connection with printer 
operation may be obtained with miscellaneous signals. 
By noting how failure occurs for various signal combina- 
tions in the neighborhood of the limits of the range, 
some information may also be obtained as to the com- 
ponents of the distortion. : 

5. Bridge Methods of Measuring Susman Distortion. 
In this subdivision there will be described arrangements 
which have been employed advantageously for a number 
of years in making accurate measurements in connection 
with development work. These devices are in the form 
of bridge arrangements in which galvanometers give 
direct indication of the amount of systematic distortion. 
Simple computations from readings made before and 
after reversing certain connections give data on bias 
These devices do not 
measure the total distortion and are therefore not well 
suited to use in connection with transmission 
maintenance. 

As these arrangements are more accurate than any 
others which have been available, they have been very 
useful in showing the effect of small changes in circuit 
elements. With these devices, it is possible to make 
design tests on single section circuits, whereas, with 
less refined methods, it would be necessary to use a 
number of sections to obtain values of the distortion 
which could be measured. 

One of these arrangements requires synchronism 
between the sending and receiving ends and is, accord- 
ingly, generally used in_looped tests; that is, where 
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both sending and receiving apparatus is located at one 
point. Another arrangement, which is considerably 
simpler, does not require synchronism and can be used 
for either looped or straightaway tests. 

A. Synchronous bridge arrangement. The syn- 
chronous arrangement for measuring systematic dis- 
tortion employs a differential method in which signals 
received over the line are compared with substantially 
perfect signals in a circuit of the Wheatstone bridge 
type. l 

The basic principles of this device may be understood 
from Fig. 2. As indicated, relay 1 is operated by the 
incoming or distorted signal and relay 2 is operated by a 
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Fig. 2—SyncHronovus DistortTion-BripGE ARRANGEMENT 


perfect signal which is sent locally. If the armatures of 
these two relays move exactly together, there will be no 
deflection of the galvanometer inasmuch as the four 
outer resistances all have the same value and the four 
inner resistances are also equal to each other. It will 
also be seen that if both relays repeat perfect signals, but 
with a phase difference, the average current through the 
galvanometer will be zero. (There is no net effect of 
armature travel time if it is the same for both relays.) 
If a particular mark repeated by relay 1 is distorted 
systematically, there will, however, be a preponderance 
of current in one direction or the other through the 
galvanometer every time this mark occurs. Now, 
if a switching device be provided to close the gal- 
vanometer circuit only shortly before the beginning of 
this mark and open it shortly after its end, a slow- 
moving galvanometer will indicate directly the sign 
and magnitude of the distortion, provided the bridge 
is properly proportioned. Measurement of normal 
and inverted signals and simple computation will, 
therefore, afford data on bias and characteristic dis- 
tortion of this part of the signal and similar procedure 
will give corresponding data for the other parts. 

This device has been used for very accurate mea- 
surements of the effect of duplex unbalance and some 
other kinds of interference by sending the interfering 
current from a distributor running at a speed slightly 
different from twice that employed with the bridge and 
noting the maximum deflection of the galvanometer as 
it swings slowly back and forth. The bridge is 
readily adaptable also to the measurement of relative 


NYQUIST, SHANCK, AND CORY 


Transactions A. I. E. E. 


displacement of signal parts or lag, as well asdistortion, 
which may be desired, for instance, in connection with 
printer operation. 


Several bridges of this type have been built which 
are capable of indicating differences in distortion of 
about one thirty-thousandth second. A multiplex 
printing telegraph distributor has been adapted to the 
sending of signals and performing the selecting 
operations. 

For a detailed description of these arrangements, it is 
suggested that reference be made to U. S. Patents 
Nos. 1,435,328 and 1,548,059. 


B. “E” signal bridge. This arrangement has 
the advantage of comparative simplicity and portability 
and also of being usable for straightaway measurements 
of systematic distortion. It consists of a simple 
Wheatstone bridge circuit so arranged that the average 
current through the meter is proportional to the 
distortion when an “E” signal having a certain ratio of 
marking to spacing is used. The accuracy is sub- 
stantially the same as that of the synchronous bridge 
arrangement. 

In applying this method, an “E” signal with, for 
example, a space four times as long as the mark is sent 
repeatedly at the distant station and the bridge 
arrangement shown in Fig. 3 connected to the receiving 
end so that the bridge relay repeats the incoming 
signals. When the tongue of this relay is on the 
marking contact M, the galvanometer current is in one 
direction and of strength 4; when the tongue is on the 
spacing contact, it is in the opposite direction and of 
strength 1; the average is, therefore, zero. A resistance 
is connected from the tongue of this relay to the nght 


corner of the bridge so as to avoid any effect of time 


To Telegraph Circuit 
Fig. 3—E-SIıGNAL DIsTORTION-MEASURING BRIDGE 
required for the tongue to travel from one contact to 
the other. The average current through the meter 
will be such as to cause it to indicate directly the 
magnitude and direction of distortion of the unit 
part of the “E” signal when proper voltage is used. 

It is of interest to note that results obtained with the 
“E” signal have been nearly as satisfactory as those 
obtained with more complex signals such as the 
Morse C. 

6. Speed-of-Failure Measurement. The speed at 
which total failure (100 per cent. distortion) occurs is 
of interest in connection with telegraph transmission 
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work. The speed of failure must, in general, be 
-materially higher than the operating speed to provide a 
margin for variations and in order that the circuit may 
handle signals which are considerably distorted before 
being impressed upon the circuit. 

The “speed-of-failure meter,” the essential features 
of which are shown in Fig. 4, is a convenient arrange- 
ment for obtaining a measurement of the breakdown 
speed of circuits with a regularly-recurring signal such 
as the Morse letter C. It may also be used for 
determining the speed of a regularly recurring signal. 
As will be seen from the figure, the condenser C is 
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charged by the battery Æ while the relay armature is on 
marking contact and is discharged through the gal- 
vanometer M when the armature is on spacing contact. 
The time constants of the circuit with the armature on 
either contact must be small in comparison with the 
duration of greatly distorted dots and spaces sent at 
the speed of failure. Then, if a recurring signal is 
operating the relay at a certain comparatively low 
speed, the number of impulses passing through the 
meter is directly proportional to the speed and there- 
fore a slow-moving meter may be made to indicate 
speed directly. 

In measuring the speed of failure, the speed is 
gradually increased from a low value while the indica- 
tion of the meter is noted carefully. When the speed 
reaches the breakdown point, the deflection of the 
meter, which had been increasing gradually, is suddenly 
reduced. Although the deflection will then increase 
further for a time as the speed is increased (until another 
part of the signal fails), there is no difficulty in noting 
the breakdown speed with fair accuracy. 

7%. New Method for Convenient Measurement of 
Total Distortion. This method, which has recently been 
devised, allows the quick, convenient and accurate 
measurement of the total distortion of regularly-recur- 
ring signals, including both fortuitous and systematic 
effects. To accomplish this the problem was 
approached in a different way from that followed 
previously, the plan being to provide arrangements 
which would give a response only when the total dis- 
tortion of signal parts under observation exceeded a 
particular amount determined by the observer. As 
has been brought out, since the distribution of distor- 
tions of different value is generally in reasonable 
agreement with the normal curve of probability 
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theory, a few measurements by this method serve to 
give fairly complete information regarding transmission 
performance of a circuit. | 
Two types of transmission measuring sets have been 
designed for use in the new method, one of these being a 
simple arrangement intended primarily for field work 
and the other a more elaborate device suitable for 
laboratory tests. These sets are arranged so that a 
condenser is charged during each. mark (or space) and a 
vacuum tube arrangement provided to give an indica- 
tion whenever the condenser charge exceeds a pre- 
determined amount. In this way, the amount of dis- 
tortion which is exceeded with a certain frequency, or 
the frequency with which distortion exceeds any 
particular value, may be determined. In addition, 
the sets are arranged for the measurement of bias 
separately. Synchronism between sending and re- 
ceiving apparatus is not required so that straightaway 
as well as looped tests may be made. Since the prin- 
ciples of operation of the two arrangements are nearly 
alike, the operation of the simpler type of set only will 
be taken up in detail. 
A. Measurement with field-type set. The principles 
of this set for measuring total distortion of marks and 
spaces will be described in connection with Figs. 5 and 
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Fig. 5—CIRCUIT FOR MEASUREMENT OF MARKS 

6, respectively. Fig. 5 shows a charging and dis- 
charging arrangement which produces a voltage across 
the condenser K, the value of which depends upon 
the duration of the mark. 

Suppose that the relay is operated by an undistorted 
normal “C” signal, such as is illustrated in the figure. 
During each mark the condenser K will be charged, as 
indicated at the bottom of the figure, to a value which 
depends on the voltage of the battery E and the value 
of resistance R. It will be practically discharged 
through the low resistance R’ during each space. By 
suitably proportioning K and R, the voltage across the 
condenser K can be made to assume, during the time 
of a mark, any value less than the voltage of the 
battery. | 

Now, if one of the marks is distorted, the condenser 
voltage will be greater or_less than that for an undis- 
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torted mark, depending upon whether the mark is 
lengthened or shortened. If, for instance, all of the 
marks are lengthened, the voltage at the conclusion of 
each mark will be greater than that for undistorted 
marks. 

The voltage which the condenser attains during a 
distorted mark may be adjusted to the value for undis- 
torted marks by changing the value of resistance R, 
the amount of change being a measure of the amount 
of distortion. 

As is well known, in a circuit of this type, the voltage 
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ARRANGED FOR MEASUREMENT OF SPACES 
of a condenser of capacity K, after being charged for 


t 
time ¢ through a resistance R, equals (4 ee ) 
times the battery voltage, e being the base of Naperian 
logarithms. If there is a certain percentage increase 
(or decrease) in time t, the condenser voltage may be 
brought back to the original value by a corresponding 
Increase (or decrease) in R. Therefore, the change in 
resistance, expressed as a percentage of the original 
resistance, is the percentage distortion. 

Fig. 6 shows the arrangement of the circuit for the 
measurement of spaces and includes the essential features 
of the indicating device. It is seen that condenser K 
has been connected to the marking contact and the 
resistance R’ to the relay armature, so that the con- 
denser will be discharged during the marking interval 
and allowed to charge during the spacing interval. 
The duration of the space thus determines the amount 
of charge during the spacing interval. The resistance 
R may be used to control the rate of charge of the 
condenser and :the percentage distortion of spaces 
determined in the same way as described above in the 
case of marks. 


By reference to the part of Fig. 6 which shows the 
indicating device, it is seen that the input or grid 
circuit of the tube is connected across condenser K 
with a grid-bias battery C in series. The grid-bias 
voltage is of such value that the plate current is zero 
until the voltage of condenser K reaches that for an 
undistorted dot at which time the plate current sud- 
denly increases. This is due to the feed-back effect 
which is obtained by coupling the input and output 
circuits of the tube together by means of a transformer. 
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Therefore, the circuit commences to oscillate at an 
audible frequency whenever the potential of the grid 
reaches a certain value. This oscillation is allowed to 
persist for only a short time with the result that a click 
is heard in a telephone receiver connected in the output 
circuit whenever the voltage of the condenser exceeds 
that for undistorted marks. 

The arrangements described above are suitable for 
the measurement of total distortion of marks and 
spaces of almost any recurring signal combination. In 
case the signal contains only unit signal parts, as for 
instance, when measuring the marks of a “C” signal, 
the distortion indicating dial is set at a position where 
occasional clicks are present, say several per minute, 
this value of distortion being taken as the representative 
maximum lengthening. Now, as the dial is moved 
towards the negative part of the scale, the clicks will 
become more and more frequent until a position is 
reached where clicks are missing only occasionally, 
this being taken as the representative maximum short- 
ening. When measuring spaces of the “C” signal, 
undesirable noises are present in the receiver due to the 
presence of the two long spaces. In some cases this 
causes difficulty in measuring at high speeds but is not 
particularly bothersome at manual speeds. If desired 
these long parts may be measured by adding a lumped 
resistance in series with the rheostat so that the voltage 
across the condenser for undistorted parts of the new 
length is restored to the original reference value. 

This set is also arranged to measure directly per- 
centage bias when reversals are used as the test signal, 
the circuit arrangement for this purpose being shown by 
Fig. 7. A bridge circuit, containing a meter, is connected 
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to the receiving relay. Equal and opposite currents flow 
through the meter when the relay armature is on the 
spacing contact S and marking contact M, respectively, 
provided that resistance R is one-half of resistance R’ 
and resistances r are small. If the relay is adjusted to 
repeat unbiased reversals, the average current through 
the meter will ke zero and the meter needle will vibrate 
through a small amplitude about the zero mark. With 
biased reversals, the average current through the meter 
is no longer zero, but it can be brought back to zero 
by adjusting resistance R. The meter will always in- 
dicate zero when resistance R has been adjusted to 
correspond to the_amount of bias, the percentage 
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change in R being equal to the percentage bias in terms 
of an undistorted dot length. 

It will be recalled that this relation also holds for 
resistance R when measuring total distortion so that 
only one calibrated rheostat is necessary. This rheo- 
stat is designed to cover the range from plus 100 to 
minus 100 per cent., with resistances corresponding to 
5 per cent distortion for each step. This is sufficiently 
close for most field work. Intermediate values may be 
roughly estimated, however. 

Before making a series of measurements, the set is 
calibrated with substantially perfect reversals. In 
doing this, the relay is adjusted to repeat the signals 
unbiased and the vacuum-tube circuit is adjusted so 
that clicks are just produced in the receiver for about 
half of the dots. The latter is called the zero adjust- 
ment and is accomplished by a slight variation in the 
grid-biasing potential. 

In making a measurement over a circuit the bias is 
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first measured, then the marks and spaces of both 
normal and inverted Morse “C” signals are usually 


observed to determine the representative maximum . 


to taldistortion. If desired, a rough idea of the value 
of the characteristic component may be obtained by 
measuring the total distortion on both “C” signals 
and reversals and taking the difference, since in the 
latter case there is practically no characteristic dis- 
tortion present. 

Fig. 8 is from a photograph of one of the field -type 
measuring sets. As may be seen both a neutral relay 
and a polar relay are provided so that either may be 
used as the receiving relay. The distortion-indicating 
dial, meter, zero-adjusting dial, switching keys, and jacks 
are mounted on a panel which may be locked. Under- 
neath the panel are mounted the necessary batteries, 
resistances, condensers, transformers, and vacuum 
tube. A Western Electric 215-A tube which requires 
only small currents is employed. Accordingly, it is 
possible to employ a dry cell to energize the filament, 
and small B batteries. Theset is entirely self-contained 
with the exception of a source of biasing current for the 
polar relay when receiving with it in an open-and-close 


local circuit. 
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B. Laboratory type of measuring set. The essential 
features of the laboratory type of measuring set are 
illustrated by Fig. 9. The condenser C, corresponds 
to condenser K of the field-type set and the variable 
resistance R, in its charging circuit corresponds to the 
distortion dial. Although R, might be used for the 
distortion dial in this case, it has been found more 
desirable to use a potentiometer P for this purpose. 
This potentiometer is connected into the charging cir- 
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Schematic Circuit Diagram. 
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cuit of condenser C, and permits of varying the applied 
voltage, and consequently, the value of charge taken 
by this condenser. For a given battery voltage the 
amount of the charge stored on condenser C depends 
upon the length of the mark (or space), but that stored 
on C, depends, for practical purposes, only upon the 
setting of potentiometer P. At the end of the mark, 
the two charges are first combined so that they tend to 
neutralize each other and the residue discharged through 
the meter M and resistance R;. These operations are 
performed in the proper sequence by the relays D, 
to D;, inclusive. The potentiometer calibration holds 


. true for any particular speed of signaling, provided the 


resistance R, is adjusted to the proper value for that 


speed. 
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To measure average distortion of a recurring test 
signal the potentiometer is adjusted until the meter M 
indicates zero, under which condition the charges of 
the two condensers are on the average equal and 
neutralize each other. By taking readings with 
normal and inverted signals, the bias and characteristic 
distortion may be calculated as explained previously. 
If an “E” signal is used, good results will be obtained 
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in this manner. However, with other signals the re- 
sults being average values may be misleading, as posi- 
tive distortion of one impulse tends to offset negative 
distortion of others. If reversals are used for the signal, 
it may be assumed that there is no characteristic 
distortion and the measurement will give the bias. 

To measure total distortion, the detector shown 
connected across FR; is used instead of the meter, this 
detector being responsive only to positive discharges 
through R;. Whenever such a charge is impressed 
across F, the detector oscillates momentarily causing 
operation of the sounder, or register associated with it. 

Measurement of total distortion is carried out in 
much the same manner as in the case of the field-type 
set. For measurements of maximum lengthening, 
the charging battery is so connected that condenser C, 
is given a positive charge, while for measurements of 
maximum shortening, the battery is reversed so that C, 
is given a negative charge. By means of the register, 
data may conveniently be obtained for plotting dis- 
tribution curves of distortion. 

The complete set as shown in Fig. 10 contains numer- 
ous switching arrangements to adapt the set to various 
conditions of measurement. It also includes a speed-of- 
failure meter. Incidentally the set is provided with an 
arrangement which can be used to suppress dashes and 
long spaces so that measurement may be made of 
miscellaneous printer signals. 

The distortion dial is graduated in 2 per cent steps 
and intermediate values may be estimated. In the 
measurement of bias and characteristic distortion, the 
set may be readily adapted to the detection of much 
smaller differences. 


CONCLUSION 


A number of methods have been described for mea- 
suring the transmission quality of telegraph circuits. 
Which method to use in a particular case depends on the 
circumstances. For the purposes of transmission main- 
tenance, the need has existed for a convenient method 
of fair accuracy for measuring the total distortion. 
In this connection it is believed that the method and 
means described under 7-A above offers considerable 
promise. Considerable use has been made of this type 
of apparatus by the development and engineering staffs 
of the Bell System and experience indicates that it will 
probably be of considerable value for the following 
purposes, particularly in connection with manual 
systems: (1) Obtaining quantitative data with a view 
of determining whether or not telegraph circuits are 
satisfactory for service, (2) Making routine checks 
of telegraph transmission, (8) Lining up circuits for 
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service, and (4) Locating and diagnosing troubles. 
In the case of printer circuits it should be of most use 
in connection with item 4. 


Discussion 


J. H. Bell: Th old method of evaluating the quality of 
telegraph signals was by running a tape at a particular speed 
and measuring each dot and each space and comparing with the 
length of a perfect dot. That required a good deal of time to 
carry out. The experimenter in the laboratory, after making 
each change in his circuit, had to measure his tape before he could 
proceed any further. 

With these newer tools we can change a coil or a relay and at 
the same time listen to the effect upon the circuit, so that the 
tools make for much quicker development work than hitherto. 

The telegraph circuits in this country have a great many 
repeaters, and, as you will find in the paper, the maximum allow- 
able distortion between terminals is 35 per cent. That does not 
mean that 35 per cent is an allowable distortion in one section. 
The distortion is cumulative from section to section, so that the 
permissible distortion in one section must be kept down to say, 
4 or 5 percent. 

The old method did not permit of measuring 5 per cent dis- 
tortion with any degree of accuracy, as pointed out in the paper; 
about plus or minus 3 per cent was the best that could be done. 
That was due to the variations in the speed of the tape running 
through the Wheatstone receiver. 

In the older days when the Wheatstone was the system for 
carrying heavy traffic, it was perfectly satisfactory if one got 
all the dots, and was able to distinguish between the dots and the 
dashes: the human factor could then come in and make up the 
discrepancy and translate the tape without any difficulties. 


However, today with the growth of machine telegraphs, it is 
necessary that the amount of distortion be kept down to a definite 
limit, and these new tools will certainly be a great aid in carrying 
out our experiments. Even in hand-operated systems, I question 
whether any operator can detect a few per cent distortion. 


H. W. Drake: A rather significant statement is made on the 
first page of this paper, which leads me to ask a question. The 
statement I refer to is that ‘‘in the case of some printer circuits, 
variation in lag degrades transmission. Consideration of lag is 
usually not of importance, however.”’ 

The question I wanted to ask is whether these admirable 
means which have been devised in the Bell System for mea- 
suring transmission include the possible measurement of this 
variation in lag. 

The reason for asking that question is the fact that Iam aware 
of a good deal of work that is being done by the commercial 
telegraph companies, and this matter of determining variation 
of lag has been one of the important factors in that work. I 
think that I would not be stretching the case to say that this 
paper is probably in the nature of a progress report and that the 
authors would be the last to have it taken as the final statement 
of what can and must be done in the measurement of telegraph 
transmission. 

H. Nyquist: We have successfully used both the synchro- 
nous distortion bridge arrangement shown in Fig. 2 and the 
Wheatstone recorder in the measurement of lag and its variation. 
The field type of measuring set is not readily adaptable to this 
kind of measurement. 


Telegraph Traffic Engineering 
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HE subject, telegraph traffic engineering, covers 
a field so wide that to compress it within the limits 
of a single paper necessitates an arbitrary limita- 
tion of the points to be discussed. For this reason there 
is here presented an outline of only the following four 
points: 
1. Wire layout. 
2. Traffic routing. 
3. Office layout. 
4. Operator assignment. 


WIRE LAYOUT 


As the economic conduct of any business activity is 
dependent upon a system of adequate, accurate, and up- 
to-date records, so the economic use of a large telegraph 
wire plant requires a somewhat elaborate scheme for 
recording the kind and amount of use made of the 
various facilities as well as for directing changes to be 
made in such use. The Western Union Telegraph 
Company has over a million miles (1,600,000 km.) 
of wire used for the handling of commercial telegrams 
and for other telegraph company activities. This 
figure does not include the mileage of wire owned but 
used by the railroad companies under contracts nor 
does it include the conductor mileage in underground 
and aerial cables used in city-wide distribution. This 
mileage of wire can be divided as to usage, as follows: 


Number of 
Miles msgs, carried 

Wire used as of wire per month 

Automatic trunks.............> 266.000 20,100,000 

Morse trunkS..........0.cecee. 165,000 4,450,000 

Way wires... .... cc ccc cece eens 296,000 3,270,000 
Spare and protection........... 174,000 
Dispatcher and test............ 30,000 
Other uses........ccccccccveves 92,000 
1,023 ,000 


“Other uses” cover wires in the service of disseminat- 
ing quotations of stocks and commodities either by 
Morse or by ticker; wires leased to firms and especially 
to Press Associations for their use in Morse or automatic 
service, the so-called “private wires;’’ and wires given 
over to some small scattering uses, battery, clock, tele- 
phone tie lines, and the like. 


In reading the foregoing table one must guard against 
taking the figures in the right hand column as represent- 
ing the messages filed with the company by the public. 
The figures are quoted to indicate the relative density of 
load on the circuits of different sorts and a given message 
is counted again each time it is relayed from one 

1. Both of the Western Union Telegraph Company. 
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circuit toanother. That company’s report to the Inter- 
state Commerce Commission showed for 1925 a total 
of 146 million messages filed. It will be noted from 
the table how vastly more economical is the use of wire 
in automatic service. There a density of 76 monthly 
messages per mile of wire is achieved while in Morse 
trunk service 27 is the prevailing figure and on way 
wires only 11 can be counted on. Yet over 29 per cent 
of the whole wire plant is given over to way service, 
chiefly as the result of adherence to the policy of pro- 
viding universal telegraph service. 

The traffic engineer should be responsible for’ the 
amount and general location of wire used and for the 
economic assignment of circuits to these wires. The 
material, method of erecting, and the detailed location 
of pole lines and wires are properly the consideration 
of other departments but these, broadly, must be de- 
signed to provide what is required in the way of operat- 
ing cifcuits. To this end there must be established a 
section of the traffic department whose duty it is to — 
maintain a record of wires and of assignment of circuits 
to those wires, and long experience has shown that it is 
entirely impractical to maintain such a record unless 
the same section is given authority to designate the 
assignment of all wires and to insist that field forces 
recognize and conform to its orders. This section 
receives from divisional headquarters in the field sug- 
gestions as to improving operating arrangements and 
is itself continually busy with investigations looking 
toward improved layouts. 

Monthly reports of the volume of traffic handled on 
each circuit terminating in all important offices are 
received. These reports show the loads, preferably 
by half-hourly periods, throughout a typical day and 
segregate the business into full rate, day letter, and 
night letter traffic. With these data and a knowledge of 
the practicable operating speeds of various circuits the 
circuit layout engineer can determine how best to 
utilize the wires at his command and can Justify to 
that authority which appropriates the money, his 
requests for additional new wire construction. He 
daily issues orders in a well defined form, copies of which 
are sent to every field office which may be interested 
in the changes. The orders designate changes in cir- 
cuit assignment together with the date upon which 
they are to be made effective. These changes are 
thereupon indicated on the chart of wires which he 
maintains as his primary record. This chart, with a 
line for every wire, shows the route followed, all towns 
being indicated and notations made as to all switch- 
boards at which each wire is cut in either for operation 
or for test. The material and gage of the wire are 
shown and at each junction office the cross connections 
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are indicated. These latter are customarily in lead 
pencil in order that alterations may readily be made as 
orders for circuit layout changes are issued. The chart 
for the million miles of wire before mentioned is 65 
feet (19.8m.) wide and 24 feet (7.3m.) high and, of 
course, has to be maintained in sections. 

In determining upon advisable layouts many facts 
must be taken into consideration and these vary with 
the type of circuit involved. 

Taking up first the simplest of the circuits, the way 
wires, we can define as such all circuits that have inter- 
mediate offices or ‘‘drops’”’ between the terminal sta- 
tions. Almost invariably they are operated “single 
Morse,” that is by the opening and closing of a circuit 
in which unidirectional current may flow, though in 
rare cases where the circuit is very long duplex opera- 
tion with its greater reliability due to use of current of 
one polarity for “marking” and of the other polarity 
for “spacing” is used between the relay office and 
some repeater point at which a “half-set’”’ connects it 
to a single Morse wire on which are located all the operat- 
ing drops. | 

The volume of business which may be handled on a 

given way wire is to a considerable extent dependent 
upon the operating ability of the personnel at the va- 
rious offices and particularly upon the experience and 
the judgment of the operator customarily working this 
wire at the relay office. Then, too, in an effort to give 
universal service provision must be made for handling 
business from offices so small that it obviously cannot 
be in itself profitable. For these reasons the pro- 
vision of way wires is largely a matter of determining 
the most economical way to give service under particu- 
lar conditions rather than a determination of the 
economy of giving such service. Broadly speaking, it 
is found that with a number of small offices, say ten or 
twenty on a way wire, a load of about 150 messages per 
day is all that is consistent with a satisfactory speed 
of service. Naturally where distances are great, as 
particularly in the western part of the country, and the 
way wires of necessity are very long, a somewhat greater 
density is enforced before relief is given. An ordinary 
way wire operated “single Morse” with current supplied 
generally by motor generators at each end of the line, 
can comfortably be operated up to about 150 miles 
(240 km.). Many circuits exceed that length but it is 
the tendency to so locate relay offices that wires may be 
shortened to about this figure. The longest way wire 
in the Western Union plant today is from Denver, 
Colorado, to Farmington, New Mexico, 497 miles 
(800 km.), with an intermediate single line repeater 
at Alamosa. Arrangements are now under way for the 
installation of equipment at Alamosa to permit relaying 
at that office this and adjacent way wires, thence hand- 
ling the business to Denver on an automatic circuit. 

If iron wire is used, the possible limit of mileage 
in a circuit depends upon the amount of deterioration 
and as the older wires are customarily put into way 
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service it is not unusual to find cases where such 
circuits run up to 18 ohms per mile (11.2 ohms per km.), 
though new No. 8 gage iron would measure about 12.5 
ohms. Where the abnormal resistance of an iron wire 
is found to be largely in the joints, conditions may be 
improved by soldering, brazing or welding as suggested 
in the paper presented by Mr. Stanley Rhoads (TRANS, 
A. I. E. E., 1921, Vol. XL, p. 301). Naturally, the use 
of No. 9 gage copper, averaging about five ohms per 
mile (3.1 ohms per km.), improves conditions greatly 
but insulation plays its part and even with the best 
of wires it is found that satisfactory service cannot in 
general be maintained on a way circuit of over 300 
miles (480 km.) in length without repeaters. 

As the load on a way wire grows, relief may be pro- 
vided by constructing a new wire from the relay office 
toa point about midway of the load thus giving room for 
approximately 100 per cent growth. Quite often, how- 
ever, the major portion of the load of a congested way 
wire will be from an individual office in which case the 
new construction may be placed between that town 
and the relay office thus establishing a trunk, naturally 
much underloaded at first, but which, it may be hoped, 
will gradually grow in usefulness until the day comes 
when the load justifies duplexing it. Occasionally, 
as a territory develops, it becomes necessary to establish 
new relay offices in order to avoid an uneconomical 
arrangement of many long way wires. The form of an 
engineering study of the features involved in deter- 
mining upon the propriety of such a step might alone 
easily suffice as material for a paper the length of this. 

The next general class of wires comprises the Morse 
operated trunks. With the present development of the 
printing telegraph, the establishment of new Morse 
operated trunks is indeed rare except in the manner 
just above indicated where a way office becomes suffi- 
ciently important to have an exclusive wire. Since 
several printer channels but only one Morse circuit may 
be put on a wire and, too, since it is easier to secure and 
quicker to train automatic than Morse personnel, it 
is not surprising that the duplex Morse trunks are 
diminishing with the growth of the automatics. The 
present field for duplex Morse trunks is largely confined 
to those offices which are maintained in connection with 
grain, cotton, and other commodity exchanges. In 
these situations wheré the messages are short and where 
the operators are especially selected very substantial 
loads may be secured. But better loads could be 
carried by automatics, and we may confidently look 
forward to the time when, with an improved technique 
and with customers’ prejudices swept away, all impor- 
tant trunks, including those to exchange offices, will be 
operated automatic. 

Broadly speaking when a duplex Morse trunk load 
grows to over 300 messages each way per day, the limit 
for a satisfactory speed of service has been reached 
and it is time to consider measures for relief. Generally 
it will be found more economical to install automatic 
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equipment, with its attendant maintenance charges 
but greater capacity, than to construct new wire. 
Particularly is this so if the offices involved already 
have such maintenance in connection with other 
circuits. 

The single Morse trunk, the outgrowth of the way 
wire as previously described, occupies a wider field. 
Even here the evidence of trial installations suggests 
that a single channel printing mechanism of simple 
structure and substantial operation is, or shortly will be, 
available with economic advantages over Morse opera- 


tion so that we may reasonably look forward to the time | 


when manual Morse operation will have disappeared 
from all towns large enough to warrant a trunk circuit 
for an outlet and which enjoy 24 hour electric light 
service to provide the necessary operating power. 


_ A load of 300 messages per day, counting both direc- 

tions together, is about all a single Morse trunk may be 
expected to move with a satisfactory speed of service. 
Relief in general would be secured by duplexing the 
wire, requiring a more elaborate power plant to supply 
the two polarities needed by this method. 

In taking up the third and most important class of 
circuits, the “automatic” trunks, it may be well to 
point out that the word universally used in the industry 
is somewhat of a misnomer. Really what is meant by 
“automatic” circuit is a circuit operating printing 
telegraphs. As a perforator operator does the sending 
and a receiving operator arranges the blanks in the 
machine or gums down the tape as the case may be, 
checks the number of words and calls for the necessary 
corrections, the only human operation that has in fact 
been eliminated is the actual typing up on the receiving 
end. The productiveness of the labor under the two 
systems is, however, marked. An experienced auto- 
matic operator works at between 55 and 60 words per 
minute while the average output per Morse operator is 
between 12 and 15 words. 

The tendency toward automatic operation on trunk 
circuits is to be noted, the largest company handling 
about 80 per cent of its trunk line traffic by this means. 
In present usage the relation between practical line 
speeds and customary operator speeds sets a limit of 
three channels per circuit, these being duplexed so that 
six messages can be handled simultaneously, three 
eastbound and three westbound. However, four have 
been operated in many instances and the indications are 
that further improvements in the art will result in 
increasing to at least four and possibly to six channels 
in the majority of cases. It appears that the average 
automatic operator can be safely expected to perforate 
at the rate of 60 words per minute, a word averaging 
5 characters and a space. The five unit code used in 
automatic telegraphy uses 21% cycles per character 
so a channel speed of 60 words per minute corresponds 
exactly to a speed of 15 cycles per second. Therefore 
a three channel circuit has a line speed of 45 cycles. 
The present practise indicates that this speed may be 
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maintained on wires up to about 1000 miles and in- 
volving probably three repeaters. Longer circuits are 
operated two channel at line speeds of from 25 to 30 cycles, 
and such circuits can beand are operated over the greatest 
distances covered. Specifically, the longest automatic 
land line circuit regularly operated is one of the New 
York-San Francisco wires, which is 3779 miles (6100 
km.) along the route followed with 13 repeaters located 
at Washington, Parkersburg, W. Va., Cincinnati, 
St. Louis, Little Rock, Texarkana, Tex., Dallas, Sweet- 
water, Tex., El Paso, Tucson, Ariz., Yuma, Ariz., 
Los Angeles, and Fresno, Cal. 

In all of these longer automatic circuits at least one 
and perhaps two of the repeaters are of the rotary 
regenerative type. 

It is possible, by suitable installation of apparatus, 
to drop off one channel of an automatic at any repeater 
point, or to intercept one or more channels and work 
them both ways. Thus the Boston-Cincinnati circuit 
is equipped for three channel operation one channel 
working between those cities and two channels cut at 
Pittsburgh giving Pittsburgh two channels to Boston 
and two to Cincinnati. Extensive use is made of this 
ability in situations where the traffic is somewhat 
lighter than would justify the use of an exclusive wire. 
For instance, the business of Dayton for New York or of 
Newark for Chicago would not economically justify a 
direct wire though ample to support one-third of a wire. 
So a three channel circuit is set up between Dayton and 
New York, two channels being cut at Columbus, whose 
loads happen to fit the situation, giving one Dayton- 
New York channel, two Dayton-Columbus channels 
and two Columbus-New York channels. The Newark 
situation is taken care of by cutting through a channel 
of one of the Chicago-New York circuits to one on the 
New York-Newark wire, giving two outlets each way 
from New York and one through circuit Newark to 
Chicago. 

Perhaps enough has been said under this heading of 
“wire layout” to give some conception of the involved 
factors to be taken into consideration in administering 
the wire plant. With many existing wires on many 
routes, with varying circuit limitations as to lengths 
and loads, with alternative possible methods of operation, 
with different existing and potential relay offices to 
care for a given territory and with the possibility of 
combining channel loads on wires in different combina- 
tions, it is evident that it is a real problem of economic 
engineering to properly assign circuits. With a wire 
plant in commercial service carrying annual charges 
of perhaps thirty million dollars an improvement of 
but one per cent in average efficiency would, in an 
ever growing business, provide a sum of $300,000 per 
year, enough to pay for a considerable engineering 
staff to achieve that one per cent saving. 

TRAFFIC ROUTING 

When, as elsewhere described, direct trunks have 
peen established between all of the cities whose inter- 
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change of business either originating or relayed is suffi- 
cient to warrant such connection, it is evident that, in 
general, a number of possible routes will present them- 
selves over which might be handled the business 
between any two offices which are not directly con- 
nected. The economies which can be achieved by 
judiciously selecting these routes are found greatly to 
outweigh the cost of the office force at headquarters 
necessary to determine the facts and to suitably 
instruct the field. Several considerations affect the 
choice of these authorized routes; the most important, 
likewise the most obvious, is that the fewest possible 
number of relays must be involved. This for the double 
reason that each relay increases the labor costs and at 
the same time degrades the speed of service. 

Another, and quite important feature, is the relative 
percentage of full load carried by the various trunk 
groups involved. For example, a message filed at A 
and destined to Z may be handled with one relay 
through either M or N. Now, the trunks from A to M 
and from A to N may be equally loaded and both may 
have ample room for the proposed A-Z message. 
The operating force at A therefore, unless instructed, 
might choose either M or N as the outlet. 
the trunks from M to Z are already running to capacity 
while those from N to Z have a wide margin for increase 
then, obviously, the A-Z message should be routed 
through N. It has been found that due consideration 
of this factor may postpone for a considerable period. 
sometimes several years, the construction of additional 
wire to relieve congested trunk groups as, for instance, 
between M and Z in the quoted instance. 


A less controlling ground for selection may be the | 


method of operating, because the cost per message is 
cheaper on the automatic circuits than on the Morse 
circuits. Lastly, relaying through one office may be 
cheaper than relaying through another office because 
the cost per message handling in the first is lower than 
in the second. This difference may be due to the 
size of the office, to a more fortunate load factor due to 
more even fall of traffic throughout the hours of the 
day, or possibly even to closer operator assignment 
reflecting a superior grade of management. These 
differences, however, will be quite small and as a rule 
the other reasons for selecting a route will have de- 
termined the matter before this last mentioned point 
comes into consideration. It is probably a fact that in 
a perfectly ideal plant the relay point for business 
between A and Z should be located geographically 
half way between those offices. Practically, this 
thought is given little or no weight in determining 
routing instructions. It is, however, made a universal 
practise to route from Z to A through the same relay 
office as was used from A to Z. A theory was advanced 
and, in fact, some years ago a slight effort was made 


toward putting it into effect, that always provided the | 


number of relays was not increased, a message should 
be routed on its first sending to the office geographically 


If, however, . 


MASON AND WALBRAN: TELEGRAPH TRAFFIC ENGINEERING Transactions A. I. E. E. 


nearest its destination. The idea was that there was 
more probability of ample facilities and less probability 
of interruption on all of the available routes between 
points geographically near together than between 
points more widely separated. This plan, of course, 
insures that relayed traffic between A and Z would 
generally take a different route eastbound from that 
used westbound. Actually, this scheme is unsound in 
theory and impractical of application. Under it, 
it will be found impossible in all or even most cases to 
keep the eastbound and the westbound loads on a 
given trunk route equal which is obviously desirable 
from a wire economy standpoint, else the more heavily 
loaded side will require the construction of new wire 
for relief before this relief is needed in the opposite 
direction. Then, too, so much of the telegraph 
business is between regular and active customers that 
the peculiar form and phraseology of their messages 
becomes more or less familiar to the operating forces 
who are therefore in a position more accurately and 
readily to handle them. Evidently, then, to have the 
eastbound and westbound business between such 
firms relayed in the same office presents some slight 
advantage. 

Following the considerations set down above the 
engineer charged with the responsibility of authorizing 
routes from each point to every other point in the 
country can readily reach his conclusions on the basis 
of the records of direct trunks and of their loads which 
have already been described. Then there remains the 
matter of issuing instructions to the field. 

The earliest route guides consisted merely of a list 
of the telegraph offices, a separate list for each state, 
with a statement after each entry of the office which 
acted as relay for it. The inadequacy of such an ar- 
rangement is evident, for the card would show that 
Gorman, Md., was relayed by Pittsburgh while the 
office at Billings, Mont., would be wholly uninformed 
thereby as to whether to send the message to Helena, 
Denver, or Minneapolis, his only three outlets. Then, 
in the larger offices, the local forces made up route 
guides of their own, taking as a basis the “tariff book,” 
which is the telegraph directory, and lists all the tele- 
graph offices by states, entering the name of the relay 
point to which they should send messages for each of the 
listed destinations. This was faulty because decision 
as to route lay with the local people whose knowledge 
of the conditions was not complete and also it offered 
a very unsatisfactory arrangement for ease of 
consultation. 

The most modern method, which has some five years’ 
experience to justify it, consists of issuing from the home 
office in New York routing instructions for every office 
of sufficient size to warrant three or more trunk outlets. 
These instructions are in the form of lists printed on 
narrow slips much the size and shape of a newspaper 
column which can be slid into suitably designed metal 
leaves mounted on the wall or on racks in the operating 
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rooms. Several duplicate copies may be displayed 
if necessary. They are prepared specifically for the 
office in which they are used and they tell the local 
forces what they are to do with each message rather 
than what happens to the message at points beyond 
theirreach. That is to say, if the route clerk at Billings 
has a message addressed to Gorman, Md., on one of 
these instruction sheets headed ‘‘Maryland”’ he finds 
the entry “Gorman” and after it the direction, ‘‘Min- 
neapolis.” The Billings operator then sends the 
message to Minneapolis and has no further interest 
in how it is routed. 

In the Western Union system there are 87 offices at 
which such route guides are displayed. The tariff 
book lists 65,000 names of places in the United States. 
Not all names are listed in any one guide, for about 
' three-quarters are eliminated by the expedient of 
determining for each state which outlet covers the 


greatest number of places, then listing only the other. 


places with the direction that those not listed be routed 
to that outlet. For instance, most Maryland points 
are relayed at Philadelphia, Baltimore, or Washington, 
all of which cities are best reached from Billings through 
Denver but fifteen towns, including Gorman, are re- 
layed by Pittsburgh which has a direct trunk to Minne- 
apolis. Therefore Billings’ route guide for Maryland 
consists of a statement that all points go to Denver 
except the list of names that go to Minneapolis. 
though Maryland has 1400 listed offices, the Billings 
guide carries but fifteen of them. 

To prepare these instruction lists a somewhat 
elaborate organization is employed. Linotype slugs 
are made for each entry on a linotype machine in the 
executive offices at headquarters and these are held in 
galleys especially shaped, the galleys being filed in 
metal racks also designed for the purpose. Changes 
are continually being made and when any change is 
made either in trunk routes or by reason of new offices 
being added to the list, such changes are made up on 
slugs which are put in the galley in lieu of or in addition 
to those already there and as many copies are struck off 
as may be necessary. These are made on a proof 
press which is the most satisfactory way of taking a 
few copies from type slugs carried in galleys rather than 
in chases. These instruction slips are then mailed 
to the respective offices. A record is kept of them and 
it is required that the receiving office remove the slips 
which they are to replace and mail the old slips back 
to New York. This not only serves as a receipt for the 
new slips but is almost certain evidence that the local 
forces have not erroneously removed a perfectly good 
slip and put the new slip which really belongs elsewhere, 
into its place. 

A considerable office force is needed to effect this 
procedure. The benefits realized are those of more 
efficient use of wire plant, reduced number of relays, 
and improved speed of service due to elimination of 
misroutes. While it is difficult if not impossible to 
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prove the monetary saving, it seems beyond question an 


-advisable expenditure to those who have had an 


opportunity to compare the routing of business before 
the advent of this method with that of the present time. 
Since all the linotype slugs for all of the instructions for 
all of the offices are kept permanently on file in order 
that reprints may readily be made when changes in 
individual items occur, it is obvious that a considerable 
amount of type metal is involved. For the 87 offices 
mentioned, a total of about 1.3 million names are carried 
involving some 45 tons (41,000 kg.) of type metal. 

Some provision must, of course, be made for routing 
over unusual channels when confronted by unusual 
conditions. A telegraph company has always to con- 
tend with inoperative circuits due to wire troubles, 
sometimes more, sometimes less, but always in some 
part of the country to such a degree as to exceed the 
possibility of restoration by spare wires paralleling those 
interrupted. Then, too, extraordinary files of traffic 
occur which when scheduled for a trunk group of limited 
carrying capacity may well overload it. To take care 
of these two classes of emergencies, those of wire failure 
and those of extraordinary file, a department is main- 
tained centering in New York with branches in several 
of the important telegraph centers, known as the 
Dispatching Bureau. | 

‘The Dispatching Bureau is the only authority recog- 
nized as supervening over the-authorized routing in- 
structions. The Dispatching Bureaus are equipped 
with wires picking up all of the more important centers 
of the country and used solely for dispatcher circuits. 
A dispatcher is hourly advised of the traffic conditions 
of each of the important offices in his territory. He is 
advised both as to the number of messages on hand and 
the filing time of the oldest. He is also informed of 
all circuit failures which it has not been possible to 
make good with spare paralleling facilities. With this 
information at hand he is in a position to and he does 
instruct the offices as to temporary routings to reduce 
congestion which may have arisen. Having knowledge 
of the conditions on all groups he is able to avoid the 
earlier unfortunate practise of having the office A send 
on the N trunk business destined to Z and authorized to 
go to M, because his M trunk was overloaded or in 
trouble when at that particular time the N-Z trunk, 
unknown to him, was already badly congested or out 
of service. The dispatcher is also authorized to 
divert a wire from one assignment to another assign- 
ment even though it leaves the first assignment short. 
This is a function which cannot safely be left to the 
local forces because of their natural ambition to keep 
their own offices clear even at the expense of taking 
down a long through wire to make good a short local 
wire. The installation of the Dispatching Bureaus has 
proven of great benefit in expediting the movement 
of traffic under abnormal conditions and of increasing 
the useful distribution of wire when storm conditions 
prevail. 
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OFFICE LAYOUT 

If we are to separate the engineering of a telegraph 
company into various parts among which are traffic 
engineering and fundamental plan engineering, we find 
that the matter of determining operating room layouts 
falls within both of these classifications. Practically, 
it works out that in the larger offices being newly 
established and planned for continuing service through 
a relatively long period of years, that part of the en- 
engineering force which has to do with the estimates 
of future growth and fundamental plans undertakes 
a major part of the office planning. Even in this case, 
however, the details of the initial equipment are 
arranged by, or at least are approved by, those speci- 
fically responsible for the traffic engineering. 

Prior to the general use of printing telegraphs we 
had the “quad room,” so-called, which really more 
often was merely one end of the operating room, in 
which were located the duplex repeating sets, the duplex 
terminal sets, the quadruplex sets, such repeaters as 
there might be, together with the main switchboard and 
the loop board. Now, with the high proportion of 
printing telegraph circuits, the so-called “automatics,” 
this older arrangement has been departed from in a 
measure. In a large modern office we have a terminal 
room, usually on a floor separate from the operating 
room, in which are located the main and loop switch- 
boards, the repeaters; both relay and rotary, and the 
Morse terminal equipment, whether single, duplex, or 
quadruplex. The terminal apparatus for the automatic 
circuits including the main line relay and the duplexing 
equipment in general] present practise, are carried to 
the operating room floor and respectively located on the 
distributor tables appurtenant to each automatic 
circuit. These distributor tables are set at the head 
of the line of alternate sending and receiving positions 
making up the two or three channels worked on that 
circuit and while other arrangements might be possible, 
the desirability of this layout is so great that the floor 
plan of the operating room is customarily forced to 
conform to this arrangement. The Morse operating 
positions, either single or duplex, and carrying only 
local circuits from the quad room, present an easier 
problem and may be placed around the room as con- 
ditions permit although, of course, for the best handling 
of physical messages within the office, proper grouping 
is desirable. 

In the normal operating room we would expect to 
find the following sections: 

. Automatic trunks 
. Morse trunks 
Way Wires 

. City lines 

Tube center 
Routing center 

The equipment for recording and delivering to cus- 
tomers over the public telephone and for operating the 
telephone circuits to branch offices which are so served, 
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is usually in a “phone room” separate from but near to 
the operating room and connected therewith by some 
type of message conveyor, either belts, tubes, Lamson 
carriers, or gravity chutes. 

As previously suggested the automatics will all be 
arranged in rows. At the head of the row is the dis- 
tributor table with the artificial line for duplexing, the 
main line relay, the phonic wheel motor and the tuning 
fork that drives it, coupled to the rotating brushes and 
the segmented face plate which constitutes the distribu- 
tor, and sundry miscellaneous apparatus. Then in 
line come the tables at which sit the four or six operators 
needed to man the two or three channels, all facing in 
the same direction. These are invariably arranged in 
alternating perforating and printing positions, in such 
order that the A channel perforator is to the right of 
the A channel printer. Two such rows are placed 
back to back with a “pickup” belt between. These 
belts, open on top and continuously moving, take the 
received messages as they are removed from the printer 
(or from the gumming desk if the position is equipped 
with the newer tape printer rather than the older page 
printer) and carry them to the ends of the rows where 
other mechanical conveyers take them to the routing 
center. An aisle is left between parallel rows as near 
to 5 feet 6 inches in width as the floor plan of the 
building permits. 

The Morse positions are also aligned in a similar 
manner though their arrangement is much more flexible 
as the only limitation as to adjacency is that for duplex 
operation the sending position be immediately to the 
left of the receiving position. Quite generally a pair 
of duplex positions are so equipped that they can be 
used to table two single Morse wires. These rows, 
like the automatics, are arranged back to back and have 
a pickup belt between them. 

In handling commercial business on way wires it is 
not the custom for way offices even on the same way 
wire to handle messages directly one to the other, 
partly because railroad operators generally have other 
duties and it is easier for one to unload his traffic on the 
main office which is always there rather than to try to 
raise the man at the other small office; partly too, 
because a main office relay copy is desired for check 
control to protect the company’s revenues. 

An experienced main office operator covering a way 
wire will become familiar with the train schedules, 
meal hours, and other facts regarding the offices and the 
operators with whom he works and he can turn this 
knowledge to good advantage with considerable con- 
servation of line time when he is trying to dispose of 
business to these points. Evidently it is not conducive 
to economy to spend many minutes calling on a wire 
to raise an office which is closed for lunch or where the 
operator is out arranging baggage to put aboard an 
approaching train. 

Improved operating efficiency at the main office on 
way wires is achieved through the use of “concentrator 
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units” a device which is nothing more nor less than a 
small switchboard in which the line terminates and on 
which a lamp lights if a prearranged code is sent on the 
wire by any of the outer offices. These outer offices 
may communicate with each other or with, in many 
cases, the head railroad office, without calling in the 
telegraph company’s main office operator. The con- 
centrator units are so situated that four operators, 
two on each side of the table, may at any time reach 
any of the eight lines terminated in the concentrator 
by plugging into the jack associated with the corre- 
sponding signal lamp, jacks and lamps being multipled 
on the two sides of the unit. Arrangements are also 
provided, either in the loop board or immediately ad- 
jacent to the concentrator unit, whereby any given 
line can be taken out and tabled individually during the 
busy hours of the day if the load during those hours 
warrants the entire attention of one operator. 

It is still the general practise to run “number sheets” 
on all circuits which is to say that between the main 
office and each office on the line a series of numbers is 
run and after the transmitting of each message one of 
these numbers is crossed off at both the main office and 
the distant office. These series of numbers appurte- 
nant to any one wire are in general kept upon a single 
number sheet. The message itself bears the same 
number. At the end of the day the numbers are com- 
pared between offices and the whole is intended to guard 
against lost messages. Were it not for these number 
sheets obvious economies could be secured by terminat- 
ing all of the way wires in one switchboard, multipled 
if necessary, and handling the traffic very much as calls 
are handled on a telephone switchboard, but the im- 
practicability of moving the number sheets around 
between the various operators involved, according to 
present practise, limits the concentration to units as 
before described. Upon these units a simple rack is 
used to hold the number sheets belonging to the wires 
terminating therein and the operator who for the 
moment is working with an office on a specific wire 
reaches for and puts before him the number sheet of 
that wire and makes the necessary notation thereon. 

Of course not all way wires are in concentrators and 
some are put in concentrators during slack hours but 
given individual positions during busy hours. The 
arrangement of these Morse positions in the room does 
not differ from that of the Morse trunks. 

The ‘‘city lines” are the short single Morse wires to 
branch offices throughout the city. They are worked 
on positions quite the same as the way wires. 

The growth of these various methods of reaching 
branch offices is interesting. Originally, of course, 
Morse was used entirely but beginning some fifteen 
years ago, the telephone was introduced. Its advan- 
tage lay partly in the fact that it is faster than Morse 


even when all proper names and questionable words are 


spelled out, “‘S for Sugar, M for Mary, I for Ida, T for 
Thomas, H for Henry, Smith,” etc., and the message 
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then repeated back. Even moreadvantage resulted from 
the greatly widened field from which branch office per- 
sonnel could be selected, an important consideration in 
view of the fact that quite generally besides transmit- 
ting messages, they have to meet the public, keep ac- 
counts, and generally represent the company. For all 
the substitutions of phone for Morse on city lines and 
automatics on the trunks it is nevertheless true that the 
number of available operators for manning the remain- 
ing Morse wires is decreasing chiefly because of the 
failure of the younger generation to learn the code and 
enter into this profession. 

In their turn the telephone city office lines are now 
giving way to the short line printer because of the 
somewhat greater accuracy and theconsiderably greater 


output which may be achieved by this means. 


Pneumatic tubes have been used for moving messages 
between main and branch offices for many years. 
Roughly, a speed of 1000 feet per minute may be 
expected and not more than a five minute run may be 
allowed without unwarrantably degrading the speed of 
service. From this it follows that in general, branch 
offices cannot be served by tube if more than a mile 
from the main office. The installation costs of tubes 
are quite high but their operating costs are extremely 
low as compared with any other method. For that 
reason great savings can be made by means of tubes 
in an office with a sufficient number of messages per 
day depending upon the distance and upon other 
conditions. After tubes have once been installed, 
then growths of several hundred per cent can be taken 
care of without any appreciable increase in cost. In 
general it is found economical to use tubes to offices 
where the loads are in excess of from two hundred to 
six hundred messages both ways per day. 

It is beyond the scope of the present paper to describe 
the methods used in moving messages from one part of 
the operating room to another as is necessary in con- 
nection with the relay and delivering functions. Suffice 
it to say that for this intra-office routing it is found, 
in general, best to pick up business of all sorts from the 
incoming wires and carry it automatically to a single 
“route center” located as near the center of the operat- 
ing room as conditions will allow. At the route center 
a slow moving belt carries the business before the 
requisite number of route clerks who dispatch it to the 
“drops” nearest the proper outgoing wires. Largely 
this is done by belt conveyers but sometimes the route 
clerks lodge the business in pigeon holes whence it is 
taken by ‘‘routing aides” by hand to the outgoing wire 
or perhaps it is dispatched by Lamson carrier or by 
tube. In any case “routing aides” move the messages 
from the “drops” to the outgoing operator positions. 
~ The pneumatic tubes are grouped at a “tube center” 
generally immediately adjacent to the route center. 
Where the number of tubes warrants, instead of having 
the clerk who inserts the carriers into the tubes load the 
messages into the carriers, the carriers are all loaded at 
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one location and distributed to the tube heads by a 
conveyer belt. The carriers being variously colored, 
the tube attendants readily insert them into the proper 
tubes. On very busy tubes an automatic device is 
employed which insures that successive carriers are not 
despatched in less than the permissible time interval 
and yet conserves tube capacity by assuring that when 
business is on hand it is sent just as promptly as is 
consistent with proper carrier speed in the tubes. 
According to the fall of traffic one or several messages 
may be enclosed in a single carrier. The tubes are 
214 inches in diameter, the carriers of course less, and 
good practise indicates that not more than a dozen 
messages should be inserted in a single carrier. 

The matter of delivering telegrams direct to the 
patron and receiving them direct from him over a public 
telephone system presents many angles. The success 
of a widespread application of this method depends of 
course upon the attitude the public takes toward it. 
This attitude in turn may be affected both by the 
physical conditions and by the development work 
carried on by the telegraph company’s publicity forces. 
For instance, in a manufacturing town where the 
telegraphing is largely conducted by the offices of the 
mills and the mills themselves are naturally scattered at 
some distance from the center of the town, the telephone 
pickup and delivery is looked upon with considerable 
favor. In other districts where branch offices are 
located within a few steps of all of the biggest users, 
considerable resistance is felt toward an effort to make 
telephone deliveries. There is no question that tele- 
phone delivery direct to the customer is more expedi- 
tious than branch office and messenger boy handling 
and since speed is practically the sole incentive for 
using the telegraph, the telephone seems to be the 
logical method of effecting delivery and the public 
prejudice against it can, in large measure, be attributed 
simply to habit, and can be overcome to some extent by 
proper publicity work. As extremes of these conditions 
might be pointed out, on the one hand, the city of New 
Haven, Connecticut, where 55 per cent of all telegraph 
deliveries are made over the public telephone and on the 
other hand Manhattan Island where no effort is made to 
deliver by telephone any telegrams to addresses south 
of 59th Street. | 

OPERATOR ASSIGNMENT 

Operator assignment studies are predicated to such 
a considerable extent upon certain fundamental facts 
regarding telegraph traffic that an outline of these 
features seems to be essential to an understanding of 
this problem. 

After a message is filed at a branch office a certain 
amount of time is required to complete the primary 
record concerning this message before it can be sent to 
an operating position for transmission. Similarly, 


when a message is received at the main office on any ` 


circuit and this message is destined for retransmission 
by the main office to another office a certain amount of 


time is required to get this message through the dis- 
tributing center and deliver it at the proper sending 
position. This time interval is known as the “‘office 
drag” and is a variable depending upon the size and 
type of the office. 

When a message arrives at a given circuit for trans- 
mission to the distant terminal, other messages may be 
on hand awaiting transmission. All the traffic for 
this circuit is then sorted by classes in filing time order, 
the earliest full rate message being transmitted first. 

The message last received will therefore be subject to 
some delay before it is transmitted and a decision as to 
how long it may be so delayed before it is transmitted is 
in order. If we assume as permissible an average 
delay of not more than five minutes we may find that 
with the given load one operator can handle all the 
traffic within the time limit. On the other hand, 
if the average delay is fixed at one minute it may be 
necessary to use no less than four sendings to handle 
the same volume of traffic. l 

The latter figure will obviously result in a tremendous 
increase in the cost of handling this traffic and in deter- 
mining the time limits within which all traffic must be 
transmitted after it is received in an office, the com- 
pany’s policy must be based on the relation between 
the cost of the desired speed of service and its value to 
the patron, as reflected in the volume of traffic which 
may be expected as a result of this speed of service. 

Having decided upon the average and the maximum 
delay to be maintained we may now proceed to develop 
the load which we may reasonably expect an operator 
to handle. At this point we find that if an operator 
working on a single channel between two offices is given 
such an amount of traffic as will cause her to work 
more than 43 minutes out of an hour, the desired speed 
of service cannot be maintained and it becomes neces- 
sary to cover a second sending position. 

As the load increases the second operator absorbs 
more and more of the excess and we find that we can 
still maintain the speed of service up to the point where 
each of the two operators is busy for 52 minutes out of 
the hour. Assuming a channel capacity of 60 messages 
per hour’ we can expect to handle 43 messages per hour 
on a single channel to a given office but when two chan- 
nels are in use to this office up to 52 messages per hour 
can be transmitted on each channel without degrading 
the speed of service. 

This increase in available work time per operator 
continues as the number of operators in the group 
increases up to the point where 10 channels are in use, 
when approximately 100 per cent of the operators’ 
time is usefully employed and each channel is working 
at the full capacity of the apparatus. As automatic 
trunk groups are largely of two or three channels one 
cannot normally expect to get 100 per cent capacity 
from the equipment even during the busy hour. It 
is only in such large groups as the Chicago-New York 
circuits where fourteen duplex channels are provided 
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that the capacity of the equipment and the time of the 
operators is fully utilized. In times of stress, of course, 
by arbitrarily degrading the speed of service through 
increasing the time limits, the available operator 
work time is increased to such an extent as to clear up 
abnormal accumulations of traffic without increasing the 
operator staff. 

Further limits are placed on the amount of traffic 
which can be handled over a given channel or channels, 
by the safe operating speed at which the circuit can be 
worked. By safe operating speed is meant a speed 
which can be maintained day by day without intro- 
ducing too many errors or interruptions. 

Detailed analysis of the circuit load reports which 
record the volume of traffic filed for transmission on 
each circuit or circuit group during each half hour of 
the day, shows that not only are there wide fluctuations 
in the amount of traffic to be handled in any half hour 
period, but there are variations due to the day of the 
week as well as seasonal changes. Estimates of the 
traffic to be handled tomorrow or next week, and the 
operator requirements based on this traffic must of 
necessity recognize these variations. 

Analysis of the actual messages flowing regularly 
over a given circuit shows that the number of characters 
in the average message is practically a fixed quantity 
for each class of traffic handled on the circuit, but this 
average length is not the same for all circuits. 

Having decided upon the operating speed of the 
circuit in words per minute and knowing the average 
length of the message to be handled on it the theoretical 
capacity of the channel in messages per hour can easily 
be determined. From this theoretical capacity we 
must deduct allowances for 

a. Lost channel time. due to temporary wire and 
equipment failures. 

b. Operating or apparatus errors which necessitate 
the correction of messages which have already been 
transmitted. 

c. Errors which the operator is conscious of having 
made and corrects before the complete message is 
transmitted. 


When these deductions have been made it is possible - 


to state that under the given conditions a certain 
number of channels must be manned to handle the 
estimated volume of traffic. 

It will be noted that up to this point we have ap- 
parently assumed that the operators can work at any 
circuit speed. The fact is that while Morse and phone 
operators are in general limited only by their ability 
and not by the circuit characteristics, the automatic 
operator is limited by the speed at which the channel 
operates. Several thousand stop watch observations 
on perforator operators indicate that the present 
maximum operating speed of 65 words per minute on 
automatic circuits is not only well within the range of 
the average operator but that this rate can be sustained 
without undue fatigue. 
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In actual operating room practise, it has been found 
desirable to locate all the trunk circuits in one group, 
all city circuits in a second group with a third comprising 
the way circuits. Interchange of operators from one 
position to another within the given group is facilitated 
by a further division of the three major groups into 
automatic, Morse, and telephone operating sections, and 
the operating staff is in general assigned by methods. 
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An operator’s tour of duty is nominally eight hours, 
but as each operator receives a fifteen minute rest 
period after she has been at work approximately two 
hours, and a second fifteen minute period about mid- 
way of the last four hour working period, both of which 
are on company time, their actual working period, is 
only 7.5 hours. Advantage is taken of the relief 
periods to minimize the effect of fatigue, particularly 
on the automatic circuits by alternating the kind of 
work. If an operator begins her tour of duty at a 
sending position she will be assigned to a receiving 
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position after the first relief period. Upon her return 
from the lunch relief she will again be assigned to a 
sending position. 

Reference to the load curve for the entire telegraph 
plant shows that while the traffic is heaviest during or- 
dinary business hours, t. e., 9:00 a. m. to 5:00 p. m., 
there is a considerable volume remaining to be handled 
up to 10:00 and 11:00 p. m. and the beginning of any 
operator’s tour of duty is naturally determined by the 
shape of the load curve on each individual circuit. 

As examples of extreme deviation from the average 
are given graphs of the eastbound and the westbound 
file of business between cities respectively on the Atlan- 
tic coast and the Pacific coast where the difference in 
standard times and the greater absolute savings to the 
patron make the use of the deferred services more 
extensive. 

While the shape and position of this load curve is 
generally the same for a given circuit minor variations 
occur which serve to set these peaks ahead or behind the 
normal time position. Our obligation to give service 
requires us to anticipate these changes and the positions 
are covered in advance of the time when the change in 
load is expected to occur. 

With the information already available it is a rela- 
tively simple matter to assign the operators in such a 
way as to provide for handling the full-rate traffic filed 
during the business day. Ordinarily, additional staff 
would not be assigned during the day hours to handle 
deferred traffic because the staff needed for full-rate 
traffic has sufficient. idle time available to permit 
of handling the deferred traffic during these idle periods 
if the transmission of the deferred file is sufficiently 
delayed. Naturally we cannot delay this traffic to 
such an extent as will prevent the delivery of these 
messages before the close of the ordinary business 
day but in general this does not occur. 

During the latter part of the afternoon and evening 
we are confronted with a falling load but as it is neces- 
sary to bring on a certain number of operators at this 
time to replace those whose tour of duty has just been 
completed and as it is manifestly unfair to release them 
without an opportunity for a full day’s work, the 
falling full-rate file is supplemented by the night letter 
file in such a way as to keep this staff busy until after 
midnight when only a few operators are required to 
handle the balance of the file. 

A complete assignment of the staff required for the 
entire 24 hours may now be made for each of the cir- 
cuits or circuit groups. The total number of operators 
required to handle the traffic on all circuits including 
relief operators may then be determined and to this 
total is added a sufficient number to provide for opera- 
tors who are either late, or fail to report, those on 
vacations, ete. 

Roughly, and subject to considerable variation, in 
specific instances, the total number of operators needed 
in an office to conduct operations throughout the 24 
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hours, to cover vacation and sickness reliefs, absentees 
and those tardy, can be taken as 2.8 times the number of 
operating positions covered during the busiest half 
hour of the day. 


Discussion 
J. H. Bells There is one question I would like to ask Mr. 
Mason. On page three this statement occurs: ‘‘an experienced 


automatic operator works at between 55 and 60 words per 
minute while the average output per Morse operator is between 
12 and 15 words per minute.” 

I question whether those two are comparable. My recollection 
is that it is much easier to operate a Morse system by hand at 
about 20 words per minute, and human nature being as it is, I 
rather think that the operator would prefer to operate about 20 
words per minute rather than 12 or 15. I would like to know 
whether 55 to 60 words per minute is the output of the automatie 
operator? 

H. Mason: The point is well taken. The way it is stated in 
the paper the figures are not literally comparable. I agree that 
a Morse operator might work at 20 words as well or perhaps 
better than he would at 12, but our actual output is of the order 
of from 12 to 14 words per minute. In the case of the auto- 
matic operators 55 words per minute represents an average per- 
formance but not the output. The human nature feature comes 
in here. The operator is perforating against a machine. That 
machine is set to go at a given speed, generally about 55 words 
per minute. She must keep up with that machine or the auto 
control stops the transmission in a way evidencing her failure. 

I am not prepared to say that the performance throughout the 
country is universally as high as 55, but individual operators can 
perforate at double that speed and we have no mechanisms which 
would take that rate of perforating. A recent figure shows the 
average output per Morse operator hour to be 28 equated mes- 
sages, while that of an automatic operator is 62 equated mes- 
sages. These figures reduce to approximately 15 words per 
minute and 32 words per minute respectively. 

J. H. Bell: Reference was made to the delivery of telegrams. 
Nothing was said about the messenger service. I would like to 
mention that in one of the British journals I read that they have 
started a new method of delivering telegrams. Instead of having 
the boys go out with each message that comes, they have divided 
the town into 25 or 30 separate routes. A boy leaves every five 
minutes from the telegraph office and he takes all the messages 
along one particular route. That makes for a slight increase in 
delay in delivery of some messages, but it brings the average delay 
much more uniform. 

H. Mason: In the company which I represent the line of 
organization is not such that the messenger delivery problem 
comes under the control of the engineers for which reason I am 
not so well fitted as would be some other, to discuss this question. 
I do not think, however, that anywhere in our service is such a 
method as is suggested by Mr. Bell used. 

We do have routes and send boys over them with messages just 
for those routes in-so-far as the delivery of night letters in the 
early morning is concerned, and also full-rate messages for which 
we have instructions, as we have in some cases, not to make 
delivery until the customer’s office is open. 

However, other than that, so far as I know, we do not at the 
present time indulge in the suggested practise but our full-rate 
meassages are taken out practically as they fall. That does not 
mean that the messenger boy always goes out with one, quite 
often he has two or three, but he is not definitely held until 
several come for that zone. 

The matter of deliveries of the day letters may be held up. 
For instance, if it is several blocks from the office, the delivery 


clerk may very well hold up a day letter waiting for some pre- 
ferred business to come along, and send it out with the same boy, 


but not as a policy. 
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Developments in the Manufacture of 


Copper Wire 


BY JOHN R. SHEA! 


Non-Member 


Synopsis.—This paper covers interesting developments in the 
manufacture of copper wire and contains a description of a copper 
rod and wire mill designed to meei the new requirements. It also 
includes a brief survey of the copper rolling and wire drawing art 
at the time the investigation was started; a summary of tests made in 
varying the practise in rod rolling and wire drawing, and an outline 


APID developments in the various branches of the 
communication business are constantly leading to 
important investigations in line with more effi- 

ciently and economically meeting the increasing 
demands of the service. In this connection, one of the 
more recent and very interesting investigations in- 
dicated the possibility of effecting substantial improve- 
ment in the process of manufacturing copper wire. 
Accordingly, a comprehensive study of all the factors 
concerned was undertaken which resulted in the con- 
struction of a rod and wire mill at Chicago, Illinois, 
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of the work done by the Bell System engineers in developing and 
designing new types of wire drawing machinery. The economies tn 
floor space and plant investment due to the use of more compact and 
higher-speed machinery are outlined. Some of the outstanding 
features in plant arrangement which contribute to more efficient 
operation are discussed in the concluding pages. 


a finishing mill, coilers, conveyers, and pickling tubs. 
The mills are water-cooled and equipped with a down- 
draft exhaust which carries the fumes produced during 
the rolling operation to an air washer where the copper 
dust is removed before the air is discharged. 

The 225-pound wire bars as received in cars from the 
refineries are unloaded onto skids in the train shed and 
transported by an electric truck to the charging end of 
the billet heating furnace. Here they are transferred 
in groups of six by a hoist to the charging table, where 
a compressed-air pusher moves them along through 
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embodying many unique and improved operations, 
a schematic layout of which is illustrated in Fig. 1. 

At the outset the sources of copper and its trans- 
portation were studied and it was found more 
economical to ship wire bars to Chicago for conversion 
into wire than to locate a wire mill near some of the large 
refineries and ship wire to the factory. It was also 
considered that this plan would reduce the investment 
in wire during the process of manufacturing cable and 
telephone apparatus. 

Rop ROLLING MILL 

The rod rolling mill equipment consists of a billet 
heating furnace, a roughing mill, an intermediate mill, 
7. Both of the Western Electric Company. 

Presented at the A. I. E. E. Winter Convention, New York, 
N. Y., February 7-11, 1927. 


the furnace which holds 120 bars. The bars are brought 
up to the required temperature for rolling as they move 
through the furnace, which is heated by fuel oil. When 
the bars reach the opposite end of the furnace they are 
withdrawn at about 1600 deg. fahr. with a pair of 
tongs through the discharge door and pushed into the 
roughing mill one at atime. These tongs operate on a 
trolley suspended from a beam, which is in line with the 
first groove of the mill. 


The roughing mill consists of three motor-driven rolls, 
one above the other. The bar, after passing through 
the first groove between the top and middle roll, drops 
upon feed rolls set in the floor and is returned through 
the second groove, between the middle and bottom 
roll; then raised into position and passed through the 
third groove, which is in the same rolls as the first pass. 
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Five passes are made in this manner until its cross- 
section is reduced sufficiently for it to enter the inter- 
mediate mill. As the bar enters the roughing mill it is 
54 inches long and about 4 inches square. When it 
leaves this mill it has been rolled into an oval cross- 
section and is about 124 feet in length. Formerly the 


2—View oF RovuGHING MILL SHOWING REPEATER ON 
Last Pass 


Fig. 


last pass on this mill was handled manually, and 
recently a mechanical repeater has been added as 
illustrated by Fig. 2. 

From the roughing mill the bar goes to the inter- 
mediate mill and is passed through the first pair of 
rolls. As it emerges an operator catches the end with a 
pair of tongs and passes it back through the next pair 
of rolls. The increased length between each pass at 


FINISHING MILLS AND 


Fie. 3—VIEW OF INTERMEDIATE AND 
_ CorLERs 


the intermediate and finishing mills is allowed to run out 
in a loop on a sloping iron covered floor on each side of 
the rolls. This catching and returning is repeated at 
each set of rolls until the original copper bar finally 
emerges a round, quarter-inch rod about 1200 feet 
long. This last pass goes through a guide pipe into a 
coiler, Fig. 3. The reductions in cross section are illus- 
trated by Fig. 4. An appreciable amount of copper 
oxide scale is carried off with the cooling water, and 
deposited in a reservoir from which it: is later salvaged. 

The coils are automatically unloaded from the coilers 
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on to a conveyer, which carries them through cooling 
water in a tank underneath the floor. Ejighty-two 
seconds after entering the roughing mill the bar is a 
coil of 14 in. rod ready to proceed on its way to the 
pickling tanks. The mill has a capacity of 70,000,000 
pounds annually on a 48-hour per week basis. 

While the diagram and illustration of the intermediate 
and finishing mills indicate for simplicity that the rod 
follows only a single path, in actual operation sufficient 
material is kept in the mill practically to maintain at 
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least two rods in the finishing mill. This is illustrated 
graphically by that part of Fig. 5 which covers the 
finishing mill. Referring to line A-A!, 11 reductions 
are being made in this mill at the same time, two for 
each of the first four pairs of rolls and three on the final 
rolls. At this period in the cycle of operation 800 hp. 
is required. 

When the rod mill was started eighteen passes were 
in use by several of the most modern mills. A sixteen 
pass arrangement was adopted for the new mill, in 
which the metal was subjected to a greater amount of 
work in the earlier passes when it was hot. Later, asa 
result of further study, fourteen passes were adopted. 
Fig. 6 illustrates graphically the per cent reduction 
effected at each of the above passes. The reductions 
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plotted as the abscissa are in terms of reduced area in 
cross-section at each pass and the passes reading from 
left to right are plotted as ordinates. 

It is obvious that careful planning must be done in 
changing the number of passes in a mill in order not to 
exceed the safe working capacity of the mill rolls and 
stands. Such calculations have been made using roll- 
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t ing mill formulas?. Based on the more sturdy mill 
i installed at the Chicago plant the first four passes of 
is the eighteen pass arrangement would operate at about 
82, 100, 105, and 90 per cent of the safe working load 
li of the mill. These same passes calculated on the basis 
of the sixteen and fourteen pass arrangement operate 
a! at 86, 87, 90, 85 and 96, 96, 90, 90 respectively. This 
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indicates that a further reduction may be made in the 
number of passes in the mill provided other features 
are improved; i. e., roll adjustment. 


RELATION BETWEEN WORKING AND PHYSICAL 
PROPERTIES 


It has often been stated that the more passes (îi. e., 
the: more gradual working) given the copper, the better 
the, physical qualities of the rod. Actual tests (see 
Table I) made on representative lots of -in. rod 
fail, to confirm this impression. 


TABLE 1 
Elongation Tensile strength 
Lot Number of passes per cent lb. per sq. in. 
1 18 35.8 33,752 ` 
: 2 18 40.0 . 31,445 `: 
3 16 37.1 32,468 . 
4 16 41.0 32,160 
5 14 ” 42.0 ` 82,391 
Average of 5 lots 39.5 32,243 


The averages indicate that a fourteen-pass rod is 


superior in elongation, and better than the total average 
in tensile strength. 
CLEANING OF Rop 
When the coils emerge from the tank through which 
the rod coiler apron conveyer passes, they are cool 
9 “Pass Limitation in Rolling Mill Practice,” Machinery, 


July, 1918. 
“The Theory and Practise of Rolling Steel,” Wilhelm Tafel. 


enough to handle and after being tied with wire, several 
are lifted together by a monorail crane, and placed]for 
thirty minutes in a pickling tank containing from 5 to 
10 per cent free sulphuric acid, in order to remove the 
black oxide caused by oxidation of the hot copper 
in the air during rolling. The solution is maintained 
at approximately 120 deg. fahr., and the copper con- 
tent varies from one to three grams per 100 cu. cm. 
Experiments have shown a difference of less than 10 
per cent in pickling time between the minimum and 
maximum acid used, the greater solubility being ob- 
tained from the weak solution. Actual results obtained 
were checked with Sidell’s Table of Solubilities (see 
Fig. 7). While a variation from the minimum to maxi- 
mum acid concentration does not materially affect the 
pickling time, a variation in temperature has a decided 
effect as may be seen from Fig. 8. 


ELECTROLYTIC PLANT 


Fig. 9 shows a plant in which the copper is reclaimed 
from the pickling bath at about the same rate as it is 
absorbed. This is accomplished by electrolytic de- 
position according to principles worked out and 
practised in the large refineries which produce electro- 
lytic copper. 

The electrolytic system operates best with a minimum 


GRAMS SULPHURIC ACID PER 00 GRAMS WATC 


o, ) 7 5 a0 
OPPEO SULPHATE FER 100 GRAMS WATER 


i (SATB ATION PONT) 


Fra.: 7—SOLUBILITY CURVE oF COPPER SULPHATE IN A SUL- 
PHURIC ACID SOLUTION (TEMP. 25 DEG. CENT) 


Reference Table of Solubilities by Sidell, Chem. & Met. Eng.. Vol. 
: 21, p. 181-2, 1919. 


content of about 1 per cent copper and 5 per cent acid 
and a maximum of 3 per cent copper and 10 per cent 
acid. The copper and acid contents are kept as low 
as practicable to minimize ‘carrying out losses”? 
during the pickling operation. About 775 pounds of 


acid, and 430 pounds of copper are recovered per day 


3. Pickling solution carried out when coils are removed from 
tank. 


390 


from the electrolyte. The anodes are operated at a 
current density of five amperes per square foot with a 
rate of deposition of about 0.00261 pound of copper per 
ampere-hour. 

The heat generated in the plating tanks under 
normal operating conditions maintains a minimum 
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Max. temp. without excessive evaporation and fumes 


temperature of about 90 deg. fahr., throughout the 
acid system, and the maximum temperature is obtained 
through steam heating coils in the pickle tanks. Faster 
pickling would result from the use of higher temperatures 
but experience has shown that the additional steam and 


Q—ELECTROLYTIC RECOVERY OF Copper FroM 
Mitt PickitinG SOLUTION 


Fia. Rop 


gas released above 120 deg. fahr., results in unsatis- 
factory Operating conditions. 

The coils of rod after pickling are thoroughly washed 
with lake water‘ at a pressure of about 70 pounds per 
square inch to remove loose copper dust and acid, 


4. Lake water is relatively free from mineral salts which would 
corrode the rod and affect the wire drawing compound. 
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and then immersed in an alkaline fat solution to neutral- 
ize any trace of acid and to provide a protective coating 
against oxidation until converted into wire. 


WIRE MILL 


The coils, after being pickled and washed, are carried 
by monorail cranes to the wire-drawing machines where 
they are converted into wire of the desired size. The 
dies used in the heavy wire drawing machines are pulled 
into place at the starting end of the coil of rod on a die 


Fic. 


10—HeEavy Wire DIE STRINGER 


stringing machine (Fig. 10). The coil, with dies strung 
into position, is then placed in a heavy wire-drawing 
machine. 

The heavy gages of wire, such as line wire, are drawn 
with one set-up on a heavy wire-drawing machine; 
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medium sizes, used in lead covered cable, are made 
by taking the wire as it comes from the heavy machine 
and redrawing it on the intermediate machine; and 
finer sizes, commonly known as magnet wire sizes, are 
produced by redrawing intermediate sizes. 

The present capacity of the wire mill is approximately 
42,000,000 pounds annually, and the sizes range from 
0.165-in. line wire to 42 B. & S. (0.00247-in.) gage 
magnet wire. Provisions have been made in the con- 
struction of the building and its foundations so that the 
mill may be expanded in capacity when needed. 

The No. 1 or heavy wire-drawing machine shown by 
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Figs. 11 and 12 draws line wire, heavy toll cable sizes, 
and supply wire for the loop cable wire machines. This 
ten-die machine with its auxiliary equipment and oper- 
ating area occupies a floor space of 270 sq. ft. and runs 
at 1500 to 2000 ft. per min. as compared with 470 sq. ft. 
for a commercial nine-die machine running about 1000 
ft. per min. 

A battery of these machines costs much less than an 
installation of commerci2! machinesof thesame capacity, 
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Fra. 12—CLosr-UrPp View or No. 1 MACHINE 


and in addition, effects a considerable economy in floor 
space. 

The commercial types of ten-die intermediate 
machines for drawing cable wire require about 130 
sq. ft. of floor space as compared to 90 sq. ft. for a 
twelve-die multiple head machine. The former is a 
single-unit machine and the latter a four-unit machine 
operating at twice the speed and capable of producing 
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Fig. 13—C.osrf-Up View or Units oF No. 3 W1rRE-DRAWING 
MACHINE 


ey K eet 
z 


about five times the output of the commercial equip- 
ment. This new multiple unit machine costs more than 
regular equipment, but considering the four units, the 
cost is materially less per unit, and very much less on 
an output basis. 
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The magnet wire-drawing machine is a high-speed 
twelve-die multiple head machine of eight wire drawing 
units, occupying 90 sq. ft. of floor space including the 
operating area. A close-up view of two heads of this 
machine is shown in Fig. 13. Fifty-one sq. ft. of 
floor space are required for a single unit (one head) 
commercial machine of the same die capacity. The 
saving in investment in this case is even greater than 
for the heavy and intermediate types of machines. 
The use of these compact machines and overhead 
monorail equipment for transporting material instead 
of using trucks with large aisles has permitted the 
installation of the wire drawing mill in less than one- 
fourth of the building area which would have been 
required if commercial equipment had been purchased. 


GENERAL PLANT FEATURES 


The present connected load of the motors in the rod 
and wire mill is about 6000 horse power for which it 
was necessary to enlarge the factory power plant. 


TENSION ARM 


CAPSTAN 


DISTRIBUTOR 


8100 RPM 
14—AvutTomatico TeENsION MECHANISM OF No. 3 WIRE- . 
Drawing MACHINE 


Fia. 


A 700-ft. tunnel connects the power plant with the rod 
and wire mill in which are laid pipes for carrying hot 
and cold water, steam, gas, and air and lead covered 
power cables. 

The basement under the rod mill houses the electro- 
lytic equipment, control boards for the roughing and 
intermediate mills, pumps for cooling water, and 
exhaust fans connected with an air washer for removing 
the fumes from the rod mill. A tunnel which passes 
beneath the intermediate and finishing mills connects 
with a room which houses the drives for the four rod 
coilers, the coiler control boards, the finishing mill 
control board, and the main power panel. In the wire 
mill basement are six large tanks which hold the com- 
pound used to lubricate and cool the wire-drawing dies. 
This compound is supplied under pressure to the wire- 
drawing machines on the floor above and returns by 
gravity. 

All the wire-drawing machines are controlled by push 
buttons mounted on the machines, which connect with 
compensators in the basement, The_100-hp. motors 
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driving the large wire-drawing machines are mounted 
in a tunnel and are connected to the machines above by 
chain drive. 

This arrangement permits accessibility for mainte- 
nance of the electrical equipment with a minimum of 
interference to production, prevents the wire-drawing 
operators from having access to the electrical equipment 
and reduces accident hazard to a minimum. 


DEVELOPMENTS IN WIRE-DRAWING EQUIPMENT AND 
METHODS 
The rod and wire mill just described was designed 


following a comprehensive survey of wire-drawing 
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processes and equipment used in this country and 
abroad. In connection with these studies, extensive 
laboratory investigations were undertaken relative to 
the characteristics of different types of commercial 
machines especially from the standpoint of operating 
efficiency, investment, and floor space requirements. 
As a result of these investigations, it developed that 
marked improvements could be effected if wire could be 
produced commercially at higher machine speeds and 
with more compact machine equipment. 

While the design of the drawing mechanism in the 
new machine was very important, it was also essential 
that the finished wire be taken up on spools instead of 
coils. After considerable experimental work, a sensi- 
tive take-up device was developed to permit spooling 
at a constant drawing speed. 

This spooling mechanism is illustrated by Fig. 14 
in which the spool spindle is driven by a slipping clutch 
member controlled through a tension arm, on which 
an idler pulley is located over which the wire passes 
on its way from the drawing capstan to the take-up 
spool. The take-up mechanism rotates the core of an 
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empty spool at a speed synchronous with the speed of 
the wire as it leaves the drawing capstan. As the spool! 
fills and the speed tends to increase, the wire on the 
tension arm tightens and compresses the tension arm 
against a spring adjusted for the proper gage of wire. 
This in turn reduces the pressure of the clutch driving 
the take-up spindle permitting the spool of wire to 
readjust its speed. 

This device is extremely sensitive as illustrated in the 
drawing of No. 42 B. &S. wire at 2000 ft. per min., 
in which case the control arm must be adjusted to 
operate between 90 and 150 grams, since the pull re- 
quired is 87 grams and the breaking strength of the 
wire is 170 grams. This device is so flexible that it can 
be adjusted to a drawing tension of from 9 pounds for 
No. 25 wire to 3 ounces for No. 42 wire. Fig. 15 illus- 
trates its operating range on wire sizes No. 30 to No. 
42, showing the gradual narrowing of the limits as the 
sizes decrease. A larger machine used for drawing 
loop cable wire from No. 18 to No. 30 B. & S. gages 
contains 2 similar mechanism. 

The use of this sensitive device and a clutch which 


would slip without overheating as the spool filled, 
together with improvements in the wire drawing com- 
pound and the shape and quality of the diamond 
dies later described, permitted the drawing of wire at 
speeds ranging from 2000 to 3000 ft. per min. 


WIRE DRAWING COMPOUND 
At low speeds it was discovered that the compound for 
lubricating wire-drawing dies required little attention 


but as the speeds were increased the necessity for close 
analytical control was evident. The compound con- 
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sists of an emulsion of soap, tallow, and water, the 
percentage of the soap and tallow being varied depend- 
ing upon the size of wire and type of machine on which 
it is used. 

It is important that the degree of emulsification® be 
carried far enough to break the tallow into particles 
about one micron in diameter, so that the material 
will stay in suspension in the water. If the tallow 
content is increased beyond a certain point it holds 
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in suspension in the solution a large amount of the 
copper dust which flakes off in a very fine state during 
the wire-drawing operation and this clogs the dies and 
causes breakage during the wire drawing. Ordinarily 
this copper dust settles out of the solution while in the 
large cooling tanks and a considerable amount is sal- 
vaged in this manner. 


EFFECT OF DRAWING ON COPPER 


Tests were made to determine if the drawing of the 
smaller cable and all magnet wire sizes‘ in Brown & 
Sharpe (A. W. G) steps was obtaining the maximum 
reduction possible per die. These tests showed it was 
feasible to make much heavier than A. W. G. reductions 
at the first draft when annealed wire or soft copper rod 
was being drawn. It also showed that the elongation’ 
of the rod or annealed wire was rapidly reduced to the 


5. “The Theory of Emulsions and Emulsifications,’’ W. 
Clayton. 

6. A. W. G. (‘American Wire” or ‘‘Brown and Sharpe” gage) 
reductions are not used in converting the rod to line wire; these 
are generally specified in B. W. G. and N. B. S. gages. 


= 7. See Figures, 16, 17, 18, and 19 showing the elongation of 
the rod or wire dropping to about 114 per cent at the first die 
reduction and remaining practically constant. 
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drawing minimum after the first pass, and ree 
at that point throughout the process. _ 

Fig. 16 illustrates the effect of a five-die aiusticn on 
elongation and tensile strength. It may be seen that 
the elongation drops very rapidly at the first die when a 
reduction in area of about 4214 per cent is made, and 
the tensile strength increases rapidly because of the cold 
working of the metal. 

This same figure shows the tensile serene obtained 
when five-, six-, and seven-die reductions are used to 
produce line wire of 0.104 diameter from the same 
supply. Here the elongation loss is about the same in 
each case, but the tensile strength is greater with the 
heavier reductions. The five-die arrangement is satis- 
factory according to the results shown on the curve, 
but the heavy reduction at the first die often results in 
rough or slivered wire. The six-die arrangement, 
therefore, gives the greatest factor of safety. The 
seven-die arrangement is less satisfactory since the 
elongation and tensile strength in the finished wire are 
so close to the requirements. 

The use of A. W. G. reductions for the finer sizes of 
cable and magnet wire provides flexibility, since a 
change in the size of wire can be accomplished simply 
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by increasing or reducing the number of dies used. 
Tests were conducted to determine the gain by using 
heavier reductions and annealing the wire before 
redrawing, and Fig. 17 shows the increased reduction 
possible at the first die when the metal is plastic. In 
this test, an annealed No. 22 gage wire of 31 per cent 
elongation was reduced to No. 24, two gages, in ‘one 
draw. The soft copper permitted a double reduction 
at the first die, but the elongation dropped during the 
operation to less than 1 per cent; the second reduction 
on this test was from No. 24 to No. 26 gage and the pull 
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required for this pass practically coincides with the 
breaking strength of the wire. Wire drawing under 
such conditions is impractical because the annealing 
operation is much more expensive than drawing hard 
wire from No. 22 to No. 24 in two passes. 

Fig. 18 illustrates the results obtained when drawing 
annealed wire with A. W.G. reductions. The large 
margin of safety between the pull required and the 
breaking strength of the material again disappears 
after two reductions. Fig. 19% illustrates practical 
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drawing conditions adopted for drawing wire to finished 
sizes without annealing during the process. 


CHILLED IRON DIES 


The dies used for drawing heavy wire are cast with a 
tapered hole from chilled cast iron and reamed to the 
desired size. When the die wears too large for a 
particular size of wire, it is reamed to a larger size and 
used in that manner until the dies goes above the maxi- 
mum size used. These dies, shown in Fig. 20 are used 


for drawing line and heavy gage wire for which the cost 


of diamond dies would be excessive. Many alloy steel 
dies have been tested as substitutes for chilled iron dies 
for copper wire drawing, but so far have failed to re- 
place them, due to excessive cost. For the wire sizes 
smaller than No. 16 down to as fine as No. 42 B. & S. 
diamond dies as described below are used. 


DIAMOND DIE STUDY 


It was necessary to make an extensive study of the 
manufacture of diamond dies because dies through 
which wire could be satisfactory drawn at low speeds 
failed to draw to gage and without excessive breakage 


8. Slight irregularities in the curves are due to variations 
from the mean in the diameters of the dies used during the tess. 
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of the wire as the speeds were increased. At this time 
practically all commercial diamond drilling was done 
in Europe, Belgium being the hub of the diamond 
cutting industry and the art was new to this country. 
The diamonds generally used for wire drawing dies are 
obtained from South Africa’, Australia, and Brazil, 
and made into diamond dies in Europe. 

In view of the difficulty of obtaining dies for drawing 
wire at high speeds and the large investment in dies 
required for the proposed wire mill, it was decided to 
undertake a laboratory investigation of the manufac- 
ture of diamond dies suitable for drawing cable and 
magnet wire. 

It was found that the dies suitable for high-speed 
wire drawing required a differently shaped approach, a 
better polish, and a shorter land" than used for low- 
speed drawing. In addition the origin of the stone, 
the shape of the diamond and its setting are all very 
important because of the internal strain to which the 
die is subjected during the drawing operation. 

It has not been possible to definitely establish any 


Fig. 20—Dies Usep ror Drawinc Line ano HEavy-GaGE 
WIRE 


quantitative relationship as to the effect of high-speed 
drawing on the wear of dies except that about the same 
number of million feet of wire may be expected from a 
properly lubricated die irrespective of the drawing 
speed. Under such conditions, the high-speed die 
naturally runs a shorter time, but length of life is not 


9. The South African and Australian diamonds are the more 
suitable for wire drawing. There are two types of the former, 
the smooth brown premier which is not suitable for dies because 
of its tendeney to erack and split, the other commonly known 
as the Jager, a product of the Jagerfontein mines. These stones, 
very irregular in contour and light gray to black in color, are 
most suitable for dies. The Australian diamonds are gray to 
brown to almost black in color and ean be distinguished from the 
Jager. Many of the Brazilian diamonds are a dark gray similar 
to graphite in color and not being translucent are difficult to 
inspect for seams, cracks, or inclusions. 


10. See Figure 21. 
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the important factor; tonnage of a satisfactory quality 
with a minimum plant and labor investment is the prime 
consideration. 

Fig. 22 shows a diamond before drilling, a stone 
drilled and lapped, ready for mounting, and a die in 


Fig. 21—D1amonp WirE Drawina DIE 
the final mounting ready for use. Fig. 21 gives an 
outline of the shape of the working surfaces of a wire- 
drawing die. 

ANNEALING 


Hard copper wire is obtained by using the wire as 
it comes from the wire drawing machine. This same 
wire may be softened by annealing, or medium-hard 
wire can be produced by annealing hard wire at such a 
point in the drawing operations that the final draws 
will give the desired degree of hardness". 
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A special steam-seal annealing furnace for small 
spools of wire was developed on an experimental basis 


Fia. 


Fig. 24—SrreamM-SEAL ANNEALING FURNACE 


Fie. 22—SnHowinac DraMonpD BeEroreE DRILLING, DRILLED 
AND LAPPED READY FOR MOUNTING, AND Dig READY For USE 
IN FinaL MOUNTING 


In a recent commercial type of annealing furnace, 
Fig. 23, wire may be bright annealed, but it requires a 
drying operation in order to remove the water through 
which it passes in leaving the furnace. The retorts 
of these furnaces are water-sealed and filled with steam 
to exclude the outside atmosphere, which would dis- 
color hot copper. To obtain bright wire, it is passed 
under water into the retort to exclude the air and is 
generally taken out and cooled under water or in an 
atmosphere of steam or gas, which excludes oxygen 
until the wire is relatively cool. 

11. ‘‘Experiments in the Working and Annealing of Copper,” 


F. Johnson, Journal Institute of Metals, Volume XXVI, No. 2, 
1921. 


Fig. 25—PuHoTOMICROGRAPHS OF WIRE Bar (MAGNIFICA. 


TION 33) 


A. HicH Set—OxycGeEn, 0.035 PER CENT 
B. LeveL SetT—OxyGEN, 0.05 PER CENT 
C. Low Setr—OxyGenN 0.12 PER CENT 
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from which the wire was obtained bright annealed and 
free from moisture. In this furnace the spools were sub- 
‘merged in water to displace the air, raised into the 
charging end which was under water, thence to the 
muffle to be heated and then along a cooling tube to the 
discharge opening. Air was excluded from the retort 
and cooling chamber at the discharge end by means of a 
steam jet. 

The success of the small furnace led to the conet: 
tion of a larger machine (Fig. 24) for annealing cable 
wire on spools. The spools are placed in perforated 
metal baskets which are charged into the furnace at a 
specified time interval, pushing each other through the 
retort and along the cooling tube to the discharge end. 


INSPECTION OF RAW MATERIAL AND FINISHED PRODUCT 


Wire bar made from electrolytic refined copper is 
used as a material in the manufacture of wire. This 
material is practically free from silver and other ele- 
ments which ordinarily exist in the ore, and which have 
a detrimental effect on the electrical or physical proper- 
ties of the finished product. A small percentage of 
silver!? seriously affects the annealing qualities of the 
wire. Traces of other impurities have a very detrimen- 
tal effect on the wire drawing properties. During the 
refining process, the molten bath is oxidized in order to 
carry off the foreign material in the form of slag, and 
it is very important that the oxygen content be later 
reduced to a very small point if bars of proper set are 
desired. Fig. 25 shows three photomicrographs of wire 
bar containing varying amounts of cuprous oxide!’. 


12. “Effects of Silver on the Recrystallization Temperature 
of Copper,” Caesar and Gerner, A. S. M. E., Volume 38, 1916. 

13. ‘‘Microseopic Structure of Copper,” H>; P. Pulsifer, 
Mining and Metallurgy, January, 1926. 
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Ordinarily the surface condition on top of the bar is a 
good index of the oxygen content. If the bar is level: 
set or slightly convex on top, it is usually a satisfactory ’ 
material. If it is low set or concave it usually con- 
tains a large amount of copper. oxide, which caused the’ 
metal to shrink in solidifying’. When excessive 
shrinkage occurs it has an adverse effect during the 
rolling operation. 

The finished wire is inspected for dimensional limits, 
tensile strength, elongation, and surface condition. 
Limits for 42 B. & S. gage wire 0.002475 are 0.00245 
minimum and 0.0025 maximum. 


CONCLUSION 


The establishment of this industry as a part of the 
plant at Chicago represents the combined effort of a 
large number of inventors, engineers, designers, and 
mechanics. While the actual plant was built within 
a comparatively short period, the advances which have 
been made in the art represent several years’ effort. 
Briefly, the development of compact and high-speed’ 
wire-drawing machines has required a much smaller’ 
investment in buildings and equipment as compared’ 
with a plant of the same capacity using commercial 
equipment. A comparison of the relative floor area, 
based upon the conventional and the improved types of. 
wire drawing equipment, is illustrated by Fig. 26.° 
The supervisory force in charge of the operation of this 
new mill must be given a considerable share of the 
credit for its successful operation. 


14. ‘‘Copper Refining” Lawrence Addicks. | 
“Metallurgy of Copper” H. O. Hofman. 


A-C. Elevator Motor Drive 


BY E. B. THURSTON! 


Fellow, A. I. E. E. 


Synopsis.— There are very few data available on the problems of 
using alternating current when applied directly to a motor on an 
elevator. It ts apparent, also, that eventually there will be no 
d-c. power transmitted for elevator service. 

Because of these facts and the size of this industry it seems that 
such data should be available. A paper covering the entire field in 
detail would be excessively long and it is therefore the aim of this 
paper to cover the subject in a general way, giving such outstanding 
facts as are felt to be of most interest at this time. 

It ts hoped also to correct a false impression that is sometimes 
found to exist—that an a-c. elevator is not practical for car speeds 
above 850 ft. per min. Without question, this understanding was 
correct siz or seven years ago but it is desired to call attention to the 
fact that for the past five years many a-c. elevators have been installed 
with car speeds in excess of 500 ft. per min. and today some are 
operating as high as 700 ft. per min., and nothing has appeared to 
indicate that there is a limit of car speed other than for any other type 
of control. 

A brief outline of the necessary requirements of the elevator 
machine is given because as yet the development of a-c. elevators has 
depended upon the success of this unit. 

The desirable characteristics of the motor are given somewhat 
in detail, the important ones being positive speed control, elimination 
of exposed and sliding contacts, speed ratios of at least 6:1, a rotor 


INTRODUCTION 


TATISTICS show that the elevators of the larger 
S cities actually carry more passengers than the 
horizontal transportation systems. Furthermore, 
there is probably no industry so vital to the public 
and of corresponding size with its equipment and princi- 
ples so little understood by the engineering profession. 
Naturally they are justified in asking for more reliable 
data. 

Referring to published papers on elevators, we find 
there are a few on elevator service, d-c. elevators, 
ete., but without question there is need for more in- 
formation on these and similar subjects. Upon search- 
ing for papers with information about a-c. elevator 
„equipment, its history and problems, it is found there 
are so few available that it would be very difficult 
to get a fair understanding of this phase of the industry. 

Far from a general understanding of the present art of 
_a-c. elevators, we hear such expressions as these: 
“They are all right for low-speed elevator service;’ 
“They cannot be operated smoothly;” or, “‘A-c. magnets 
and motors are too noisy to use for passenger service.” 
These and similar expressions serve to show that it is 
easy to forget that new developments are possible. 

Today, it has been proved illogical in connection with 
any development to say “It cannot be done,” although 
this statement has been made in connection with high- 
speed a-c. elevators. 

1. Haughton Elevator and Machine Co., Toledo, Ohio. 


Presented at the Winter Convention of the A. I. E. E., 
New York, N. Y., February 7-11, 1927. 


of low kinetic energy, quiet under operation, allowing torque churac- 
teristic changes, smooth control of speed changes, liberal temperature 
range, high power factor, a maximum torque capacity, and marimum 
practical starting torque per ampere. 

The desirable characteristics of the controller which permit 
high speed elevator operation with economical and reliable service 
and a minimum number of shul-downs, may be outlined as follows: 
Full magnetically operated but with a minimum number and types 
of magnets, types of magnets that guarantee against magnetic hum 
or chatter requiring no oil immersion and giving a constant pull. 
The controller parts in general should be as interchangeable as prac- 
tical, with oilless bearings and a minimum of auxiliary parts and 
contacts. Asa whole, the controller and its wiring must be simple 
and easily understood. 

The principles of control allowing the high-speed elevator operation 
are rapid but smooth acceleration and retardation, a forced slowing 
down of the elevator by the motor irrespective of the operator and 
allowing the simultaneous or overlapping braking action of the 
slowing down and stopping means. 

The brake magnet must be one guaranteeing against magnetic 
hum or chatter, giving a constant pull, and must be positive and rapid 
but not violent in action. 

The curves which were taken by power companies serve to show the 
high power factor and a minimum of line disturbance. 


When we stop to realize the tremendous change from 
direct to alternating current in general applications, 
and other developments that have been made in recent 
years, it is natural to expect that the elevator industry 
has progressed accordingly. It is felt, however, that 
this industry did not keep pace with developments in 
general previous to 1920, with the result that since that 
time the developments have been tremendous, especially 
with alternating current, in order to bring this industry 
to its present state. 

The fact that passenger a-c. elevators are operating 
at 700 ft. per min. and have been proved practical and 
reliable should make information regarding their de- 
velopment interesting to electrical engineers. 

It is not the purpose of this paper to cover the subject 
in detail but rather to give a general discussion of the 
more important problems with the hope that other 
papers with more details will follow. 


HISTORY 


About 20 years ago there was developing a demand 
for direct-connected a-c. elevators, especially from many 
of the larger manufacturing concerns. This was due 
to their plants operating on alternating current and to 
the production basis of manufacturing. 

A large percentage of this demand was for the higher 
capacity with car speeds of 100 to 200 ft. per min., 


which at that time was considered high speed for freight 


service. This presented many problems that had not 
been met before. 

The single-speed, slip-ring type of motor, being the 
only one considered practical for elevator service, was 


397 


308 


used and proved quite satisfactory for the demands of 
service at that time. Due to continual starting, stop- 
ping, and reversing, the major problems were those of 
preventing the rotor working loose and the burning and 
rapid wearing of the slip-rings. 

The brake problem was considered the most serious 
and difficult. Many devices were developed with none 
having all the desired features. 

The mechanically operated brakes gave the best 
operating service but were not by themselves considered 
safe. The magnet-operated brakes were very violent 
inaction and noisy. A brake that proved quite popular 
and reliable was a dual type, using the mechanically- 
operated principle for the service and a magnetic- 
operated emergency brake for safety. 

At this time a-c. elevator controllers were mostly 
mechanically operated, magnetically-operated control- 
lers not having been developed to a reliable stage. 

About 15 years ago the high resistance squirrel-cage 
motor began to find favor and was used for service 
requiring the lower horse powers. This type of motor 
at first met with considerable opposition, probably 
more because of its name than any other one thing, 
although there were many motors of this type manu- 
factured with characteristics such that objections to 
their use were well warranted. 

At this time these squirrel-cage motors were started 
directly across the power lines, requiring only a very 
simple controller, with the result that an elevator of 
this type was found to be the most reliable obtainable. 

Its operation limited its application, however, be- 
cause of the high instantaneous starting current drawn 
from the line, and its too sudden starting of the car. 
It is now apparent that to have added a resistance 
starter or its equivalent would have overcome these 
objections, but we must not forget that at that time one 
of the chief objections to the slip-ring type of motor 
was that it required a starting device, and there was 
no real satisfactory and reliable magnetic starter 
available for elevator service. Thus the high-resistance, 
squirrel-cage motor across the line elevator gained its 
reputation for reliability. 

About 10 years ago the fact was apparent that the 
a-c. elevator for all car speeds and service was inevitable. 
While passenger elevators were at this time available 
for car speeds up to 300 ft. per min., they could not be 
considered as satisfactory for reliability, smoothness 
and noise. It was necessary, therefore, to plan fora 
large amount of research and development work. 

The equipment offered at this time generally used a 
3:1 motor speed ratio and a motor composed of a single 
stator and rotor with slots sufficiently large in each to 
permit two insulated and independent windings. 
This required not less than five slip-rings. Although 
it is difficult to accelerate a slip-ring motor smoothly 
and rapidly with varying loads, it is even more difficult 
to retard from a higher to a lower synchronous speed, 
smoothly. It was also found impossible by any known 
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method to reduce the motor noise sufficiently to make it 
satisfactory for all elevator service. 


Experience indicates that it isimpossible to accelerate 
an elevator at high speed with a slip-ring motor rapidly 
and smoothly with varying loads except by what might 
be called a dual acceleration. 


Let us suppose that we have an elevator fully loaded; 
to accelerate it in the up direction will require approxi- 
mately the maximum torque available and a controller 
resistance may be used that produces maximum 
torque at standstill. This resistance may be cut 
out by any known method, either series relay, speed 
control, or definite time, and this operation will be 
satisfactory. 


When starting the fully loaded elevator in the down 
direction, however, the load is tending to drive the 
motor in that direction and its maximum torque 
added to the load tendency to start’ gives too violent 
an action, so it is necessary to use additional resistance 
for a smooth start under all loads. With this ad- 
ditional resistance it is impossible to utilize the full 
available torque of the motor when used in connection 
with the series relay or speed control method of 
acceleration. 


If we now use a definite time control for acceleration, 
it must be set slow in order to lift full load and not short 
circuit the resistance too rapidly, causing the motor to 
stall. This results in too slow an acceleration when 
lifting load, if the resistance is such as to give smooth 
operation when lowering the load. The only way 
found to insure the desirable results was by the use of 
a rapid definite time control acceleration for all surplus 
resistance down to that which produces maximum 
torque at standstill and from this point by series relay 
or speed control. 

With this type, it was found that with fairly rapid 
and smooth acceleration it was possible to insure lifting 
a 25 per cent greater load with a given motor. 

This, however, increased the cost considerably, made 
the controller more difficult to keep in adjustment, 
and still used slip-rings. 

During the next five years there were what might be 
termed radical developments, the results of which 
allowed the installation early in 1922 of the first a-c. 
elevators running above 500 ft. per. min. 

With these developments and further experience the 
range of speed has been raised to 700 ft. per min. 


DEFINITION OF A-C. ELEVATOR 


In order that there may be no misunderstanding as 
to the type of equipment considered when the term, 
a-c. elevator, is used, it should be defined as an elevator 
with alternating current applied only directly to the 
elevator motor, controller and brake with no conversion. 


MACHINE 


In the development of a-c. elevators for the higher 
car speed service, there were four vital units to be con- 
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sidered, eachacomplete problem by itself—the machine, 
the motor, the controller, and the brake. 

It was immediately apparent from known principles 
of a-c. motor construction that a suitable geared eleva- 
tor machine designed for the high car speed service 
must be produced before much headway could be gained 
with the other units. 

It was not, nor is it now, practical to produce a 
gearless type, a-c. motor that is satisfactory for elevator 
service. The geared type elevator machine for the 
higher car speed service had been more or less neglected 
because a gearless type d-c. motor had been developed 
for this class of service. ; 

It soon became evident that the geared elevator 
machines, designed primarily for the slower car speed 
service, would have to be re-designed for the higher 
car speeds and would require refinements for passenger 
service that had not been available theretofore. 

Some of these important refinements were: a more 
sturdy machine throughout, more accurate machine 
work especially in connection with the gear, anti- 
friction bearings for the thrust of the worm shaft, 
antifriction bearings for the drum shaft, and gears which 
would be perfectly adjustable under load and running 
conditions of the elevator. | 

The reason for the more sturdy machine and accurate 
workmanship is to reduce vibration that may produce 
noise objectionable for this class of service. The 
antifriction bearings are necessary to increase the 
efficiency and the adjustable gear to give the proper 
running position. As further explanation for the 
adjustable gear, it will be appreciated that it is impos- 
sible to babbitt a gear in place and insure having the 
correct gear tooth contact under operating conditions 
with the load of car and counterweights on the machine. 

Inasmuch as the slower and moderate speed passenger 

elevators do not always warrant as high a degree of 
refinement as the higher speed passenger elevators, it 
is desired to confine the remainder of this paper to 
a-c. elevators with car speeds greater than 350 
ft. per min. 


THE MOTOR 


The a-c. motor being used today for the higher 
speed passenger service represents the result of the 
accumulated experience of the last 15 years. It has 
been a very gradual and conservative development. 

It is at once evident that the motor must have more 
than one speed and these speeds must be positive and 
practically constant whether the motor is running as a 
motor or is driven as a generator. A direct-connected 
elevator motor is always required to operate under 
both conditions, and any motor which varies much in 
speed with load variations must be eliminated. 

Accordingly, the induction type of a-c. motor is the 
only one that has been found suitable for elevator 
service and giving the positive multi-speed control. 

As was stated in the history, the slip-ring type of 


induction multi-speed motor was preferred until about 
1919 at which time the multispeed high resistance 
squirrel-cage motor was indicating advantages. 

Past experiences gave a basis for arriving at what was 
essential for a motor in order to produce what would 
be considered a satisfactory a-c. elevator for all service 
and speeds. Tests indicated that so far as is known the 
single stator with two independent windings and a high 
resistance squirrel-cage rotor does fulfill more of the 
requirements than any other type available. 

The more important of these requirements are out- 
lined and explained as follows: 

First, it must be practical to manufacture motors of 
at least 6:1 speed ratio and still have a motor of practical 
size to install on the elevator machine. As far as is 
known, 3:1 ratio was the maximum for slip-ring type 
motors. Squirrel-cage motors of from 25 to 150 
h. p. with 6:1 ratio have been in regular elevator service 
for over five years. 

Second, the motor must be as small as possible, 
especially the rotor. This is necessary in order to keep 
the kinetic energy at a minimum and allow rapid 
acceleration and retardation with a minimum of 
power consumption and starting current. It is apparent 
that the single stator squirrel-cage motor would be best 
fitted for this requirement. 

Third, it must be possible to design a motor suf- 
ficiently quiet in operation to allow its use in hospitals, 
hotels, apartments, offiee buildings, and private resi- 
dences. Because of the insulated polar windings in the 
stator and the rotor, the slip-ring type of motor requires 
slot combinations such that it is impossible to reduce 
noise sufficiently, while the squirrel-cage motor allows 
practically any slot combinations. 

Fourth, the motor must allow torque characteristic 
changes at the installation. This is necessary because 
it is practically impossible to determine the exact 
requirements in advance, and if it were possible, it 
would be impractical to design a motor for each applica- 
tion. These changes can be accomplished in either the 
slip-ring or squirrel-cage motors after the general motor 
characteristic requirements are known. 

Fifth, the motor must allow a smooth and positive 
control of speeds, whether accelerating or retarding, and 
still not require an excessive number of switches or a 
complicated and expensive type of controller. This is 
necessary in order to obtain simplicity and reliability. 
As outlined in the History, the squirrel-cage motor is 
best suited for this requirement. 

Sixth, all sliding and exposed contacts should be - 
eliminated. This is very essential because of the operat- 
ing conditions and requirements. It is a generally 
recognized fact that the squirrel-cage type of motor is 
the most reliable. 

Seventh, the motor must have sufficient radiation to 
permit the handling of maximum elevator service 
without abnormal temperature rise. This is one of the 
most important problems of design in connection with 
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high-resistance squirrel-cage motors for elevator service. 
It is possible to change the heating of a motor on 
elevator service a large per cent by changing its char- 
acteristics. It should also be recognized that standard 
commercial motor parts cannot be adapted to all 
elevator service. One of the most important facts 
to consider when designing a motor for elevator service 
is that its average running speed is usually less than 
one-half its full rated speed. This results in less than 
one-fourth the volume of air that a constant running 
motor would have. And last its radiating surface must 
be carefully considered. 

Eighth, it is very important to have a relatively high 
running and starting power factor. The reason for 
this is to reduce to a minimum the power line dis- 
turbance when starting or lifting maximum loads. 

Ninth, a motor should be capable of producing the 
maximum starting torque that is practical to obtain 
with given mechanical dimensions. This is necessary 
in keeping the kinetic energy at a minimum and in- 
creasing the acceleration and retardation efficiency. 

Tenth, the motor should produce the maximum 
practical torque per ampere in starting. What is 
meant by this is that it should produce the maximum 
starting torque obtainable without increasing the frame 
size. This is also necessary to obtain the most efficient 
acceleration and retardation. In this connection 
attention is called to the fact that it is more important 
to have efficient acceleration and retardation than 
efficient full speed operation in order to obtain the 
most economical elevator service. This fact is also 
very forcibly shown in connection with d-c. elevators. 

Exhaustive tests under actual operating conditions 
were necessary to develop a motor that would give these 
requirements. The facts found by these tests resulted 
in the development of a new motor of entirely new 
characteristics and one that was very different from 
any commercial motor available. 


CONTROLLER 


Next to the development of this motor the important 
problem was the development of a controller that would 
give certain required characteristics and could be 
adapted to control this motor as required. 

The important requirements for a satisfactory and 
reliable a-c., high-speed elevator controller are outlined 
as follows: l 

First, it should be full magnetically operated. This 
is self-evident because it would not be practical to 
operate at high speeds with a mechanical control. 

Second, it should have a minimum number of 
magnets. This is necessary for simplicity and 
reliability. 

Third, the magnets should be interchangeable, as far 
as practical. This is essential for reliability and low 
maintenance. 

Fourth, it is very necessary to insure continuously 
against magnetic hum or chatter. This is because of 
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magnetic noise being so objectionable in connection 
with elevators. In view of this it seemed essential 
to use a polyphase magnet of a non-sealing type 
although this was a radial departure from previous 
practise. 

Fifth, it was very desirable to use a type of magnet 
that dìd not require oìl immersion, because oil around a 
controller has always been found objectionable. 

Sixth, the magnets should be such as to give a con- 
stant pull throughout their range of action. This is 
necessary in order to eliminate auxiliary retarding de- 
vices and yet insure against too violent an action in 
closing the switches. 

Seventh, to insure low maintenance and reliability 
in operation, the units, contacts, and parts should be 
interchangeable to the extreme. 

Eighth, all bearings should be oilless to prevent the 
collection of dust and to insure long life with a minimum 
amount of attention. 

Ninth, experience indicates that a series or speed 
control of acceleration does not lend itself to elevator 
requirements; therefore a minimum number of dash 
pots or retarding devices should be used and, if dash 
pots, they should be large, sturdy, and oilless to insure 
against variation in their retarding action under all 
conditions of service, care, and atmospheric changes. 

Tenth, there should be a minimum of auxiliary 
contacts. This is required to insure against frequent or 
long shut-downs, because experience has always proved 
that small or auxiliary contact troubles more often do 
not indicate themselves and therefore are very difficult 
to locate, the result being long interval shut-downs 
while locating the fault. Attention is called to the 
fact that it is not the cost of a replacement contact of 
an elevator as much as the time out of service, that is 
most important. 

In the interest of reliability, then, there may be 
mentioned: sturdy construction, minimum number of 
magnets, minimum of auxiliary contacts, a minimum 
of power contacts for service rendered, and contacts 
that give long life. | 

After considerable research it was found that a poly- 
phase rotating-magnetic-field rotary type of magnet 
would give the above requirements. It wasfound that 
using this type of magnet, however, would make the 
controller somewhat more expensive to manufacture 
than with other known types; nevertheless experience 
has proved that this increased first cost was more than 


‘justified by the results obtained. 


Further, it is interesting to note that this type of 
magnet made possible other desirable features. It 
has inherent phase reversal protection, inherent phase 
failure protection, allows the locking of the switch 
contacts in the off position, allows the forcing open of 
contacts by power should they mechanically stick 
closed, or vice versa, and gives the car control switch 
control over two separate and independent circuits. 

Incidentally, this type of magnet allows a very simple 
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system of wiring which is not what was originally 
anticipated. 

Figs. 1 and 2 are front and rear views of a controller 
using this type of magnet, and show the simplicity of 
wiring and the interchangeability of parts. 

‘PRINCIPLE OF CONTROL 

After the development of the controller, the next 
and probably the most vital considerations to decide 
were the principles of control. 


fl ‘ Clo le le ie le 
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Fic. 1—Front View or A-C. ELEVATOR CONTROLLER 

It was evident that in entering a new field of applica- 
tion (because it is believed there were no a-c. elevators 
in operation with car speeds above 400 ft. per min., 
prior to 1920), there were many problems to overcome. 
The principal and most important one of these was 
safety, which led to conclusions that proved very 
important. 

When it is desired to stop quickly, the neutral or 
reverse position of the car control switch should pro- 
duce this result, or in other words when traveling at 
full speed and immediately moving the car control 
switch to the neutral or reverse position, all of the 
normal stopping means must act together. This 
principle was old with d-c. elevators but had never been 
available with a-c. elevators. This result or its 
equivalent is essential for smooth, rapid, positive, and 
safe operation of a-c. elevators at the higher car speeds. 

It will also be appreciated that this equipment has 
no run-away characterisitics, because there is no genera- 
tor action from an induction motor when disconnected 
from the power line. Should the power fail, all devices 
will immediately return to the stop position regardless 
of the load, speed, or direction. 
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It was also found desirable for the control to be such 
as to tend to increase the power factor of the motor, 
thereby aiding in reducing any line disturbance under 
operating service to a minimum. It is probably of 
interest to know that many of these elevators are 
operating very satisfactorily in buildings having a 
common transformer for lights and power, and ex- 
periencing no trouble from light flicker. 


THE BRAKE 


It is rather generally understood that an elevator 
magnet brake is applied by a compression spring or by 
gravity and released and held released by a magnet 
while the elevator is operating. 

The major problem is the development of a suitable 
a-c. magnet that will give reliable operation and still be 
such that it will be suitable for all classes of work. 
The important necessary requirements are outlined as 
follows: 

First, it must insure against a magnetic hum or 
chatter under all conditions of service, such as low 
voltage, want of adjustment, collection of dirt, etc. 

Second, it must be one that does not require oil 
immersion for cooling or: reducing noise. Further 
objections to the use of oil immersion are its effect in 
varying brake operation with atmospheric changes and 
the liability of getting oil on the brake drum. 
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Fig. 2—Rear View or A-C. ELEVATOR CONTROLLER 


Third, it must insure against the violent action so 


common to a-c. magnets. 
These requirements prompted the following: that 


it should be polyphase, non-sealing, giving a constant 
pull, and be reciprocating in action. 
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After considerable research a magnet was developed 
that fulfilled all of the above features. 
A sectional view of this magnet is shown in Fig. 3. 
Its principle of operation is the taking advantage of the 


Fie. 3—Non-SEALING A-C. BRAKE MAGNET 


Q STROKE (DISTANCE FROM HOME POSITION) 
Home Position 


Fic. 4—CHARACTERISTIC CURVES OF A-C. MAGNETS 


Curves A, B, and C are for the rotating-field type of magnet. Curve A is 
for a cylindrical coil. Curves B and C are for tapered cores, Curve C being 
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end pull on a polyphase induction motor when the rotor 
is axially shifted out of line with the stator. This 
characteristic everyone is familiar with, and it is also 
generally known that the synchronous rotating mag- 
netic field of such a motor is always constant. 

Now if only the rotor iron is used with no closed 
winding on the rotor, there will be little rotative action 
but the end pull action remains the same, and its 
value will be absolutely steady and entirely free from 
a cyclic vibration. 

With a laminated core having a surface parallel to the 
axis, the end pull curve characteristic is as shown by 
curve A in Fig. 4. The abscissa of this curve is shown 
as inches of stroke or movement from the home posi- 
tion, shown at zero, with the extreme right hand end 
showing the position at which the core is about to leave 
the stator. The ordinates are shown as the end pull 
in pounds necessary to maintain any particular position 
or stroke. 

It was found that the core surface can be tapered 
slightly and produce curve B and by a different tapering 
to produce a curve similar to C which was the desired 
characteristic curve for this particular application. 

It should be remembered that other types of a-c. 
reciprocating magnets have a characteristic pull curve 
similar to curve A except that the lower or home 
position will follow curve D. With this it is seen that 
the magnet could not be required to operate and hold 
more than the lowest point of curve D and with the 
maximum as shown by curve A it inherently produces 
the violent action of a-c. magnets so familiar to electrical 
engineers. 


TEST RECORDS 


The following test records were taken at random 
from files and it is hoped they will prove of interest. 

Figs. 5, 6, and 7 were traced from tests made by one 
of the largest power companies and are of an elevator 


the most desirable design. Curve D is a characteristic of the ordinary a-c. f z 
magnet. , rated for 1500-lb. capacity at 425 ft. per min. The 
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Taken on an elevator rated 1500 lb. at 425 ft. per min, with a two-phase, 220-volt motor having 3:1 speed ratio. 
At a the motor was started on its low-speed connection. 
Positions c, d, and e show respectively the closing of the first, second, and third accelerating switches. At/theelevator isin full speed. 


third to the fifth floor with 1000 lb. in the car. 
connection. 


The elevator was run from the 
At b it was transferred to the high-speed 


Position g shows the transfer to low-speed connection and h shows the disconnection for stopping. 
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6—OscILLOGRANS SHOWING ELEVATOR OPERATION WITH OVERLOAD 


The conditions are the same as those in Fig. 5 except that the car carried 2000 lb., an overload of 33 per cent. 
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motor is a 3:1 speed ratio, 220 volts, two-phase. Fig. 5 
is an oscillogram showing the amperes in each phase 
with time in seconds as abscissa. In this particular 
operation the elevator was run from the third to the 
fifth floor with 1000 lb. in the car. Starting from the 
left at zero time, position a, the motor was connected 


AMPERES (RMS. VALUE) 
PER PHASE 


2 3 4 5 
ELAPSED TIME IN SECONDS 


Fie. 7—CurRRENT CurVES OF ELEVATOR LIFTING OVERLOAD 


The load is 2000 lb. The points c, d, e, g, and A correspond to similar 
points in Figs. 5 and 6. 


for its low speed. Position 6 shows the current on 
transferring to the high-speed connection. Position c 
shows the closing of the first accelerating switch. 
Positions d and e show the closing of the second and 
third accelerating switches. Position f shows that the 
elevator has attained approximately full running speed 
and that this has taken place in 214 sec. Position 
g shows the transfer to low speed for slowing down or 
stopping and position h shows the point where motor 
was disconnected for stopping, thus completing a two- 
floor travel in less than five sec. 
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8—PERFORMANCE CuRVES OF ELEVATOR IN FuLL Runs 
FROM First To E1GHT# FLOORS 

Elevator is rated 2500 lb. at 510 ft. per min. with a three-phase, 220-volt 
motor with 4:1 speed ratio. The motor carried 2031 lb. Position k is 
etarting upward: m, accelerating upward; n, running full-speed upward; 
p slowing and stopping after upward run. Point q is starting downward; 
r, accelerating downward; s, running full-speed downward: t, slowing and 
stopping after downward run. 


F ia. 


Fig. 6 shows oscillograms of the voltage and current 
in one phase with a, b, c, d, and e, representing the same 
positions as shown in Fig. 5, but with a more rapid 
time scale and lifting a load of 2000 lb. in the car. It 
should be noted this is an overload of 33 per cent. 

Fig. 7 is a curve plotted by the power company from 
an oscillogram of the amperes in each phase while the 
elevator is operating from the third to the fifth floor 
with a load of 2000 lb. 

Figs. 8, 9, and 10 were taken by another large power 
company and are curve-drawing instrument records; 
they are to be read from right to left. This elevator 
has a rated capacity of 2500 Ib. at 510 ft. per min., the 
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motor being a 220-volt, three-phase and having a 4:1 
speed ratio. The same letter on each curve represents 
the same operation in all three figures. Position k 
is the point of starting in the up direction, m isaccelerat- 
ing in the up direction, n the full speed running in the 
up direction, p the slowing down and stopping in the 
up direction, q the point of starting in the down direc- 
tion, r is accelerating in the down direction, s the full 
speed running in the down direction, and t the slowing 
down and stopping in the down direction. 
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Q9—ELEVATOR PERFORMANCE STOPPING AT ALL FLOORS 
Elevator, load, and notations are the same as in Fig. 8 
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It should also be noted all these tests were with a load 
of 2031 lb. 

Fig. 8 shows full runs between first and eighth floors, 
the upper curve being for amperes and the lower one 
for power factor. 

Fig. 9 shows full runs between first and eighth floors 
but stopping at all intermediate floors. 

It is understood that this installation in actual service 
is showing an average power factor in excess of 80 per 
cent. 

Fig. 10 is of particular interest because it os the 
effect on the current when the elevator is traveling at 
full speed in each direction and an instantaneous full 
reverse movement of the car control switch is made. 


10—Errect or REVERSING ELEVATOR WHEN RUNNING 
AT FULL SPEED 
Elevator, load, and notations are the same as in Fig. 8 


Fia. 


Without giving detail thought to the matter, there 
has been a general impression that an a-c. elevator 
motor does not return power to the line as a generator 
when the load is tending to drive it above its synchro- 
nous speed. In order that this impression may be cor- 
rected, it is found from experience that on elevators 
with car speeds from 400 to 700 ft. per min., the motor 
will supply the controller and brake losses and in 
addition return from 25 per cent to 40 per cent of its 
rated hp. back to the power line as a generator. 
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Discussion 


P. A. Lindemann: Unfortunately Mr. Thurston’s paper 
does not give speed-time curves of the high-speed geared a-c. 
elevator. I should like to know the details of the stopping 
period of a fully loaded elevator having a car speed of 700 ft. 
per min. and the brake applied without appreciable slow down by 
the motor. 


I rather expect an unevenly divided period of deceleration with 
too abrupt an ending due to the absence of dynamic braking, and 
too great a pressure on the shoes at low rotor speeds. I wonder 
if this assumption is correct? 


It would also be interesting to know as to the thrust perform- 
ance on a-c. elevators operating at car speeds of over 500 ft. 
per min. 


To me it seems that the electrical efficiency would be higher, 
and cost of maintenance lower, were the compensator principle 
of control used, instead of the series resistance type which is 
liable to unbalance the phases due to loose and broken grids. 


J. Leboviciz We would appreciate some description of the 
construction of the motor mentioned in this paper and would 
like to know in what respect it differs from a high-resistance 
Rotor squirrel-cage motor. We would appreciate having some 
speed-torque characteristics of the motor; also the slow-down 
characteristic. 

We also would like to know if the motor is of two-speed, two- 
winding type. 

We notice the statement that an elevator motor must allow 
torque characteristic changes at the installation. I would like 
to know how these changes could be made at the installation 
outside of varying, of course, the resistance in series with the 
motor stator. 

We also notice that the number of switches or the number of 
magnets should be kept to a minimum. While we agree with 
this statement, we believe that the number of steps of accelera- 
tion should be as high as possible. 

We would hke to call attention to the development of a 
controller using an induction regulator for the purpose of apply- 
ing a Varying voltage in an infinite number of steps to the elevator 
motor. Such a control approaches the variable-voltage control 
of the d<. motor. 

E. B. Thurston: The question by Mr. Lindemann in regard 
to the stopping characteristics of a 700 ft. per min. a-c. elevator, 
if understood correctly, is a very important one. While he 
mentions the absence of dynamic braking, it is believed the infor- 
mation desired is the stopping characteristics, when the controller 
is moved quickly to the off position. 

The apparatus covered by this paper is such that there is 
always automatic dynamic braking in slowing down, stopping, or 
reversing from high speed independent of what the operator does. 

The accompanying curve gives a typical test taken by an 
oscillograph. Curve A shows where the operator is slowing 
down the elevator by the motor only and running a short dis- 
tance C on the slowest speed point and finally stopping at point D 
by the action of the brake. 

Curve B is one showing the action when the operator quickly 
moves the ear control switch to the off position. 

It is, of course, to be appreciated that by adjustment any rate 
of retardation desired can be obtained. 

It is felt this feature of combined braking action is part of the 
development that made the a-e. elevator possible for higher speed 
service. 

As to his next question in regard to the thrust performance on a-c. 
elevators, experience has indicated that there is no difference in 
in the use of a-c. from that with d-c. power. If the question is in 
regard to the geared-type machine for the higher car speeds, we 
would cite as an illustration, a machine designed for either duty 
of 10,000-lb. capacity at 150 ft. per min. or for 2500-Ib. capacity 
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at 600 ft. per min. It is only necessary to change the gear ratio, 
to change from one to the other rating, and it surely is self-evident 
that the thrust loads, the tooth load and machine stresses are less 
on the 600 ft. per min. than on the 150 ft. per min. service. 


Experience has proven that the wearing qualities of the gear in 
the higher speed service is much better. 


The thrust load may be calculated by different methods and it 
will be found that for full load lifting the 10,000-lb. service will 
have a thrust load of four times that of the 2500-lb. service, and 
for all allowable acceleration and retardation rates, the thrust 
loads of the 10,000-Ib. service will be more than twice that of the 
2500-lb. service. 


Incidentally, it will be of interest to know that the 10.000-lb. 
service requires from 20 to 25 per cent greater motor horse power 
than that of the 2500-lb. service, even though the actual work 
done is the same. This is due to the much higher efficiency of 
the higher speed gear ratio, and is a fact well known in the gear 
art. 


The question of compensator principle of control or resistance 
was raised and experience has indicated as yet that the resistance 
has worked out the best. It does not increase materially the 
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power consumption but does increase considerably the starting 
power factor, which is a very vital point in connection with power 
companies, especially where the lights and power are supplied 
from the same transformers. 


The first question by J. Lebovici in regard to the motor char- 
acteristics is a very logical one, but it would be too long to go into 
the discussion of that at this time. It is hoped that in the next 
year or two a complete paper on motor development can be given. 


His next question is in regard fo the winding of the motor. 
The one to which this paper refers has a single stator, with two 
windings in the primary and with the high-resistance squirrel- 
cage rotor. However, as far as safe operation is concerned it is 
immaterial whether it is a single winding reconnected, or a 
double-type motor, providing it can be made to produce the other 
desirable characteristics mentioned in the paper. 


His next question is in regard to a minimum number of mag- 
nets. This is one of the desirable features of the rotating type of 
magnet allowing the reduction to a minimum. Referring to 
Fig. 1 of the paper, it will be noted there are four magnets, and 
that each magnet can operate four or eight accelerating switches 
and results in a very reliable controller. 


He next refers to a controller that uses an induction regulator 
for giving a varying voltage. This isa comparatively new devel- 
opment, and it 1s hoped in the near future we may have a paper 
by those who are building this type of controller. 


Since this brings up the question of smoothness or the elimina- 
tion of the sensation of accelerating or retarding steps, it is 
desired to state that it has not been found difficult entirely to 
eliminate these sensations with the equipment covered in this 
paper. 


Stroboscopic Method of ‘Testing Watthour Meters 


BY 


Synopsis.— This paper deals with an optical method applied to 
watihour meter testing. The method as presented overcomes, to 
a great extent, personal error, and lessens the time required through 
the use of measured light impulses. It gives instantaneous com- 
parison between watt-seconds on two measuring devices. 


The objects of this method are: 


INTRODUCTION 

HE ‘present-day ideal of calibrating and checking 
| watthour meters requires maximum accuracy with 

minimum loss of time. This paper deals with a 
device that reduces the time required per meter and 
increases the accuracy of the test by eliminating the 
human error factor and giving large indications of small 
increments of speed. In reality, this device is a watt- 
meter with a light vernier scale for measuring watt- 
seconds and giving instantaneous indications of meter 


This device measures watts with a high degree of 
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precision, then transfers the measurement into a cor-. 


responding number of light impulses per second. The 
meter disk is calibrated in watt-seconds by means of 
marks placed on the circumferential edge of the disk. 

In operation, a load is placed on the meter and the 
light impulses are then synchronized with the lines on 
the disk. When thus synchronized the markings 
appear to be stationary. The error of the watthour 
meter is then read on a balance indicator. By this 
method the accuracy of the meter is checked. 

For calibrating the watthour meter the frequency of 
the light impulses is kept proportional to the meter 
load. Then if the meter is running at an incorrect 
speed, the markings on the disk will appear to move. 
For high speed they will progress and for low speed 
they will retrogress. To calibrate the meter it is 
adjusted until the markings appear stationary. 

This apparent standing still and moving of the disk 
markings is the stroboscopic effect, which is more or less 
familiar to most engineers. l 


PRINCIPLES OF THE DEVICE 


To illustrate the principles, it may be well first to 
refer to Fig. 1 which shows a portable outfit with hand 
adjustment only for controlling the frequency of the 
light impulses. This outfit consists of two principal 
parts. The first is the light-impulsing machine con- 
sisting of a driving motor on whose shaft are mounted a 
commutator which makes and breaks the light circuit 
and a magneto whose voltage varies as its speed. A 
hand rheostat is used to adjust the motor speed. The 
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First: To reduce the time of laboratory tests, acceptance testa, and 
re-calibration. 

Second: To reduce personal error, and to increase the accuracy of 
the test. 

Third: To provide a device that gives precision instrument 
accuracy. 

Fourth: To make time devices in precision tests unnecessary. 


second part is the balance indicator. This is similar to 
a polyphase wattmeter except that one element is 
replaced by a standard d’Arsonval d-c. voltmeter 
element. In operation the two elements mechanically 
oppose or buck each other. To the a-c. element is 
connected the same load that passes through the watt- 
hour meter under test. The d-c. element is connected 
in series with the magneto and its torque is proportional 
to the speed of the motor or the frequency of the light 
impulses. | 

When a meter is to be checked it is connected to a load 
as shown in Fig. 1. The speed of the motor is then 
adjusted by the hand adjuster until the markings on, 
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1—CoNNECTION DIAGRAM FOR PORTABLE STROBOSCOPIC 
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WATTHOUR METER CHECKER 


` May be used with calibrator by means of transfer switches not shown. 


the meter disk appear stationary when viewed by the 
impulsed light. The error in meter speed is then read 
from the balance indicator. 


The functioning of the parts may be explained as 
follows: At the given load the meter revolves at a 
certain speed. This load also causes a certain torque on 
the a-c. element of the balance indicator. The speed of 
the motor is adjusted to synchronize with the disk 
markings. This causes the magneto to generate a 
certain voltage and this acts on the d-c. element of the 
balance indicator. If these two elements exactly 
balance, then the meter is running at the correct speed 
for the given load. If the meter is running too fast, the 
frequency of the light impulses must be increased to 
bring them in synchronism with the meter disk. On 
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increasing the light frequency the speed of the magneto 
is increased which increases its voltage and this in- 
creases the torque on the d-c. element of the balance 
indicator causing it to read high. 

Conversely if the watthour meter is running too slow, 
the balance indicator will read below normal. 

The foregoing illustrates the method of checking the 
accuracy of a meter. For calibrating, the method is 
varied as follows: The speed of the motor is adjusted 
so that the balance indicator reads 100 per cent speed 


or no error. Then if the watthour meter is running 
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Fia. 2—ConNECTION D1aGRAM oF Srrososcopic WATT- 


HOUR METER CALIBRATOR AND CHECKER 


at an incorrect speed the markings on the disk will 
appear to rotate. There will be progression for a fast 
meter and retrogression for a slow meter. Adjustments 
may then be made on the meter until the marks appear 
stationary which will mean that the speed is correct. 


LABORATORY FORM OF THE DEVICE 


The job of holding the balance indicator at the point 
of 100 per cent speed is performed by hand in the port- 
able device but in the laboratory form of the device 
this is performed by an automatic regulator. Such a 
regulator is necessary where a high degree of accuracy is 
desired as it eliminates the necessity of maintaining a 
balance by hand. This regulator is shown in Fig. 2 
which is a design of the laboratory device and connec- 
tions. The regulator consists of three main parts. 
The first part is a wattmeter of the Kelvin-balance type 
which takes the same load as does the tested watthour 
meter. The second part is a standard d-c. voltmeter of 
the d’Arsonval type. This d-c. meter is actuated by 
the magneto already mentioned and its torque is 
proportional to the speed of the stroboscope motor. 
These two elements are mechanically connected in 
opposition and by means of contacts and a reversing 
control motor (the third part), they control the series 
resistor Of the stroboscope motor. By this arrange- 
ment the speed of the stroboscope motor and the 
frequency of the light impulses are maintained pro- 
portional to the watthour meter load. 

The foregoing is a general description of this device 
and in the following paragraphs further descriptions 
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will be given of the four main parts, (1) the watthour 
meter to be tested, (2) the regulator balance, (3) the 
light impulsing machine, and (4) the balance indicator. 


THE WATTHOUR METER TO BE TESTED 


The watthour meter to be tested must have its disk 
marked with a number of equally spaced lines, usually 
300. Fig. 3 is an illustration of a commercial five- 
ampere, 115-volt watthour meter with marks on the 
edge of the disk. These marks are carefully graduated 
so that there are 300 equidistant marks filled with black. 
However, the black may be omitted, as the lines are 
visible and are much sharper without the black. 

Disks for new meters and old meters may be marked 
with precision at a very low cost. The major expense 
will be in changing the disks. Standard disks may be 
used; but the graduations must be perfect and of the 
proper number to match the range of speed of the 
calibrator. 


THE LIGHT-IMPULSING MACHINE 
The light-impulsing machine is composed of a high- 
speed series motor (a-c.), a commutator and brush ring, 
and a speed indicating magneto, all of which are 
mounted on a heavy bed plate. The shafts are coupled 
with a high-speed pin coupling of large diameter, the 
flexible portion being mounted on the motor shaft. 


3—WattrHouk METER Wira Srtrrososcopic LINES ON 
Disk 
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The motor is of the high-speed, high-torque type 
so that it will follow the regulator quickly. This fea- 
ture would cause the regulator to hunt if it were not 
properly damped. A magneto with a straight line 
speed —voltage curve is used and direct connected to the 
motor by means of a special coupling. This magneto 
must have annular ball bearings and a very well made 
commutator. 

The light-impulse commutator mounted on the non- 
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flexible end of the coupling has eight sections equally 
spaced consisting of four metal bars and four insulated 
sections. The metal bars are held in place by shrink 
rings which short-circuit them, forming a simple flash- 
ing commutator. The brush support is a ring section 
with one permanent and one adjustable brush. The 
adjustable brush may be adjusted to the proper “cut- 
off” or “light-on” position to produce a clear vision of 
the lines. At slow speed this adjustment is proportional 
to the ratio of width of space to the width of line on the 
disk. At high speed such adjustment is not required. 
It may, therefore, be set for the low-speed point and 
fixed, namely at 5 per cent of full load as this is about 
the lowest point at which the stroboscopic effect has 
been found satisfactory. 

A special lamp is connected with a battery or rectifier 

unit in series with the commutator, so that for each 
revolution of the magneto, the light is on and off four 
times. This means that the lamp will have to flicker 
at a maximum frequency of 300 x 25 = 7500 cycles per 
minute. This is too fast for standard lamps, and a 
high-speed lamp such as used in aero signaling was 
developed in miniature for this work. It is necessary 
to have a cooling medium and hydrogen gas is used. 
It was found that 15,000 light periods per minute could 
be recognized by means of the stroboscope when using 
thislamp. The possibility of air leaking into the lamp 
makes it necessary to enclose the lamp completely and 
to vent the housing to provide for explosion. The 
explosions are very powerful and danger exists unless 
properly guarded lamps are used. The current con- 
sumed by the lamp is above normal, because the gas 
absorbs a large portion of the heat at a high rate. 

A flood-light may be used for gang or group testing, 
either for one bench or for several. In fact, the over- 
head lighting in the laboratory may be changed to 
operate with this system. Where the room has ex- 
ceptionally good daylight, it may be best to use a small 
hand lamp with a focus beam; or the operator may use 
dark glasses, Dark glasses seem to protect the eyes, 
preventing eye fatigue. 


BALANCE INDICATOR 


The balance indicator acts as a check on the regulator 
when calibrating, and as an error indicator when 
checking. In the laboratory it should be mounted 
directly above the tester’s position at the test bench. 
It is similar to an indicating polyphase wattmeter 
except that one element is a d-c. voltmeter of the 
d’Arsonval type and is connected to buck the watt 
element mechanically. Both elements have a uniform 
scale and, asa result, the pointer indicates the difference 
which may be calibrated in watts or in per cent at one 
load. The author is devising an instrument which will 
read per cent for all loads. The connections for the 
balance indicator are shown in Figs. 1 and 2. 
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THE AUTOMATIC REGULATOR 


In making tests, no means is provided for keeping the 
watthour meter load absolutely constant. Therefore, 
in calibrating, the speed of the stroboscope motor must 
be varied as the watt load changes and for great 
accuracy this must be done by an automatic regulator. 
This regulator keeps the speed proportional to the load. 
As already mentioned the a-c. measuring element of the 
regulator is connected to measure the same load as that 
which the watthour meter measures, and the d-c. 
voltmeter element is connected to the magneto. These 
two elements are mechanically connected in opposition. 
The measuring elements, by means of contacts and the 
reversing motor, control the series resistor of the 
commutator motor. The contacts are of the standard 
three-point type such as are used in graphic meters. 

As the wattmeter element is of the Kelvin-balance 
type, it has a straight-line scale of watt values. This 
means that there must be a buck-balance with a similar 
straight-line scale. The standard d-c. voltmeter of the 
d’Arsonval type may therefore be used for a buck 
balance. With these two elements mechanically con- 
nected in opposition, they will find a point of balance 
over their entire range. This means that the speed 
must be proportional to the watts; otherwise the 
balance will close its contacts, causing the control motor 
to adjust the series resistor until a balancing speed is 
obtained through the voltmeter element. This part 
of the scheme is the heart of the device. Taps for 
voltage, a range for various current capacities, and a 
changeover switch on the voltmeter element for various 
makes of meters should be provided. 

When a precision wattmeter is used, the torsion head 
should be left intact, so that it may be checked with a 
potentiometer, the calibration of the device being thus 
established from this point. The torsion spring will 
have practically no effect, as the balance operates at 
zero torque, and with practically no movement. On 
the other hand the torsion head may be set to balance 
part of the meter torque and thus eliminate the neces- 
sity for some of the switches and taps. 


The voltmeter element should be of the finest work- 
manship; also it should be connected to the watt- 
meter through suitable mechanical linkage and the 
entire balance must be properly damped. 

This part of the device should be built so that it may 
be located near a standardizing bench, thereby facilitat- 
ing a check test on the outfit. 


OPERATION 
The general diagram of connections, as shown in 
Fig. 2 gives an idea of the electrical connections used for 
the laboratory set. A source of alternating current is 
required for loading the watthour meter, the Kelvin 
balance, and the wattmeter element of the per cent 
indicator. A small source of direct-current is required 
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for the light. This may be a battery or rectified alter- 
nating current with a wave filter in the circuit. 

Several load switches are required to cover the testing 
range. The major switches cover full load, light load 
and 50 per cent power factor. 

To make a check or “as found” test throw the regula- 
tor switch to the check position which cuts out the 
regulator and cuts in the hand control. Then adjust 
the set until the lines stop moving and read the per cent 
indicator. 

In calibrating, the power is supplied to the load 
deflecting the watthour meter, Kelvin balance, and 
per cent meter. This upsets the balance, starts the 
watthour meter, and gives an indication on the per cent 
indicator. The Kelvin balance then closes its contacts 
which control the motor on the rheostat. This 
decreases the resistance in the commutator-motor 
circuit until this motor reaches a speed at which the 
voltage generated by the magneto produces a torque 
on the voltmeter element that bucks the Kelvin balance 
and equals the torque developed by the watts in the 
meter circuit. The contacts then open and regulate 
the speed of the commutator motor by increasing or 
decreasing the series resistor. 

. The speed of the commutator is the same as that of 
the motor, so that the light is impulsed at a proportional 
speed. This speed depends upon the number of seg- 
ments on the commutator. When the frequency of the 
light impulses is the same as that of the movement of 
the lines on the watthour meter disk, or the disk line 
movement is synchronized with the light, the lines 
will appear to stand stationary, which is the well-known 
stroboscopic effect. If they are not synchronized, 
there will be progression for high speed on the meter 
or retrogression for low speed on the meter, indicating 
that the meter is out of step or calibration. In some of 
the standard meters, moving the adjustment screw in 
the direction of the line motion will correct the error. 

While this action has been taking place, the balance 
meter has been indicating the difference in calibration, 
as it functions the same as does the regulator. The two 
elements are bucking and as a result, when speed is 
proportional to watts, this instrument should read 
zero or 100 per cent. When the regulator is in use for 
calibrating, the balance indicator is simply a check on 
the regulator; but when the hand control is used for 
checking, this indication reads watts error plus or minus, 
slow or fast. | 

At this point it may be well to bring out the fact that 
the disk markings may appear stationary at harmonic 
values of speed, but the image is very poor at such 
values. At the calibration values the image is very 
sharp and clear. Also, noting the action of the per cent 
indicator and the range of calibration of the watthour 
meter will prevent mistakes. 

After the above mentioned operations have been 
taken care of, note the per cent indicator to see if the 
regulator is functioning properly. Then observe the 
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line movement and adjust the tested meter until the 
lines stop. Then test for the other load and power 
factor by simply throwing the proper switch, as the 
regulator will take care of the change. 

The meter under test may be connected after the set 
is started if quick-connection test blocks are used, as 
the regulator will take care of the system when the test 
meter is out of the circuit by stopping the commutator 
motor, exactly as it would for a no-load condition. This 
means that no time is lost while changing meters. 
Because of a possible short circuit at the lead ends, 
this procedure is not advisable if leads are used to 
connect the test meter. 


ACCURACY OF TEST 


As personal errors of switching are eliminated in this 
laboratory set the accuracy will be materially improved. 
A second point is that a precision wattmeter may be 
used, if desired, giving maximum accuracy while 
calibrating. Observation of the motion of the lines is 
made through a cylinder type of lens which apparently 
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speeds up the motion in case of slow speed. The author 
has tried several types, and this cylinder lens gives the 
best results, although a telescope with cross hairs will 
give minute measurements. 

It has been found by test that progression of one 
line one division in 30 sec. is quite perceptible with the 
unaided eye. Therefore the error which may be dis- 
cerned equals a movement of 1/30 division in one 
second. 

Full load on the meter used is 500 watts and the 
disk constant is 14. Therefore at 500 watts the disk 
will revolve at the following speed: 


LL 1 0.4167 
n = 3600 * lg = 0. rev. per sec. 


As there were 300 equal divisions on the disk the 
number of divisions per second is 0.4167 Xx 300 = 125 
divisions per sec. But the error which can be read 


equals 1/30 division per second. Expressed in per 


cent this is 1/30 + 125 Xx 100 = 0.026 percent. Trans- 
lated into watthours at full load this equals: 


500 x 0.026 + 100_= 0.13 watt-hr. 


Feb. 1927 — 


Discussion 


W. B. Kouwenhoven: The method described ae Mr. 
Sparkes is very ingenious. The arrangement that he has pro- 
vided, for changing the speed of his flashing lamp so as to bring 
it into synchronism with the marks on the meter disk, makes it 
possible to use the device to check over a wide range of speed. 

The method should give accurate results, as the torque of 
the wattmeter measuring the a-c. load, is balanced by the torque 
of a d-c. voltmeter element supplied with current from a magneto 
driven from the flasher shaft. Care must be taken to see that 
the armature reaction of the magneto is negligible, otherwise 
errors may be introduced. 


I regret to note that the author has found it necessary to put 
300 marks on the meter disk. This requires a high-speed lamp 
of special construction, and special apparatus in the laboratory 
always means trouble. If, however, he had used fewer marks 
and a standard lamp, which would operate at a low speed, he 
could not have obtained such a high degree of accuracy for his 
device. 

I think that his statement, that his method is excellent for 
gang meter testing is open to question. 

' As I see it, the advantages of Mr. Sparkes’ method, depend 
upon the fact that it is easier to detect a departure from zero 
than it is to read a meter accurately. Mr. Sparkes’ method 
also does away with the necessity of calculation and meter read- 
ing, as the scale provided in his device reads per cent error 


directly. It should give good results in the hands of the unskilled 
meter tester. 
B. J. Brown: Iam very much interested in some points made 


by Dr. Kouwenhoven, particularly to anything that would give 
trouble in the future in the apparatus, especially such that de- 
velops after service. 

In regard to the number of marks on the disk, can they be 
reduced? And the lamp, could it be changed? 

And also its use in gang testing? There are other devices on 
the market. I would like to hear somebody’s opinion regarding 
them. 

H. J. Blakeslee: Mr. Sparkes has made a distinct advance 
that doubtless will eventually be of benefit, to meter manufac- 
turers and electric light and power companies alike. 

For many years efforts have been made to reduce the time 
required for testing watthour meters. Mr. Brown has just 
spoken of the group methods of testing. There are a number of 
such methods in use, and also a number of methods for making at 
least a part of the test automatic and so eliminating the personal 
error. 

Group methods reduce the time required not only for deter- 
mining the accuracy of the meters, but also for making the 
necessary records and for -removing the covers, hanging the 
meters in position, connecting them in circuit, and reversing those 
operations. It has been found that the actual time required for 
testing a meter is small in comparison with the total time re- 
quired for the entire procedure. 

However, every advance of this kind in reducing the time 
required for the test is an incentive to reduce the time for the 
balance of the operation, and for that reason I do not wish at all 
to disparage Mr. Sparkes’ contribution. I think that efforts 
will follow to catch up on the other end of the process. 

I do not understand just what Mr. Sparkes means by his 
statement that he is able to make tests to an accuracy of 0.0026 
per cent. As I understand it, in the apparatus which Mr. 
Sparkes has described, the accuracy is dependent upon the pre- 
Cision of the per cent indicator and the accuracy to which it 
can be read. Possibly J am mistaken about that. 

One of the most desirable features of Mr. Sparkes’ method is 
the fact that the meter is tested at speed so that any possible 
errors of start and stop do not enter into the result. 

One other point which Mr. Sparkes has not brought out, 
but which should be borne in mind, is that his method is a dis- 
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tinct contribution to human welfare. Anyone who has intimate 
knowledge of the tediousness involved in counting meter revolu- 
tions day after day, will appreciate how relief from that monotony 
may add to the desirability of the meter tester’s work. 


G. A. Sawins Referring to Mr. Sparkes’ paper, the item 
that will most interest the operating man is his statement that 
this testing device will reduce personal errors and save time. 
Just how is this to be accomplished? 


To illustrate, supposing we paint a picture of the meter man 
of the present and a possible meter man of the future. Today 
the meter man goes into the premises with a rotating standard 
and his load-box, connects up, and then counts the revolutions 
of the disk through his test meter. In order to avoid stopping 
and starting errors, and possible personal errors, he has to take a 
reading of three-quarters of a minute to a minute long and usually 
checks himself three times. I think that is the rule of most 
operating companies. He does the same thing at full load and at 
light load. Then if the meter is incorrect, he adjusts it a little 
bit and counts revolutions all over again, and he continues this 
same process until he gets the meter correct. Now the meter 
man of the future comes in. He has a box in his hand, which is 
probably about the same size as his present rotating standard, 
maybe smaller, and his load-box. He connects up, puts the 
testing device in front of the meter, adjusts the hand rheostat 
until the lines of the disk stand still, and reads his indicator. 
He has obtained his meter accuracy. He will probably check 
himself once, to make sure that he is right. He does the same 
thing at full load and at light load. You can see how much 
quicker that is, than the present method. 


Now take your meter room where you have the laboratory 
device: in this case the flickering of the light is held constant 
by the standard meter. The tester knows that if the lines are 
going one way the meter is fast; the opposite way it is slow. 
He puts a screw-driver into the full-load adjustment, turns that 
adjustment gradually; watches the lines slow down and finally 
stand still. The meter is calibrated. Of course, he will check 


‘himself to make sure he is correct, but there are no counting revolu- 


tions of the disk, no long waits, no stopping and starting errors. 

As Mr. Sparkes says, the device is still in the experimental 
stage, but I think it marks a step forward. If we could only 
get away from that old bugbear of counting revolutions, it would 
be a blessing. I think Mr. Sparkes has earned a great deal of 
credit for showing us a possible way toward that end. 


A. E. Knowlton: I should like to ask Mr. Sparkes to give an 
answer to this question: Does the logarithmic manipulation of 
the torque of the per cent indicator assure getting the same degree 
of accuracy of the percentage indication on a 50 per cent power- 
factor test as on a 100 per cent power-factor test? 


The other question I would like to ask is: Does the limitation 
of the use of harmonic values of speed prevent accurate testing of 
the meter at 200 per cent or even 300 per cent of load, for which 
the claim is made, that a large number of meters now available 
are quite reliably accurate? 


P. van Santen Kolff: Mr. Sparkes evidently needs in the . 
tachometer a magneto that for a certain range of speed will 
give a perfectly straight curve. The particular magneto used 
by Mr. Sparkes has that characteristic. A much higher speed 
could be got, and still give a straight line curve, but, naturally 
slow speed tends to give more permanent and better commuta- 
tion than high speed. 


Mr. Sparkes might have added that the speed of his motor is by 
no means limited. If I understood his paper, all that Mr. 
Sparkes desires to do is to create a certain number of impulses, 
which may run to a maximum of maybe 8000 per min. for the 
flashing of his light; and by mounting more contact points or 
cams on his commutator, he naturally can reduce the maximum 
running speed of his motor and subsequently the speed of his 
magneto to any speed he likes. Ifa magneto at 600 rev. per min. 
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would not serve his purpose, be could reduce that speed to 300 
rev. per. min. 

Mr. Sparkes wanted a lamp which would flicker very rapidly. 
Filling the lamp with hydrogen gas is ideal for accomplishing this. 
Nevertheless, if the bulb becomes cracked or for some reason 
oxygen and hydrogen become mixed in just the right proportion, 
a very dangerous explosion may result. 


In Mr. Sparkes’ work, danger from explosions must be ab- 
solutely eliminated. So his lamps, made up for him by our lamp 
laboratories, have very small bulbs, in fact, the bulb is about the 
size of an olive, and in these bulbs is less than atmospheric 
pressure of hydrogen gas. The danger of explosion is still there, 
but in Mr. Sparkes’ apparatus he has the lamp enclosed in a 
fixture with a piece of plate-glass about ten times as thick as is 
needed, so the danger is so small as to be negligible. Further- 
more, if his later experiments show it is necessary, we mav fill 
these lamps with helium gas, which is almost as good for the lamp, 
and with it there is no danger from explosion. 


H. P. Sparkes: Dr. Kouwenhoven’s first question concerns 
the characteristies of the magneto. In developing this machine 
as far as it is developed, care was used in choosing the proper 
speed range. We selected from the curve of the magneto that 
portion which we may term “straight.””. The machine has been 
operated from 4 per cent load on the watthour meter to approxi- 
mately 200 per cent. In the range of the magneto we are using 
that section of the curve which is straight for such operating 
conditions. The straight-line range runs from approximately 
zero to 1200 rev. per. min. 


The next point brought out under Dr. Kouwenhoven’s dis- 
cussion was the question as to whether the number of lines could 
be reduced or not. All electrical men are familiar with the fact 
that after passing approximately 30 cycles, the vision of light 
interruption ceases; in other words, the eve is not sensitive 
enough to record over 30 cycles. Keep in mind that when 
operating this machine at light load, we must have a large number 
of lines passing the focal center of the eye within a given period, 
otherwise we cannot get the stroboscopic effect, we see the actual 
motion. It is therefore necessary to keep the stroboscopic 
lines on the disk in the vicinity of 300 or better. Experimental 
tests were made at 200, and at present we are working at 300. 
Some tests were made at 360, but care will have to be used in 
selecting the number of lines to match the watthour constant of 
the meters now being used. I make that remark because in 
calibrating with this device it will be necessary to supply a switch 
to take care of the various constant values as applied to various 
makes of meters. 

I believe the point about the mechanism running at high speed 
is covered in the past remark concerning the lines. 

For a reply to the question on special lamps see Mr. Beggs’ 
remarks, 

Another point which I wish to emphasize is the fact that the 
machine entirely eliminates personal error other than bad vision. 

As to the point of gang testing, the term is applied in several 
different ways. You may make a gang test where the meters 
all stop and start at the same time. You start them all, time 
them, stop them, go over and adjust those that are out of cali- 
bration. With the stroboscopic machine you turn on the 
machine with the gang test running and in place of checking, 
you go along and ealibrate while the load is on the meters. 
It eliminates the cut-and-try method. 

As to Mr. Blakeslee’s remarks, I would like to bring out one 
point in his statement. The meters, when placed on acceptance 
test, may be checked and passed, if they are within limits of 
required accuracy, without breaking the seals or removing the 
covers. The lines are placed on the circumferential edge and 
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have a greater visibility: than the present calibrating mark on the 
disk. This means that there will be considerable saving in time 
in the actual set-up for the test. That is, it will not be necessary 
to remove the metal covering, beeause the light beam can be 
projected through the glass opening on to the disk and a check 
made without touching the original manufacturers’ seals. 


The accuracy figures given in the paper, 0.0026, are based on 
calculations of the ultimate accuracy, and I believe in the paper 
I remark that the accuracy is based entirely upon the regulator, 
and as the regulator is composed of a precision wattmeter, you 
may see quickly that the accuracy of the entire machine or the 
overall accuracy depends entirely upon the linkage in the machine, 
0.0026 being the ultimate accuracy according to visibility. 
Those figures are taken on what vou may see through a 16-power 
evlindrical lens; in other words, that is the maximum. 


Mr. Knowlton asks the question as to 50 per cent power factor. 
At 50 per cent power factor, we have the same change in the 
stroboscopic machine as you have in the watthour meter, so 
there will be no effect to introduce an error at this point, the 
stroboscope will follow the load with the meter and will act as 
though the meter had simply had the 50 per cent power-factor 
load placed on it, and the strohoseope will follow right through 
with it. I have made a number of tests at this point with the 
machine and no errors were found. 

The last point brought out by Mr. Knowlton is an important 
one, concerning the harmonic adjustment. In developing this 
machine, I found that the eve is subject to a number of tricks. 
For instance, we are running the machine at twice the speed of the 
meter. The result. is that the number of lines will apparently be 
double the actual number because you are taking a picture with 
your eve, of the line in two positions in place of one. Reverse 
the condition, with the meter running at 200 per cent and the 
stroboseope at 100, and you will be taking the opposite condition, 
every other line. In fact, you can check harmonic values from 
zero up to about 200 per cent. But realize what happens when 
vou strike those harmonic values you are possibly working at 
one-half of 0.0026, which makes the point unstable so that it is 
impossible to hold it; you have reduced your vision by the multi- 
plier of your harmonic, and as a result your vision is exceedingly 
poor. At some harmonic values you have to reduce the light 
in the room or the external source of light to practically total 
darkness to observe some of the harmonic values. I have used 
colored glasses to determine some of these harmonic values. 


Now, a point that hasn’t been discussed is the question of 
using a lens multiplier at light load. Remember at light load 
you are getting an impulse-light. The light condition actually 
goes off and on to the human eye, meaning that the retina of the 
eye and the iris will get a flicker of light. Now the eye will 
automatically adjust itself to an intermediate position. You 
cannot follow the stroboscopic action at exceedingly light load 
by simply glancing at it. You have to give the eye several seconds, 
possibly, to see the extreme hght-load conditions. By using a 
cylindrical lens in front of that moving object, it apparently 
speeds up the action to the eve and you get away from the eve 
delav. 

In the criticism of the paper, the point was brought out: 
Does the stroboscopie machine have any effect upon the eye, 
such as injury to sight or fatigue to the eye? I would lke to 
bring out one point here, and that is this: The optician today, 
with his methods of correcting eve trouble, often places an image 
on the edge of a whecl and asks you to watch that. The effeet 
is that your eve rotates, exercising the muscles. In the case of 
the stroboseope operating at slow speed, you exercise the muscles 
in the eye. IT have been operating this machine over a period of a 
year and I have had no eve trouble from it. 


Theory of Action of the Induction Watthour 


Meter and Analysis of its Temperature Errors 
BY D. T. CANFIELD: 


Associate, A. I. E. E. 


Synopsis.— The question of changes in the registration of watt- 
hour meters due to variations in temperature is receiving considerable 
attention at the present time from manufacturers and public utilities 
alike. This paper discusses the development of a temperature- 
compensated waltthuur meter. The effect of certain changes in the 
fundamental constants of the meter circuits and the materials of 
certain vital parts are shown to point out the necessity of two in- 
dependent compensating devices. 

The compensating devices found most effective consist, first, 
of a permanent magnet fluz diverter mounted on bimetal strips in 
such a way that it shunts more or less of the permanent magnet 
flux around the disk, on a decrease or an increase in temperature, 
respectively, and second, a moving lag plate controlled by bimetal 


INTRODUCTION 
HE interchange of large blocks of power between 
T utilities, the need for accurately determining 
water rates of turbines, and the increasing number 
of consumers who use large amounts of energy, are 
making various refinements in watthour meter practise 
desirable. In loads of this character, any real increase 
in precision is more than desirable. 

As a natural consequence, it follows that the task of 
developing a temperature compensated watthour meter 
is typical of the problems to which American meter 
manufacturers are devoting their attention. Maore- 
over, the study of temperature errors in watthour 
meters is in line with the suggestions made by the sub- 
committee on Instruments and Measurements of the 
American Institute of Electrical Engineers. 

The writer was engaged to investigate the effective- 


ness of temperature compensation by thermostatic 


control of the lag adjustment and drag element of a 
watthour meter.? 

At the time the solution of this problem was under- 
taken, very little of a definite nature was available in the 
literature of the art concerning the real sources of the 
change in registration of watthour meters, due to 
changes in ambient temperature. Subsequently, how- 
ever, there appeared a very excellent discussion and 
classification of these sources by Messrs. I. F. Kinnard 
and H. T. Faus.’ 

Since a complete understanding of the action of the 
compensating devices later to be described is contingent 
upon an equally complete understanding of the sources 
of the errors they compensate for, it will not be out of 
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strips arranged in such a way as to cause the plate to move up or 
down with an increase or a decrease of temperature, respectively. 

In Appendix I is given the construction of a theoretical vector 
diagram of an induction type watthour meter showing the relative 
phase positions of the various fluzes, voltages, and currents that are 
present. 

In Appendiz II is given a discussion of the sources of temperature 
errors in watthour-meters as derived from an analytical study 
of this diagram. 

An attempt is also made in this paper to summarize these sources, 
the reason for their existence, and their effect upon the registration 


of the meter, in convenient tabular form. 
+ * + * + 


place to repeat a similar classification and discussion 
in this paper. 

Table I gives a summary of such a classification and 
discussion. This table was derived from a theoretical 
analysis of the vector diagram of Appendix I, the dis- 
cussion given in Appendix IJ, and a study of the regis- 
tration curves of meters at different temperatures. 


DETERMINATION OF THE RESULTANT EFFECT OF 
GROUP I ERRORS 


Since in Group I there are some effects producing an 
increase in speed and others producing a decrease in 
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speed, it is necessary to determine the resultant effect 
of Group I errorsasa whole. Todo this, aset of typical 
performance curves was obtained, such as those shown 
in Fig. 1. These curves are the per cent registration 
curves of a watthour meter under different tempera- 
tures and lagging power factors. They were obtained 
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TABLE I 
A SUMMATION OF THE SOURCES a ERRORS IN WATTHOUR METERS DUE TO VARIATIONS IN TEMPERATURE AND THEIR 
EFFECT UPON REGISTRATION 
Combination raian an increase in ambient temperature with lagging power factor 


Effect of decreasing 
Group Error Description of error Effect on meter speed power factor Reasons for the changes in speed 

1 Changes in the magnetic prop- Increases Independent Decrease in permeability, reluctance increases, 
erties of the permanent dragging flux decreases, meter speeds up. 
magnet. 

2 Changes in the magnetic prop- Decreases Independent Decrease in permeability, reluctance increases, 
erties of the magnetic cir- driving fluxes decrease, meter slows down. | 
cuits of the potential and cur- 
rent elements. 

I 3 Changes in length of the air-gap Decreases Independent Magnet gap widens, causing the flux passing 
of the permanent magnet. between the gap to decrease. Meters using 
this flux for dragging will speed up, while 
meters using a shunted portion of this flux 
will slow down. a 

4 A shift in the phase position of Increases Independent The exciting current shifts down due to de- 

the exciting current. creased iron losses, causing a shift in /p Rj 
This in turn increases E' which must be ac- 
companied by an increase in ®. (Bee Fig. 12.) 
28 An increase in the magnitude of Decreases Independent Increase in reluctance of kon cuts down ®, 
the exciting current. exciting current then increases but not enqugh 
to increase $ to its original value.. This 
means a decrease in E! and therefore in the 
speed of the meter. 

I 6 Changes in the choking effect of Increases Independent The choking effect of these plates upon the 
_ the lag and light-load plates. main flux decreases. More of the main flut 

acts as a driving flux. Meter speeds up. 

7 Changes in the resistance of the Decreases Independent Shift of 7p R, due to shift in exciting current 
potential windings. causes FE! to decrease and consequently 9%. 

Speed decreases. 

II 8 Changes in the resistance of the Decreases Increasingly Reacte to decrease the 90 deg. relation bietween 
potential windings. the driving fluxes. Speed decreases. 

II 9 Changes in the phase position Decreases Increasingly Both effecta shift the voltage V! (See Fig. 12) 
and magnitude of the exciting so as to decrease the 90-deg. relation between 
current. the driving fluxes. Speed decreases. 

10 Changes in the resistance of the Decreases Increasingly Increase in resistance of these plates decreases 
lag and light-load plates. the 90-deg. relation between the driving 
fluxes. Speed decreases. 
11 Changes in the resistance of the Decreases Increasingly ‘Reacts to decrease the 90-deg. relation between 
disk. the driving fluxes. Speed decreases. 


by comparison to another watthour meter kept at a 
constant temperature. In all these curves the potential 
coils were left excited continually and the current coils 
warmed up for a reasonable time prior to checking. 
As a result, the errors caused by self heating are 
negligible so that the change in registration is due solely 
to a change in ambient temperature. 

As seen by the 100 per cent power-factor points of the 
curves of Fig. 1, the resultant effect of Group I errors 
is to speed the meter up on an increase in temperature. 
This means that errors No. 2, 3, 5, and 7 are small in 
the aggregate compared to the combination of No. 1, 4, 
and 6. Fig. 1 also shows that as the lagging power 
factor decreases, the meter slows down at high tempera- 
tures and speeds up at low temperatures. This 
substantiates the reasoning with respect to Group II 
errors. 

Since, as just shown, the resultant effect of Group I 
and Group II errors is opposite, it is obvious that at 
some lagging power factor the meter will be independent 
of changes in temperature. In the meter of Fig. 1, this 


lagging power factor is approximately 80 per cent as the 
curves meet here in a common point. This point will 
vary up and down the power-factor scale, depending 
on the relative magnitude of the resultant effects of 
Group I and II errors. 

If, however, leading power factors are used in place of 
lagging power factors, the resultant effect of Group II 
errors will be reversed and, therefore, Group I and 
Group II errors will not oppose each other. As aresult, 
there is no leading power factor at which the meter is 
independent of temperature. 

This is illustrated by the curves of Fig. 2 where the 
broken lines are the corresponding leading power-factor 
curves to the solid or lagging power-factor curves. 

It should be noticed that the leading power-factor 
curves, although similar in form, are opposite in direc- 
tion to the lagging power-factor curves and therefore do 
not meet in a common point. 

The effect of leading power factors, as far as single- 
phase meters are concerned, is of little importance, 
since single-phase meters are rarely subject to leading 
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power factors, but with two-element polyphase meters 
this is not necessarily true. In the first place, polyphase 
meters are more apt to be used where leading power 
factors exist, and in the second place, a polyphase meter 
at lagging load power factors above 86.67 per cent has 
one element operating on a leading power factor. The 
two elements would tend, therefore, to compensate 
each other as far as temperature errors are concerned, 
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This probably accounts for the fact that polyphase 
meters in general have less over-all temperature error 
at low power factors than do single-phase meters of the 
same make.‘ 


EFFECT OF CHANGES IN THE CONSTANTS AND 
MATERIALS OF THE METER 


Any change in the constants of the meter circuits, in 
the materials of which they are made, or in the design 
of the meter will change the relative magnitude of the 
several errors and thereby change the typical per- 
formance curves. The effect of some of these changes 
will now be illustrated. 


Fig. 3 shows the effect of a brass phasing plate in the 
meter of Fig. 1. Since brass has a lower temperature 
coefficient than copper, its resistance will change less 
with a given change in temperature than the copper 
plate, and, therefore, the error due to this change will 
be less pronounced. Comparing Fig. 3 with Fig. 1, it 
is seen that the spread of the curves in Fig. 3 is less and 
the neutralizing or crossing point has been lowered. 
This means that the resultant effect of Group II errors 

4. See the author’s paper, ‘‘Watthour Meter Accuracy as 


Affected by Temperature Changes,” Experiment Station Bulletin 
No. 22, Purdue University. 


has been reduced so that they do not overcome the 
resultant effect of Group I errors as quickly as in Fig. 1. 
Furthermore, the spread of the curves at the lower 
power factors has been greatly reduced. This indicates 
that error No. 10 is the predominant one of the Group 
II errors. This figure also illustrates that it is possible 
by proper calibration to get virtually perfect perform- 
ance at some one temperature, 20 deg. cent. in this case. 


The substitution of a lag plate which has nearly zero 
temperature coefficient has been suggested, but, un- 
fortunately, all the metals which have low temperature 
coefficients also have high specific resistance. Even 
with brass, it is necessary to use a plate nearly four 
times as thick as the copper plate it replaces, in order 
to obtain the proper lagging. The design of the 
average present-day meter has a relatively small space 
available for the lagging device with the result that the 
limit to which this idea can be carried without materi- 
ally changing the dimensions of the meter, is quickly 
reached. 


In order to determine the effect of error No. 8, two 
otherwise similar meters were made up, one with its 
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Fig. 3—EFFECT UPON THE TYPICAL PERFORMANCE CURVES OP 
SussTituTine A Brass PHasing PLATE FOR THE CUSTOMARY 
COPPER PLATE 


potential coil resistance increase above normal and the 
other with its potential coil resistance decreased below 
normal. 

The first of these meters was obtained by winding the 
potential coil with the same number of turns of No. 33 
wire instead of the customary No. 30. Neglecting a 
small change in the mean length of turn, the resistance 
of these coils would be approximately twice the normal 
resistance. 

Since increased potential losses mean a decrease in 
the angle between the applied voltage and the flux 
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set up thereby (see Fig. 12), it follows that greater lag- 
ging must be applied to this meter. It was found 
that to obtain the proper lagging, a larger or thicker 
lag plate was required than that normally used. 
Turning now to Table I, it is evident that both errors 


S [2 Degre Cele | [19 Dares Genre 
m ales 


CAAT A AE 
oe aah eae 
Ho =) Xe AE 


VahGeeen 


PERCENT REGISTRATION 


20 30 40 50 60 70 
PER CENT POWER FACTOR LAGGING 


Fig. 4—ErFrect UPON THE TYPICAL PERFORMANCE CURVES OF 
INCREASING THE RESISTANCE OF THE POTENTIAL WINDING 
ABOVE NORMAL 


No. 8 and 10 will be affected and moreover in the same 
direction. The result is an Increase in the resultant 
effect of Group II errors. This means that Group II 
errors are now better able to overpower Group I errors, 
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thereby raising the crossing or neutral point on the 
power factor scale. 

The result of the test is plotted in Fig. 4. Comparing 
these curves with those of Fig. 1, it is seen, as had been 
predicted, that the crossing point has moved from 
approximately 80 per cent power factor to nearly 90 
per cent. This is a desirable change as far as high 
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power-factor operation is concerned, but it should be 
noticed that at the lower power factors, the spread 
of the curves has been greatly increased. 

Although this meter is compensated to some extent 
at high power factors, it is accomplished at the expense 
of accuracy at low power factors, and, furthermore, 
any compensation which depends upon an aha 
in the losses is fundamentallly wrong. 

The second meter referred to above was baned by 
winding the potential coils with two strands of No. 30 
wire instead of the customary single strand. As 
before, neglecting the change in the mean length of 
turn, the resistance of these coils would be approxi- 
mately half the normal resistance. 

Also as before, a change in the lag plate is necessary, 
but in this case in the opposite direction. A No. 16 
brass phasing plate was substituted for the customary 
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copper plate. The result of these changes is just the 
opposite to that obtained with an increase of resistance. 
The effect upon the performance curves is shown in 
Fig. 5. Comparing these curves to those of Fig. 1, 
it is evident that the crossing occurs at lower power 
factors and with less variation at very low power factors. 
This is obviously a step in the right direction as far 
as Group II errors are concerned, but it is equally ob- 
vious that it is not a complete solution as it would be 
impossible to have zero resistance in the potential 
circuit, so doing away with the lag plate entirely. 
In Fig. 5, the curves show the meter running fast at 
all temperatures on low power factors. This is due 
to over lagging of the meter when it was adjusted and 
calibrated. Had it been properly lagged at the cus- 
tomary 50 per cent power factor, the curves as a whole 
would have been more nearly coincident with the 100 
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per cent registration line, but the spread of the curves 
at either end would not have been changed appreciably. 


As previously mentioned, changes in design will also . 


affect the typical performance curves. As an example, 
consider the simultaneous lagging of both the potential 
and current fluxes. This is done by over-lagging the 
potential flux and then lagging the current flux suff- 
ciently to produce the required 90 deg. relation between 
them at unity power factor. 

As the temperature increases in a meter so modified, 
it will tend to lessen the lagging of both the potential 
and current fluxes. By proper proportioning of these 


Fia. 7—TuHe CompPENSATING DeEvicE UsEp ror Group I 
ERRORS—CovVER REMOVED 


two lag plates, it might be possible to shift these two 
fluxes by approximately the same amount for a given 
change in temperature so that the angle between them 
would remain at 90 deg. l 

Fig. 6 shows the result of an attempt to apply this 
principle. Comparing these curves with those of Fig. 1, 
a slight improvement is found in the slope of the curves. 
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Fiq. 8—EFFEcT UPON THE TYPICAL PERFORMANCE CURVES OF 
THE COMPENSATING Device For Group I Errors 
This means that Group II errors have been partially 
compensated for. The effect, however, is not very 

pronounced. 
TYPE OF COMPENSATING DEVICES FOUND TO BE MOST 
EFFECTIVE 
The compensating device found to be most effective 
for Group I errors in the meters investigated consisted 


of a flux diverter for the permanent magnet. This 
diverter was mounted across the gap of the magnet ona 
bimetal strip, so that it moved out or in as the tempera- 
ture went up or down. See Fig. 7. 

The law which this diverter obeys depends on the 
relative magnitude of the magnetic pull upon it and the 
spring and thermal action of the bimetal strip. These, 
in turn, depend on the position, size, and shape of the 
iron diverter and bimetal strip. 

The effect of this device on the meter of Fig. 1 is 
shown in Fig. 8. This figure shows that by this means 
it is possible to over-compensate for Group I errors, 
as the crossing point has moved beyond the 100 per 
cent power-factor point. By moving the diverter 
away from the gap, the crossing point may be made to 
occur at 100 per cent power factor exactly. It should 
be noticed that the removal of Group I errors leaves 
Group II errors unrestrained, as shown by the excessive 
spread of the curves at low power factors. 

From what has just been said, it is evident that two 
independent compensating devices are needed, one for 
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Group I errors and another for Group II errors, to 
completely compensate a meter for changes in 
temperature. 

The compensating method found most effective for 
Group II errors consisted in mounting the phasing 
plate on bimetal strips in such a way as to cause it to 
move up and down with a rise and fall of temperature. 
See Fig. 9. 

The effect of this device alone on the meter of Fig. 1 is 
shown in Fig. 10. 

The effect of both of these devices combined in the 
same meter resulted in the performance shown in Fig. 
11, which, when compared to Fig. 1, shows a marked 
improvement. 

The solid curves are the average curves of ten separate 
tests made on this meter at frequent intervals overa 
period of four weeks. Between tests the meter received 
average handling and transportation and was not found 
to be appreciably affected by this treatment. | 

This would indicate that although movable com- 
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pensating devices are used, they are rigid enough to 
withstand ordinary handling. 

The dash lines represent the maximum deviation 
from 100 per cent registration of any one of six com- 
pensated meters, each tested three times between 
— 18 deg. cent. and 40 deg. cent. and 100 per cent power 
factor and 30 per cent power factor. 

In other words, the solid curves of Fig. 11 illustrate 
the best performance obtained thus far in any one 
meter as a whole by careful adjustment. The dash 
lines on the other hand represent the poorest perform- 
ance of any of six different meters taken severally. 

This would indicate that compensated meters of this 
type might be produced and calibrated by the cus- 
tomary methods of production and testing and have 
none of its temperature power factor registration 
curves outside the range bounded by the dash lines of 
Fig. 11, and will on the average be better. 


- CONCLUSIONS 


To completely compensate a meter for changes in 
temperature two independent compensating devices are 
needed, one to compensate the meter at unity power 
factor or Group I errors and another to compensate the 
meter at any power factor other than unity, or Group II 
errors. 

The compensating device found most effective for 
Group I errors is a permanent magnetic flux diverter 
mounted on a bimetal strip across the gap of the magnet 
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in such a way that it moves in or out with decrease or 
increase in temperature. 


The compensating method found most effective for 
Group II errors consisted in mounting the phasing plate 
on bimetal strips in such a way that it moves up or down 
with increase and decrease in temperature. 

A meter equipped with these devices and carefully 
adjusted will not vary over one-half of one per cent 
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between 100 per cent and 50 per cent power factor 
over a temperature range of 40 deg. cent. to —18 deg. 
From 50 per cent power factor to 30 per cent 
power factor, a change of about one per cent in regis- 
tration takes place. Six meters equipped with these 
devices did not vary more than + 14 per cent at unity 
power factor and did not exceed + 1 per cent at thirty 
per cent power factor over the above mentioned range 
of temperature. 

It should be noticed that even this change is relatively 


~~ 
1 


7 3940 620 Petree Centigrade] | | T 
-4-4-+-+-b-L ioe 


PER CENT REGISTRATION 


20 30 40 50 60 70 8 9 
PER CENT POWER FACTOR LAGGING 


11—EFrrect Upon THE TYPICAL PERFORMANCE CURVES 
oF Bots THE DEVICES PROPERLY ADJUSTED 


Fic. 


small when compared to the variation in an uncom- 
pensated meter. l 

Ordinary handling and transportation of meters was 
not found to have any effect upon the compensating 
devices. 


Appendix I 
VECTOR DIAGRAM OF THE WATTHOUR METER 


In order to discuss the sources of temperature errors 
intelligently, it is necessary to have in mind the rela- 
tions that exist between the many fluxes, currents, and 
voltages that are present in a watthour meter. 

Fig. 13 shows the fluxes that are present in a watt- 
hour meter whose magnetic circuits are as shown, and 
with but minor modifications, will suffice for most 
present-day meters. 


Fig. 12 shows the relative phase relations of these 
various fluxes, currents, and voltages. 


It must be kept in mind during the discussion of 
these figures that they are purely theoretical, that 
many of the quantities shown are, from a practical 
point of view, negligible, and that therefore only an 
approximate attempt was made to draw these figures 
to scale. 


Considering, first, the potential circuit with the lag 
plate removed, V is the applied voltage which causes 
the no-load current J, to flow. This current has both 
a core loss and magnetizing component not shown in 
the figure. 

The current J» produces the flux ¢ and what leakage 
flux exists, @:. The flux sets up a back e. m.f. at 
right angles to it, which requires the primary com- 
ponent E to balance it. By adding E to the voltage 
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drop of the potential winding, which consists of I) R, in 
phase with I, and Io X., at right angles to Jo, the dia- 
gram closes on V. 

The flux @ divides at a (see Fig. 13), into two fluxes 
#,and %,, of which ẹ, is much the larger, due to the low 
reluctance of its path as compared to that of ¢.. How- 
ever, vectorially #, + &. = ® as shown in Fig. 12. 

If, now, the lag plate is placed in circuit as shown, 2 
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E due to the shifting in phase of I. alone. 
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The currents I, I:’, and I» must have a primary 
equivalent to balance them. This primary load current 
will change the position and magnitude of J, to Iņ. 
This change will also change I» R, to I, Ry, and Io X, 
to I, X,, both in magnitude and position. Assuming 
for the sake of simplicity that E is fixed in position and 
V fixed in magnitude, these changes will have the effect 
of moving V to V! and decreasing E to E'. This 
decrease in F is the fallacy in the above assumption for 
it must be accompanied by a decrease in ® Even 
assuming that the primary equivalent to Jo, I.’ and Ip 
is so small that it is negligible, there is still a decrease in 
Of course 
a shift in Io the other way would produce an increase 
in ®, 

Of the flux #,’, 6.1’ leaks across the gap without 
cutting the disk. The balance %,» cuts the disk, in- 
ducing in it a voltage E» which will cause eddy currents 
I» to flow. The reactance of the disk will cause the 
current J» to lag behind the voltage E» thereby creating 
another impedance triangle composed of I» R» and 
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will induce in it a voltage E.. The voltage E: causes a 
current I, to flow. Since the lag plate is only one short- 
circuited turn, the voltage Ez is used up in the I, R: 
and I X. voltage drops of the lag plate. 

In like manner, the flux &, will induce in the light-load 
plate a voltage E.,’. This voltage will cause a current 
I.’ to flow. Since the light-load plate is also only one 
short-circuited turn, the voltage E,.’ will be used up in 
the I.’ R,’ and the J,’ X,’ voltage drops of the light- 
load plate. 

The currents I, and I,’ will both produce a m. m. f. 
which when combined with the m. m. f. producing the 
flux Ææ- will produce some other flux $’. Some of this 
change is transmitted to #:, which now becomes ®,’. 
Assuming for the moment that the sum of these new 
fluxes, ©, and 4,’, is again vectorially equal to 4, the 
relation will be shown by the heavy lines in Fig. 11. 
As will be pointed out later, this assumption is not quite 

true, but is a very close approximation’. 


5. ‘*Theory and Operation of Split-Phase Magnet,” Electrical 
World, Vol. 68, No. 21, Nov. 18, 1916. 


13—F Lux DISTRIBUTION IN AN INDUCTION Type WATT- 
HOUR METER 
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Iv X» closing;on Ev. The eddy currents I» produce a 
flux &,, which reacts with the flux 5, to produce a flux 
®,,’. - In other words, the disk reacts upon the poten- 
tial circuit in much the same way as the lag plate and 
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light-load plate did. In effect it is a third secondary. 

The line current J in the series coil which in general 
will lag behind the applied voltage V! by some angle 0 
will produce a flux #, which will not be exactly in phase 
with J but will lag behind slightly. Part of this flux 
will leak across the gap. The balance 41» will cut the 
disk, inducing in it an e. m. f. Ev’ which sets up eddy 
currents Ip’. These eddy currents act in a similar way 
to the eddy currents I» to produce the impedance tri- 
angle consisting of Iv’ Ro, Iv’ Xv, and Ev’. The flux 
set up by these eddy currents will react with the flux 
ıb» to produce the flux ıd’. At unity power factor 
when J is in phase with V!, ıb’ will take up some posi- 
tion as shown by the dotted line. 

The process of lagging a meter places a 90-deg. 
relation between the flux #10’ in its unity power factor 
position and the flux ¢,,’ by varying the magnitude of 
I. 

By adding to the meter the permanent magnet cir- 
cuit whose function it is to produce a drag upon the 
disk proportional to its speed, the circuits of the watt- 
hour meter are complete. 


Appendix II 
SOURCES OF TEMPERATURE ERRORS 


It is evident that any changes in the magnitude of 
the driving or dragging fluxes orin the fundamental 
90-deg. relation referred to in Appendix I, will change 
the registration of the meter. This fact suggests a 
convenient grouping of the sources of temperature 
errors in watthour meters, Group I to contain those 
factors which produce a change in the magnitude of 
either the driving or dragging fluxes or both and Group 
II to contain those factors which produce a change in 
the phase position of the driving fluxes. 

Furthermore, the effect of Group I and Group II 
factors will be different on an increase in ambient 
temperature from that on a decrease in ambient tem- 
perature and the effect of Group II factors will be 
different on lagging power factors from that on leading 
power factors. There are, therefore, four combinations 
possible, as follows: 

Combination IĮI—Increase in ambient temperature 
with lagging power factors, 

Combination II—Increase in ambient temperate 
with leading power factors, 

Combination III—Decrease in ambient temperature 
with lagging power factors, 

Combination [V—Decrease in ambient temperature 
with leading power factors. 

For the purpose of the following discussion, consider 
Combination I. Also consider each effect as existing 
independently of every other effect, although, of course, 
they will exist simultaneously in the meter. 

It is well understood that an increase of temperature 
will produce a decrease in the permeability of magnet 
steel, with a consequent increase in reluctance and 
decrease in flux. In the case of the permanent magnet 
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temporarily the gap between the poles. 
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this will speed up the meter as it is the dragging flux 
that is reduced, but in the case of the potential and 
series elements it will decrease the speed of the meter, 
as here it is the driving flux that is decreased. 

Since most permanent magnets are bent, expansion 
caused by an increase in temperature will tend to widen 
The effect of 
this upon the speed of the meter will depend upon the 
design of the drag magnet circuit. In general, it can 
be said that meters using the flux in the gap between the 
poles for their dragging effect will increase in speed 
while meters which use a shunted portion of this flux 
to produce the dragging will slow down. 

The effect of an increase in temperature upon the 
exciting current Jo, Fig. 12, due to changes in the iron 
losses was determined by experimenting with a trans- 
former and found to be two-fold. There is first a shift 
downward in phase position and second an increase in 
magnitude in such a way as to decrease the core loss 
component and increase the magnetizing component of 
Io. As previously pointed out, the effect of the first of 
these is to increase the length of the vector E' through a 
shift in the impedance triangle and the second to de- 
crease the length of this vector. These changes must 
be accompanied by corresponding changes in the magni- 
tude of ¢ and, therefore, the speed of the meter. 

An increase in temperature will increase the resistance 
of the lag and light-load plates, thereby decreasing the 
eddy currents set up in it. This in turn will decrease 
choking effect of these plates upon the flux producing 
these eddy currents, allowing more of it to pass to the 
disk. This will speed up the meter. 

An increase in the resistance of the potential winding 
will cause the exciting current to shift more nearly in 
phase with the applied voltage. This shift as before 
decreases E' through a shift in the voltage triangle of 
the potential coil. This must be accompanied by a 
decrease in & and, therefore, the speed of the meter. 

In Group II, there is first an increase in the resistance 
of the potential winding. This will cause the speed of 
the meter to decrease since it causes a decrease in the 
90-deg. relation between the driving fluxes. 

The effect of the change both in phase position and in 
magnitude of the exciting current will cause the meter 
to decrease in speed since both tend to decrease the 
90-deg. relation between the driving fluxes. 

The increase in resistance of the lag and light-load 
plates causes a decrease in the lagging effect and a 
consequent decrease in the speed of the meter. 

An increase in the resistance of the disk will cause a 
decrease in the eddy currents I» and Iv’ (Fig. 12) set 
up in the disk and a consequent decrease in its speed. 
This change, however, is balanced by a corresponding 
decrease in the dragging effect of permanent magnet 
which speeds up the disk by exactly the same amount. 

Hence there is no Group I error due to the change in 
resistance of the disk. 

An increase in the resistance of the disk will also cause 
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Ip and Iv’ to shift towards E» and Ep’, respectively. 
This will shift @,0’ and @:n’ in the same sense, thus 
tending to maintain the 90-deg. relation between them. 

These two fluxes do not shift by the same amount, 
however. Since Ip’ is the only current producing a 
m. m. f. affecting the phase position of @:n’, its effect is 
more pronounced on ®ıv’ than is the m. m.f. of Ip 
upon ®ı»’. The result is a decrease of the 90-deg. 
relation between these two fluxes and a consequent 
decrease in the speed of the meter. 

This effect can be demonstrated by using disks of 
different resistances in the same meter. In the partic- 
ular experiment tried, a maximum shift in the position 
of the disk in the gap accounted for only 50 per cent of 
the change in registration due to a change in the 
resistance of the disk. The balance must be due to a 
greater shift in @:v’ than in #,»’, thereby decreasing the 
90-deg. relation between them and consequently the 
speed of the meter. This is a Group II error. 

Table I gives a summary of the above discussion 
using Combination I. The first seven errors comprising 
Group I are independent of the power factor, operate 
at all power factors, and are constant at any given 
temperature. The remaining errors comprising Group 
II are a minimum at unity power factor, but increase 
with a decrease in the power factor. 

The effect of Combination II on Table I will be to 
reverse the effect of Group II errors, of Combination III 
to reverse the effect of both Group I and Group II 
errors, and of Combination IV to reverse the effect of 
Group I errors. 

Since the analysis of the sources of error in this 
investigation is only incidental to the development of 
methods of compensation, not enough work was done to 
claim that the above discussion and the summary in 
Table I cover all of the possible sources of error due to 
temperature. For example, the effect of temperature 

on the light-load plate has not been considered, except 
as it functions as a part of the artificial lagging of the 
meter. 


Discussion 


W. H. Pratt: I think it should be emphasized that the 
present paper, except so far as it describes a particular mecha- 
nism for effecting compensations, isa restatement of material most 
effectively presented by Kinnard and Faus at the midwinter 
convention two years ago. Previous to that time, meters having 
much smaller Group II errors than those used for a background 
of this paper were used in predominant numbers, and since then 
the whole output of one of the largest producers of meters has 
been substantially without Group I errors. So that, presented 
at this time, the background of this paper must not be looked 
upon as a picture of general present-day practise. 

The treatment of potential-circuit resistance, while perhaps 
not in error, tends, I think, to give a wrong impression and seems 
to be somewhat of an apology for high resistance in the potential 
circuit, whereas it was shown beyond peradventure in the 
Kinnard-F aus paper that resistance in the potential circuit is the 
outstanding source of Group II errors. Of course it is not pos- 
sible to produce meters with zero resistance in the potential 
circuit, but this is not necessary. It is quite possible to make 
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meters with a resistance so low that the use of manganin lag 
plates is convenient and the residual Group II errors are of almost 
vanishing value. 

The results shown in Fig. 11 of the paper are excellent, but it 
appears that they are the results of painstaking individual 
adjustment. At present meters are in use which, however, even 
surpass this Fig. 11 performance, not as the result of adjustment 
but by reason of proper regard taken in the design of the various 
sources of error. They are inherently without errors exceeding 
0.2 or 0.3 per cent, within the limits of application ordinarily 
prevalent. To be sure, they are portable test meters, though 
similar meters for switchboard use arranged for connection to 
2-stage current transformers are also in service. Incidentally, 
manganin lag plates are used in these meters. It does not appear 
that the author advocates for general use the forms of compensa- 
tion he describes. It seems that it would be necessary to use 
them with great caution, for there must be an ever present menace 
of maladjustment and disarrangement. Be that as it may, were 
I to venture a prediction in regard to future meter practise, I 
should say that in all probability in the not distant future, meters 
which have temperature characteristics not greatly inferior to the 


_ best performance here shown will be in general and extensive use. 


As pointed out in the Kinnard-Faus paper, sources of error 
should be eliminated, and only when further elimination is 
impossible should recourse be had to compensation. 

B. J. Brown: In regard to the paper by Mr. Canfield, how 
long have these compensating devices been in use? Time 
shows any small mechanical troubles, and often time only will 
develop them. 


I. F. Kinnards In my opinion, the most outstanding feature 
of the paper is the fact that the conclusions reached by Mr. 
Canfield agree substantially with the findings made by Mr. Faus 
and myself several years ago, in so far as classification of tempera- 
ture errors into two distinct groups is concerned. 

It is rather unfortunate that Mr. Canfield’s analysis is entirely 
qualitative, since the listing of so many errors as he shows in 
Table I is likely to be misleading and does not give any sort of an 
idea as to just how important each error is from the standpoint of 
the meter’s operation. In looking down this list, we see under 
Error 1, ‘‘Changes in the magnetic properties of the permanent 
magnet.” Asa matter of fact, this is by far the greatest source 
of Group I errors with which we have to contend. The other six 
errors listed under this group are of very little practical impor- 
tunce. We have determined this from exhaustive tests on a 
large number of meters, by means of which was made a quantita- 
tive study of the magnitude of the various errors involved. This 
error due to the changes in the magnetic properties of the 
permanent magnet with temperature, is something that is quite 
fundamental and cannot readily be eliminated. It therefore 
seems feasible to use some sort of a compensating device in order 
to keep the braking flux constant over wide variations in 
temperature. 


Now in regard to Class II errors or those errors which cause a 
shifting in the phase relationship of fluxes with variations in 
temperature; Mr. Canfield has given an exhaustive list of possible 
sources of error of this nature. I have found, however, that there 
is only one really important source of error of this nature with 
which we have to contend,—one which not only causes a shifting 
in phase relationship of fluxes with varying temperatures but 
which is reflected in various other factors of the meter’s perform- 
ance. I am speaking of the resistance of the potential wind- 
ings. In an ideal meter, we should have all reactance and no 
resistance in the potential windings; that is, we want the flux to 
be in quadrature with the applied voltage. If it is not, we have 
to use some sort of a device to “lag” the useful portion of this 
flux through a small angle, with which all meter men are familiar. 
The only practical reason, therefore, for our having to put up with 
temperature errors of this nature is the existence of resistance iu 
the potential windings, 
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I say this without hesitation, because meters are in actual 
service in which the potential coil resistance bas been reduced to 
the point where the lagging ean be accomplished by means of a 
manganin lag plate and the resulting errors are no longer of any 
commercial or practical importance whatsoever. 

Tt is true that the compensation for both Class I and Class II 
errors, which the author has deseribed in this- paper, will work 
providing everything is in very nice adjustment, and heshould be 
complimented on this solution. As someone has mentioned in a 
previous discussion, however, the real way to get rid of errors of 
any kind is to eliminate them at their source rather than use a 
compensation whereby it is endeavored to force two wrongs to 
make a right. ; 

A. R. Rutter: The paper presented by Prof. Cantield is of 
great value, I think, not only in adding additional data to our 
literature on the watthour meter by discussing the temperature 
compensation, but by discussing the vector diagrams of the induc- 
tion type watthour meter in dealing with the various veetors of 
eddy currents, of fluxes and of the current, and of voltage. The 
induction type watthour meter is usually regarded as a very 
mysterious piece of apparatus, so that a paper which presents 


a good analysis of the performance of the meter is a real addition | 


to the literature on the subject. 

Prof. Canfield refers to Fig. 6 of the paper and states that the 
results obtained in using a method of compensating for the 
Class II errors by lagging both the current and voltage fluxes 
gives a slight improvement for these errors. I think it is possible 
to interpret from his curves in Fig. 6 that if the compensation for 
Class I errors, (which are shown in his Fig. 8) were added to the 
compensation for Class II errors (as shown in Fig. 6), it should 
produce a very well compensated meter. I am familiar with 
results of this method, which produced meters which were care- 
fully compensated for Class II errors by lagging both the current 
and voltage fluxes. This method has the advantage that com- 
pensation is obtained by changes in material and not by shifting 
mechanical parts. 


C. T. Wallis: I have been working with alloys which change 
their magnetic properties with temperature, and observations 
over a period of about seven years have shown these to be very 
constant indeed. 

With regard to the use of bi-metallic compensators which 
depend upon the expansion and contraction of two dissimilar 
metals these are rather erratic in their action. Considered 
strictly from a mass-production standpoint the air-gap between 
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the magnet and the shunt which is carried on the bi-metallie 
strip must be adjusted very carefully at some definite tempera- 
ture. Onthe other hand, the use of a permanently fixed magnetie 
shunt which changes its properties with temperature has none of 
the above disadvantages. 


D. T. Canfield: In reply to Mr. Brown’s question, I should 
like to say that the meters deseribed in my paper have not been 
in commercial use at all. They have been used in my laboratory, 
however, fora matter of 2.5 or 3 years. 


As Mr. Kinnard points out, I haveno method other than a guess 
in my process of analysis of determining the relative magnitude of 
the several errors mentioned in. Table I. I have no doubt 
whatever as to the overall error of the meter as a whole. That 
has been very definitely determined by me on all makes of meters 
a number of times, ‘so that I do know, and did know at the time 
that this work was started, the amount of overall error that actu- 
ally existed. 

I claim that this resultant effect, in the last analysis, is the 
important feature. It is instructive and interesting only more 
in an academic way than in a practical way to analyze this over- 
all error into its several component parts, and that is why I made 
no attempt to do it quantitatively. 


As Mr. Pratt points out, the ideal way to eliminate error is 
to do away with the source of error, but as he also points out, 
it is not possible to eliminate the errors completely in this way. 
No claim is made in my paper that the method of compensation 
used by me is the only one. In fact, my Fig. 5 shows that the 
method proposed by Mr. Pratt is effective in reducing Group II 
errors. 

Mr. Rutter’s remarks concerning Fig. 6 and the method of 
compensation therein illustrated are well founded. The particu- 
lar meter used in this experiment was of an obsolete variety which 
had the desired compensation as far as Group II errors were con- 
cerned but was decidedly off on Group I errors. As far as this 
figure is concerned the compensation of Group I errors would not 
materially affect the slope of the curves. 


This does not detract, however, from the merits and advan- 
tages of this method of compensation. It is necessary only to 
obtain the proper proportion of the counteracting lagging devices 
to give theoretically perfeet performance. 

As Mr. Wallis points out, it is necessary to carefully form and 
age the bi-metal strips used on the compensating devices. When 
this is done, I have found no indication of subsequent change. 


Current Analysis in Circuits Containing 


a Resistance Modulator. 
BY L. S. GRANDY: 


Associate, A. I. E. E. 


Synopsis.— The function of a resistance modulator is to produce 
tn an electric circuit a current which is a copy of an exciting im- 
pulse such as speech or light waves. The principal example is the 
carbon granule telephone transmitter. 

It ts desirable that the electric current be an exact copy of the 
exciting impulse. There is inherent tn such a device however, a 
distorting effect, for the current copy is produced by reason of 
Ohm's law and thus is an inverse function of the modulated resis- 
tance and not a true copy of it. The amount of distortion arising 


INTRODUCTION 


N the sense used in this study a modulator is a device 
used to transform electrical energy supplied to it 
into a time copy of a desired mechanical impulse 

or so to modulate an electrical current that the result 
will be an electrical copy of an exciting wave. The 
exciting impulse may be any function of time. If the 
current to be modulated is supplied by a constant 
difference of potential it may be modulated by intro- 
ducing into the circuit either a resistance or an electro- 
motive force varying in accordance with the exciting 
impulse. The result will be a modulated current by 
reason of Ohm’s law. The present subject is limited to 
modulation by the resistance method. 

Two applications of the resistance modulator are the 
carbon-granule telephone transmitter and the selenium 
light-sensitive cell. Either of these pieces of apparatus 
forms a unit in a system which fails to transmit perfectly 
the exciting wave. In the case of the telephone, the 
characteristics of the speech input are not faithfully 
reproduced in the sound output at the receiver. The 
difference in characteristics or quality is termed dis- 
tortion. 

In order to perform a useful function a resistance 
modulator must be provided with a transmitting system 
that will cause the exciting wave to act on the resistance 
unit, and this system always causes distortion. Again 
using the carbon transmitter to illustrate; distortion of 
the voice wave occurs in the air transmission leading up 
to the button diaphragm because of mechanical charac- 
teristics of an air column, in the diaphragm because of 
its own mechanical qualities combined with clamping 
difficulties and in the carbon because of its mechanical 
behavior and because carbon does not have a linear 
pressure-resistance relation. However, these causes 
of distortion are all subject to modifications which will 
diminish such distortion. 
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from this effect depends upon the electrical constants of the modu- 
lator and its associated circuit. 

The study quantitatively analyzes this distorting effect by two 
methods in a circuit containing a modulator, a battery, and a 
resistance for single frequency modulation, and by one of the methods 
for double frequency modulation. An analysis is also developed 
for a special test circuit. | 

The study shows that the relation between modulators and circuits 
ts a design problem. 


For the purpose of the study a perfect resistance 
modulator is assumed. The resistance element gives a 
change of resistance which is an exact copy of the excit- 
ing wave. Thus the assumed perfect modulator repre- 
sents the limit in quality which improved materials and 
design may produce in such a device. But, a resistance 
modulator gives a current wave in the output circuit 
which in form is an inverse function of the exciting wave 
and not a true copy of it. The result is distortion, such 
distortion being inherent in the nature of the device. 
In order to analyze the effect quantitatively, an exciting 
wave following the sine law is assumed. By assumption 
it produces a corresponding wave of resistance modula- 
tion. Then the resistance of the modulator will be a 
constant quantity plus the modulating resistance and 
may be written: 

Ro + recos wt. 
The distortion effect is graphically illustrated in Fig. 1. 

The amount of distortion occurring in a transmitting 
circuit due to modulation is determined by both the 
modulator and circuit electrical constants. The study 
contemplates a critical analysis of the modulated 
current from the quality standpoint. The usual 
method of analysis by harmonic components has been 
employed. 


SIMPLE SERIES RESISTANCE CIRCUIT 


(First Development—Single Frequency) 
Considering the most simple possible circuit, a 
battery, a resistance, and a modulator in series. 
Equation, 
1=H/(R.+ Ro + r cos 8) 
Let | 
R: + R = Randr/R = K 
By simple division: 
i = E/R { 1 — K cos 0 + K? cos? 0 — K? cos? 0 
| ? + K*cost6+... 4 
The series converges— Proof 
Unt+i < Un and Leypa U, = 0 
Uner= (r/R); Un = (1/R)%; (r/R) < (r/R) ifr < R 
Also 
Liye (r/R) =0 ifr <P 
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which is true always since the modulating resistance 
must be less than the total resistance. 
Expanding: Whole expansion to be multiplied by E/R 


Constant: 1 + K?/2+3K4/8 +5K*/16 
+ 35 K8/128 + 63 K'/256 +... 
Fundamental: — cos 6 (K + 3 K3/4 + 5 K5/8 


+ 35 K’/64 + 63 K®/128 4+...) 
cos 2 0 (K?/2 + K*4/2 + 15 K*/32 
+ 7 K8/16 + 105 K°/256 +...) 
— cos 3 0 (K?/4 + 5 K5/16 + 21 K"/64 
+ 21K°/64+...) 
cos 4 0 (K4/8 + 3 K*/16 + 7 K*/32 
+ 15 K/64+...) 
— cos 5 6 (K5/16 + 7 K7/64 
+9K*/64+...) 
cos 6 6 (K*/32 + K*/16 + 45 K/512 
Tatad 
— a 0 (K7/64 + 9 ‘K*/256 +...) 
8th Harmonic: cos 8 0 (K8/128 + 5 K"°/256+...) 
9th Harmonic: — cos 9 0 (K°/256 +...) 
10th Harmonie: cos 10 6 (K"°/512 +...) 


Each harmonic becomes an infinite series; hence 
an approximation. The expansion of a power of 
the cosine results in a single term for every even 
or for every odd harmonic starting with the same 
numbered harmonic as the power developed and 
going on down to the fundamental if an odd power 
or to the constant term if an even power. Thus 
in the expansion given the series become more 
approximate by twos. 

From this solution a very clear mental picture 
of the process of modulation may be gained. The 
fundamental or first harmonic is the result of the 
direct current flowing across the varying resistance 
of the modulator, the second harmonic, and the 
second constant term result from secondary modu- 
lation, that is, the fundamental flowing through 
the modulating resistance. Thus by reason of the 
eighth harmonic there arises the first term of the ninth 
series, the second term of the seventh, the third term 
of the fifth, the fourth term of the third, and the fifth 
term of the first series. 


SIMPLE SERIES RESISTANCE CIRCUIT 
(First Development—Double Frequency) 
Equation 
i = E/(R: + Ro + rı cos æ + r: cos 8) 
= E/(R + rı cos æ + rT: cos 0) 
= E/R [1/1 + K,cosa + K: cos 6] 
Where 


2nd Harmonic: 


3rd Harmonic: 


4th Harmonic: 


5th Harmonic: 


6th Harmonic: 


7th Harmonic: 


CURRENT IN MILLIAMPERES 


a=2a7f,tand@=2mfoet 
By division: 
1 = E/R [1 — (K, cos æ + K: cos 0) 
+ (K, cos a + K: cos 0)? — (K, cos a + K: cos 0)? 
+ (K,cosa + K,cos #)'+...] 
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Writing in harmonic components: (Fourth order 
modulation) 


The whole expansion must be multiplied by E/R. 
1 + K?/2 + K27/2+3K,9/8+3K4/8+3KK?/2 
= [Ky +3 K,3/4 +3 K, K 2/2] COS q 
— [K: + 3 K}/4 + 3 K? K:/2] cos 0 
+ [K2/2 + K,!/2 + 3 K K,?/2] cos 2 æ 
+ [K2/2 + K/2 + 3 K} K,?/2] cos 2 0 
— [K,?/4] cos 3 a — [K,'/4] cos 3 0 + [K,*/8] cos 4 æ 
+ [K,*/8] cos 4 0 
+ (K, K: + 3 Kr K:2/2 + 3 K, K?/2] cos (a + 0) 
+[K, K: + 3K; K,/2 +3 K, K:/2)] COs (a— 0) 
— [3 K? K:/4] cos (2 æ + 0)—[3 K,? K2/4] cos (2 æ — @) 
—[3 K, K;?/4] cos (2 6 + a)—[(8 Kı K;?/4] cos (2 0 — a) 
+(K,; K,/2] cos (3 a + 0) +[K: K,/2] cos (3 a — @) 
+ [K, K;3/2] cos (3 0 + a) + [K, K;°/2] cos (3 0 — æ) 
+ [3 K2 K.?/4] cos (2 a + 2 0) 
+ [3 K. K,?/4} cos (2 a — 2 0) 
This development is the explanation for sub-fre- 
quencies and odd multiple frequencies in the output 
circuit of a resistance modulator even though the 
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Current from Equation 
i= E/Ro+Rx+r cos@ where 6: wt 
Constants 


E=-12 Rot+Rx=200 r- "r, 
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instrument be acted upon by pure waves. These odd 
frequency components of current may become quite 
large. Assuming constants of E = 12,7r, = 80, r: = 20, 
R, = 100, and R- = 100 wherer7; is associated with the 
frequency fı, giving the time angle a and 1; is associated 
with the time angle 6, a current 7 will flow equal to 
65.82 — 24.32 cos a — 7.49 cos 0 + 5.71 cos 2a 

+ 0.45 cos 2 0 + 2.98 cos (a + 6) + 2.98 cos (a — 0) 
— 0.72 cos (2a + 0) — 0.72 cos(2a— 0 +... 
where the values are in milliamperes. 

A particularly valuable feature of mixed frequency 
modulation analysis is that it offers the possibility of 
measuring distortion in an actual instrument. By 
exciting an instrument with two pure waves of known 
magnitudes and with frequencies prime to each other 
and measuring one of the combination frequencies in 
the output and comparing with the calculated value a 
definite knowledge of what the instrument has done may 
be gained. 
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SIMPLE SERIES RESISTANCE CIRCUIT 
(Second Development) 


te 
i; Equation 
lL i= E/(R, +R. + r cos 0) 
= E/R [1/(1 + K cos 0) ] wherer/R = K 
Examining for the constant term of a harmonic series: 
Constant 


2s 
4 | a 
{3 -E/R {a 6/(1 + K cos 0) = E/R [1/ v1 — K} 


+ Examining for the coefficient of the nth harmonic: 


eR a cos n 0 dé 
A, = E/R. m | TFET 
2(-1)"f 1-Vi-kK? 7 
= F/R | —Y M 
R= i 


Writing the series: 


i=E/R | (1//1-K? — 2/ JIK? [=] cab 


1- vi-K 
tebe [MEE] coat 
1-— V1 — K? 
— sr (ace cos 3 0 
2" 


1— vi— =| 
A K [ K cos n 6 | 
Sample calculation: 
Assumed constants: 
R = 200 ohms,r = 80 ohms, and E = 12 volts. 
Writing current in milliamperes: 
= 65.4666 — 27.364788 cos 0 + 5.719110 cos 2 6 
— 1.195278 cos 3 0 + .249818 cos 4 0 — .052216 cos 5 6 
+ .010912 cos 6 6 — .002281 cos 7 0 + .0004767 cos 8 0 
— .00009964 cos 9 6 + .00002082 cos 10 0 + . 
Dropping the constant term and writing the har- 
monics in per cent of the fundamental: 


4 = — 100cos 0 + 20.90 cos 2 0 — 4.37 cos3 0 + .914cos40 
— .191 cos 5 0 + .0399 cos 6 0 — .00834 cos7 0 +... 


Fig. 2 illustrates the manner in which the first three 
distorting harmonics change relative to the fundamental 
when modulator and circuit constants remain the same 
but the degree of modulation, 7. e., r, changes. Calcu- 
lations were based upon the same assumed constants 
as in the example above with r changing in value from 
zero to 190 ohms. The latter value represents nearly 
complete modulation of all resistance in the circuit. 
Complete modulation is the limit which may be ap- 
proached. It is interesting to note that if complete 
modulation could be realized all harmonics would be 
present and equal in value. 
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Fig. 3 is similar to Fig. 2. in that it shows the manner 
of variation of the first three distorting harmonics 
relative to the fundamental but with R., the resistance 
of the circuit external to the modulator, as the variable 
and the modulating resistance r held constant at 100. 


PER CENT OF FUNDAMENTAL 


0500. 160 12 80 40 


Fia. 2 


2nd Harmonic 
3rd Harmonic 


PER CENT OF FUNDAMENTAL 


20 4 60 80 100 
EXTERNAL RESISTANCE, Ry, IN OHMS 
Fig. 3 


R, is held at 100. As R is the sum of R, and R, it 
must change. It may be noted that the division of the 
total circuit resistance between the modulator and the 


external circuit is of no consequence except that r is 
limited by Ro. 


DIMINUTION FACTOR IN SIMPLE SERIES CIRCUITS 
The equation of the current was found to be: 


t=E/R | 1//1—K?— yv rE n] cos 0 


2 pea 


2 
ATK K | cos20 


+ 


fee we ] cos 3 0 


7 a 


424 


2(-1)" 
/1— K? 
From an examination of the equation it is seen that 
each succeeding harmonic differs in magnitude from the 
preceding harmonic by the multiplying factor 
[1 — v1— K?]/K. Since K is the ratio of modulating 
resistance to the total circuit resistance it is always less 
than one and approaches one as its limit. Thus the 
multiplying factor is also always less than one approach- 
ing one as its limit and accordingly for the purpose of 

this discussion has been termed a diminution factor. 
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Diminution Factor 


— 1-VI-K? where K:r/R 
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The factor describes the quality of an operating 
circuit by giving the magnitude of the second which is 
the first distorting harmonic relative to the funda- 
mental. Thesum of the distorting harmonics compares 
with the fundamental as (C +C +C +... Ca) 
compares with one. As the argument of the diminution 
factor is K the criterion of quality in a circuit is the 
ratio of r to R. In Fig. 4 the diminution factor has 
been plotted against the ratio. 


TEST CIRCUIT 


A circuit of special interest for test purposes, 
because the direct and alternating components of 
current are separated, is one consisting of a battery, 
a heavy inductance unit, and a modulator all in series 
and with a circuit consisting of a large condenser 
connected in series with a resistance unit in parallel 
with the modulator. The circuit is shown in Fig. 5. 
In order to effect an analysis an assumption is made, 
that no alternating current can flow in the battery 
circuit because of a preponderately heavy inductance 
and that no direct current can flow in the receiving 
circuit because of the condenser. The condenser 
is made so large that it imposes no appreciable imped- 
ance to alternating currents of frequencies dealt 
with. Although not rigorously true the assumption 
can be closely approached in a test circuit. 

The voltage across the modulator may be written: 
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Voto = (Io + 1) (Ry + r cos 0) 

From Kirchoff’s law v = — i R; 
Substituting and solving: 
Yom do o Fr cost) 

Ro + R: + rcos 0 

The mean voltage across the modulator may be 
arrived at in terms of the steady current flowing and 
the circuit constants. Solving the first equation for v: 
(Vo — Io Ro) = I, r cos @ 

R,+Ro+1rcos 6 


v= Rk, 


Summing up v over a complete cycle, setting the result 
equal to zero, and solving for Ve there results: 
Ve = I, { V (Ro + R) — P= Ra) } 
The equation for current may be simplified by 
transformation to: 


Vo + Io R: 
Ro + R: 


~ 1+(r/Ro+R.)cos0 Io 


A 


= 1+ Beso? 


The form of the equation is the same as that for the 
series resistance circuit except for a subtracting con- 
stant. The same methods may be used to expand it 
into harmonic series with the same characteristic 
results as were used for that circuit. Similar relations 
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exist between harmonics. Using og second method 
the equation for current is: 


A = = 
a ———————— o— 2A (1- v1- BY) cos 0 
V1 — B V1 — B B 
ZA (1— vi- B?)? 
ees Ray B: cos2 0+... 


TABLE OF SYMBOLS 
= Average value of modulator resistance or value 
about which modulation occurs. 
R, = Resistance of receiver circuit. 


R = Ro + Rs: 

r = Modulating resistance. 

0 =wt=2aft = Time angle in terms of frequency 
and time. 
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E = Battery electromotive force. 


t = Current in receiving circuit. 

a = wt =2 rft = Time angle with f ~ tof in 0. 
K = r/R. 

V. = Constant component of modulator voltage. 

v = Variable component of modulator voltage. 


I, = Direct current. 


C = Diminution factor = [1 — v1 -— K?]/K. 


Discussion 


R. M. Kerchner: It seems to me that some of Mr. Grandy’s 
statements, while not incorrect, may be a little misleading, while 
some assumptions are made that exaggerate the poor qualities of 
the transmitter. 

The statement that the current output wave is an inverse 
function of the exciting wave, while I think it is true, is, however, 
likely to give a wrong physical conception. Physically, the 
qualitative results of the exciting wave are similar to those of the 
output wave, that is, when the exciting wave has a high value the 
output wave has also a high value and similarly with low values. 
From his statement we might get the idea that if the output wave 
is an inverse function of the exciting wave, the output wave is 
small when the exciting wave is large, and vice versa. Tech- 
nically, however, Mr. Grandy’s statement, I think, is correct. 

I disagree, however, with the statement that distortion is due 
to the fact that the pressure-resistance relation of the carbon- 
granule transmitter is not linear. It is by assuming that this 
relation is linear that the results tend to magnify the distortion 
due the output current being an inverse function of the exciting 
wave. As a matter of fact, if the pressure-resistance relation 
were a rectangular hyperbola and there were no resistance out- 
side of that in the transmitter, the output wave would be a true 
image of the exciting wave, mechanical distortion neglected. 
This is shown as follows. 

Let p be the pressure on the diaphragm at any time. 

Let pọ be the pressure about which the pressure variation 
occurs. l i 


According to the assumption r p = c 


Assuming a sinusoidal exciting wave the pressure would be 
p = Po + posin 0 where pois the modulating pressure. 


Hence 
C C 
T p © Petposino 
and 
po- EPetpsino FB E sino 
r C C C 


which shows the output wave to be of the same form as the 
exciting wave if the pressure resistance relation is a rectangular 
hy perhola. hence not linear. That the relation is actually a curve 
of the same general trend as a rectangular hyperbola, namely, 
concave upward, can he seen by a consideration of the limits of 
the resistance as the pressure is O and become infinite. 

Actually, however, distortion will also exist with such a re- 
lation since the whole curve is shifted upward by an amount 
depending on the constant resistance in the circuit of the trans- 
rmitter. Under these conditions it can be shown that the cur- 
rent wave due to a sinusoidal exciting wave would be 


E (Po + posin @) 


Ese ee 
Rz Po + Rz posin0 + C 
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which on account of the second term in the denominator will not 
give a pure sine wave. 

From this it can be seen that the ideal condition would be to 
have the pressure-resistance relation of the transmitter follow the 
law of a rectangular hyperbola, with no resistance in the exterior 
circuit instead of a linear relation as Mr. Grandy implies. This, 
I believe, explains in part the fact that the distortion actually 
realized is not as great as might be suspected from simply an 


E 


a 5 E in Mr. 
Rz + Ro + r cos 6 EMS j 


analysis of the expression 
Grandy’s paper. 

The conclusion that might be inferred from this discussion is 
that a transmitter that varies the e. m. f. in the circuit would lend 
itself more readily to production of distortionless output waves. 
This suggests that the magneto transmitter operates on a 
principle that underlies distortionless reproduction of diaphragm 
variations. 


L. S. Grandy: Commenting on Mr. Kerchner’s discussion; 
the original statement, that the current wave in the output 
circuit is an inverse function of the exciting wave, is misleading 
if not wrong. It was intended to state that the current wave is 
an inverse function of the modulating resistance. 


A linear pressure-resistance relation was assumed to be ideal 
because any other relation would mean the introduction of 
harmonics into the variations of the modulating resistance so that 
resistance change would not be a copy of the exciting wave. 
Mr. Kerchner has shown that if a rectangular hyperbolic pres- 
sure-resistance relation could be realized, an instrument, in an 
hypothetical case, could be made to produce an output current 
wave that would be a true image of the exciting wave and that 
such a pressure-resistance law would permit the building of 
instruments that would presumably materially reduce distortion. 

It is thought probable that for every combination of circuit 
and modulator constants there exists a law of pressure-resistance 
change that would produce distortionless reproduction of the 
exciting cause or at least, permit a reproduction with a minimum 
of distortion. Upon the linear assumption a diminution factor 
was defined as that factor which gives the relative magnitude of 
each succeeding harmonic relative to the preceding. Dis- 
tortionless reproduction would be attained if the diminution 
factor was made zero. Referring to Fig. 4, such a situation 
would be approached if R, the resistance of the output circuit, 
was made very large in proportion to the modulating resistance r. 
This is the condition under which the carbon radio microphone 
operates as its output is impressed upon a vacuum-tube circuit 
of very high impedance. Thus the linear pressure-resistance 
relation becomes the perfect relation for that particular combina- 
tion of modulator and circuit constants. As the carbon micro- 
phone gives very excellent results from the quality standpoint 
and as such results depend upon a linear relation it is thought 
that the pressure-resistance law for carbon must not depart very 
far from the linear form. It is true as Mr. Kerchner points out 
that at limiting conditions the law for carbon must depart from 
the linear form, but for pressures actually used, limiting condi- 
tions are not likely to be encountered. The pressures involved 
are of a very low order of magnitude. The writer has had other 
evidence that, while not at all conclusive, was strongly suggestive 


of the linear relation for carbon. 


A magneto type, or a condenser type of modulator is very 
desirable from the quality standpoint. As pointed out in the 
first paragraph of the paper, such an instrument modulates 
current supplied to it by voltage changes in the circuit making 
the modulated product a direct function of the modulating 
change. However, it 1s impossible to get enough energy from the 
exciting cause into such an instrument to produce modulated 
currents of a magnitude that can be used in most applications. 
On the other hand the carbon instrument acts as a modulator and 
avery large amplifier at the same time. 


Cab Signals for Railway Signaling 


BY T. S. STEVENS: 


Synopsis.— There is described in this paper a system of contin- 
uous signals operating within the cab of a railway locomotive. 
This system was developed in an effort to provide more reliable and 
safer signals than the common semaphore or light signals. The 


ROBABLY every signal engineer has worried about 
the difficulty of placing wayside signals on a 
railroad so that they can be seen and the indication 
properly read at a sufficient distance for proper control 
of the train. There are two forms of wayside signals, 
the semaphore and daylight light signal. The first 
displays its indications by a movable arm attached to 
a mast. The second displays its indications by 
colored lights which, by virtue of special lenses, can 
be seen in ordinary day light at sufficient distance. 
Particularly with semaphores, the question of back- 
ground is very essential. It is not quite so essential in 
connection with light signals, but even with these 
devices it is often difficult to place signals on a crooked 
piece of track so that there will be sufficient view of 
them. Fog is another agent which interferes to a great 
extent with a view of semaphores and with a view 
more or less of light signals; although in a fog, a light 
signal can be seen much the farther. 


Then again any form of wayside signal is only inter- 
mittent in its indication. A train arrives at a signal 
which is displaying a certain indication. It passes it 
and the indication is lost except in the memory of the 
the engineman. 


Thus, many years ago, we dreamed of the possi- 
bility of having a signal right ahead of the engine which 
would change under changing conditions or contin- 
uously display the same indication if the condition did 
not change. Much research work was accomplished 
and ultimately it was found possible, through means 


of practically wireless circuits, to provide a signal in © 


the cab of the engine which would keep the engineman 
informed continuously of the condition ahead regardless 
of whether he was moving or standing still. 


The type of cab signaling adopted by the Santa Fe 
is generally called Three-speed continuous control. 
It employs no wayside signals and all information is 
obtained from the signals in the engine cab. 

Fig. 1 indicates a train proceeding along the track 
receiving a high-speed indication from the track ahead. 
Directly at the rear of the train, a zone of low-speed 
control is set up and just behind that, a zone of medium- 
speed control, so that a train following will receive a 
medium-speed indication and then a low-speed indica- 


1. Signal Engineer, Atchinson, Topeka, & Santa Fe Railway 
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particular type of system is called the three-speed, continuous- 
control signal system. It has been adopted quite extensively by 
the Alchinson, Topeka, and Santa Fe Railway System. 

s 


s s es.) $ 


tion over sufficient length of track so that it can easily 
be brought to rest before getting within dangerously 
close proximity of the first train. 

The three-speed, continuous control system neces- 
sarily requires the establishment of three different 
electrical conditions in order to provide the three con- 
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Fic. 1—Avtromatic TRAIN CONTROL 


trols. These three conditions are brought about by the 
proper control of a-c. circuits in the rails which establish 
magnetic fields around the rails and affect receiving 
apparatus mounted at the front and rear of the locomo- 
tive. The energy picked up by these receivers is am- 
plified in two stages and used to operate the engine 
relay on the locomotive. 

The railroad tracks are divided into track sections, 
or “‘blocks,”’ by insulated joints located approximately 
4000 ft. apart. Each section is equipped with an 
individual set of controlled circuits, two separate cir- 
cuits being used as follows: 

Fig. 2 shows the circuits mentioned above. A is 
the “Track Circuit” in which a small transformer 


Fig. 2—ALTERNATING CURRENT TRACK CIRCUIT 


feeds current into the rails, and this is received at a 
track relay at the other end of the section. The current 
in the track circuit flows through a limiting impedance 
coil to the track, down one rail, through the track relay 
or the axles of any train which may be in that particulay 
section, and back through the other rail. Incidentally 
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quite a large part of the total current may leak from 
rail to rail through the ground. 

B shows the same track circuit occupied by a train 
moving from right to left, and it will be noted that the 
current is shunted away from the relay by the axles of 
the train so that the armature of the relay drops by 


"| 


Fic. 3—Loor CIRCUIT 


gravity on the back contacts instead of the front con- 
tacts. These contacts are used to control circuits in 
such a way as to indicate the presence or non-presence 
of a train on the particular track section concerned. 

Fig. 3 is the “Loop Circuit” in which current travels 
down both rails in the same direction. It leaves the 
loop transformer at one end of the circuit, divides 
through two resistance coils and flows down both 
rails in both directions under the train. At the end 
of the track section it is again brought together through 
two resistance coils and returns over a wire installed on 
the pole line. | 


Fig. 4 showsina diagrammatic way theenginereceiver, 
of which one is mounted in front of the first pair of 
wheels on the locomotive and another at the rear of the 
tender with a vertical clearance of about six in. above 
the rail. This is a structure of laminated iron with 
coils mounted thereon in such a manner as to pick up 
energy from the magnetic field around the rails. The 
“Track Receiver” being at the front of the locomotive 
picks up track energy before it is shunted by the wheels. 
The coils on the track receiver are connected in such a 
manner that the voltages induced in them are additive 
when the current is passing through the two rails in 
a direction opposite from that indicated for the track 
circuit in Fig. 1. 


Fic. 4—ENGINE RECEIVER 


The ‘‘Loop Receiver” being mounted on the rear end 
of the tender is out of the zone of track circuit current 
because this has been shunted through the wheels of 
the locomotive. The coils of the loop receiver are 
connected in such a manner that the voltages induced in 
them are additive for currents passing through both 
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rails in the same direction. Thus they pick up energy 
from the loop circuits which is shown in Fig. 2. 

The “‘High-Speed”’ indication is established when the 
track is unoccupied for a specified distance ahead. It is 
brought about by energization of both the track circuit 
and the loop circuit with the normal direction of current 
flowing in each circuit. 

The “Medium Speed” indication is established when 
the track is occupied at a specified distance ahead. 
This is brought about by energization of both the track 
and the loop circuits with the current in the latter 
circuit reversed. 

The “Slow Speed” indication is established when the 
track is occupied at a specified shorter distance ahead. 
This is brought about by de-energization of either the 
track circuit or the loop circuit. 

The method of controlling the track circuit and loop 
circuit automatically by the presence of a train on the 
track will be explained in detail a little later. 

The train control engine relay is a twoelement affair, 
one element of which is energized by induction from 
current in the track circuit shown in Fig. 1 except when 
this current is shunted away from it by the wheels and 
axles of a train. The other element is energized by 
induction from current in the loop circuit shown in 
Fig. 2. The operating part of the relay is a vane 
somewhat similar to that used in a watthour meter. 
In order to obtain three indications, it is necessary 
to provide a means for this disk to be operated in two 
directions in order to close different contacts. It must 
also be actuated by gravity to a point where it opens 
both of these contacts and closes another. In order to 
accomplish this, suitable means are provided to reverse 
the relative polarity of the current in the loop circuit. 

Fig. 5 shows the circuit used on the locomotive. 
Directly under the train control relay is shown the 
contacts which bring about the display of the different 
lights in the cab signal. The letter in the indicator 
used on the Santa Fe means low, mediwm and high 
describing the speeds which are authorized. In this 
same connection, the relay controls two electropneu- 
matic valves designated as ‘‘Control Magnets,” which, 
in turn, set up conditions through which the speed of 
the train is actually controlled automatically regardless 
of the action of the engineman. 

The author does not intend to give a full description of 
this automatic control, but it is interesting to a mechani- 
cal engineer and the author will be glad to arrange for 
answers to any questions which may be asked. 

Fig. 6 illustrates in greater detail than Figs. 1 and 2, 
the circuits used on the roadway. In this connection, 
it will be noted that a three-phase line is used to energize 
the system. This line is very nearly balanced by using 
one of the three phases for a five-mi. stretch, the next 
phase for the next five miles and the third phase, for 
for the next five miles. It will be noted also that the 
secondaries of the line transformers are divided into two 
circuits, each of 119 volts, in order to provide a con- 
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venient way for reversal of current polarity in the loop 
circuit without a complicated pole changing device. 

Now, as to the circuits on the roadside which bring 
about the different indications: In the following 
discussion, the current which is permanently applied to 
the rails will be designated as the “track circuit current” 
and that which is controlled through contacts will be 
called “loop current.” 

In order to provide a high-speed indication, both of 
these currents must be present, and the loop current 
must be of the proper relative polarity. To provide a 
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former B. In either case, one element of the engine 
relay is de-energized and its rotor drops by gravity to 
the low speed contact. 

The method of providing a medium-speed indication 
is shown at location 2. It will be noted at location 1 
that contact C is connected to wire B X which, in turn, 
is connected to the line transformer on the relatively 
plus side. At location 2, the corresponding contact 
at D is dropped and is now connected to wire N X 
which is connected to the relatively minus side of the 
transformer. In this way, the relative polarities be- 
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Fic. 6—TypicaL TRAIN ContTROL Roapway CIRCUITS 


medium-speed indication, both of these currents must 
be present and the relative polarity of the loop current 
must be reversed. There are two ways of providing 
the slow-speed indication: One is shown between loca- 
tions 1 and 2, where the current 1s shunted away from 
the relay by the train. Under these conditions, if 
another train enters this section, there will be no track 
circuit current available. The other is shown at 
location 2. At this point contact A is open and there- 
fore no energy is applied to the primary of loop trans- 


tween the track circuit current and the loop current 
have been reversed, which in turn reverses the engine 
relay. 

The trade name of the particular scheme as described 
is “Continuous Control” because of its continuous 
indications. It seems easy as here described, but 
a great many years were spent in research work 
before a simple description of this kind became 
possible. 


Various new problems confronted us when we had 
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the opportunity to study the problem in connection 
with an actual installation. Very interesting studies 
have been made about the various paths which a current 
will take when a conductor is grounded as all steam 
railroad rails must be grounded more or less through 
the ties and ballast. The problem of providing safe 
operation, with due consideration for the inductive 
effects of adjacent power lines of the same frequency 
was very interesting. The real reason for all the above 
was to provide a means of controlling a train auto- 
matically regardless of the carelessness of the engine- 
man or the fact that he might become incapacitated due 
to sudden illness or death, but it has lead several 
railroads to consider the desirability of providing signals 
in the cab of the engine rather than on the wayside and 
in this sense has had a good effect. 


Whether the automatic control of a train will ulti- 
mately be successful is debatable, but at present it 
looks as if it is a factor in railway operation which has 
come to stay. 


There are various other schemes now in use which 
are very interesting from a technical standpoint, but all 
of these involve intermittent controls. None of them 
provides an adequate means for the use of cab signals 
without the addition of wayside devices. They 
simply provide for a check on the engineman should he 
disobey a signal indication. They are not self check- 
ing, as is the device described above, and therefore as a 
means of adding to the efficiency as well as safety of 
train movements they seem incomplete. Only time 
will show whether this idea is correct or not. 


Discussion 


F.E.Snells Though continued development of the semaphore 
and light type of signals resulted in the production of a highly 
efficient unit, it yet has some serious drawbacks as pointed out by 
Mr. Stevens. These unfavorable conditions, attendant on 
wayside signals, which could not be remedied by electrical means, 
naturally resulted in the development of a cab signal. The cab 
ty pe of signal may also offer a solution to one of the problems with 
which we are confronted in Cleveland, and which, no doubt, 
affect other operators of rapid transit lines in metropolitan areas, 
where a portion of the right-of-way is through the less polite 
residential sections. I refer to the malicious destruction of signal 
equipment by trespassers, particularly small boys who throw 
stones, using the wayside signal light lenses as targets. 

It would be interesting to hear, not only of the problems pre- 
sented by the inductive effects of adjacent power lines of the 
same frequency as the signal current, but also something re- 
garding the ability of the engine equipment to function properly 
under severe conditions to which it is no doubt subjected. In 
other words, do vibrations, bumps, ete., cause excess relay or 
lamp failures when compared with the wayside type of signal? 

Wishing to give the traveling public the greatest possible 
protection, signal engineers have experimented with, and 
developed, various forms of automatic train control, the ultimate 
success of which, Mr. Stevens states, is debatable. Our com- 
pany has had no occasion, of course, to consider such a system, 
but from the wonderful progress made in the signal field in a 
com paratively short time, as well as in other branches of the 

electrical industry, I can see no reason why continued experi- 
menting and future developments will not soon result in more 
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efficient and reliable methods-of signaling and automatic control 
of trains. 

O. S. Major: As presented by Mr. Stevens, the cab-signal 
system appears to be comparatively simple, but when one digs 
into the problem a little deeper and considers various traffic 
conditions to be contended with and traffic reversal as used on the 
Santa Fe, situations sometimes arise which are extremely 
complicated. 


Other general types of automatic train control not taken up by 
Mr. Stevens include the intermittent inductive, intermittent 
contact (ramp type), continuous two-speed, and continuous stop; 
they are all intended to accomplish the same general purpose, 
namely, enforcing of obedience to. or cognizance of, signal 
indications. 


In the intermittent contact or ramp type, ramps are placed 
at intervals along the roadway which make contact with a shoe 
on the locomotive. The ramp is energized or deenergized, de- 
pending upon track conditions ahead or wayside signal indication; 
the shoe, on passing over theramp, completes electrical circuits on 
the locomotive which in turn control relays and valves, causing a 
reduction of brake pipe pressure under certain conditions. 

In the intermittent inductive types, several methods are used 
to impart an electrical impulse to the locomotive circuits through 
an air-gap to a receiver mounted on the locomotive which in turn 
controls electropneumatic valves causing a reduction of brake- 
pipe pressure under certain conditions of track and signal 
indications. 

The track element, or inductor, in one device consists of per- 
manent magnets and electromagnets, placed adjacent to one 
another in such a manner that when energy is applied to the 
electromagnets, the field of the permanent magnet is suppressed 
or flattened out to the extent that the locomotive receiver or 
valve in passing over it will not receive an impulse, which would 
be the condition set up for a clear block. The energy supplying 
the electromagnets is selected through certain relays and contacts 
in such a manner that if the track ahead is not clear, this circuit 
will be open, the field of the permanent magnet will not be sup- 
pressed and the locomotive receiver or valve on passing through 
this field is subjected to the effects of these lines of force. The 
action of the locomotive receiver or valve is purely magnetic, 
embodying the principles of north and south poles bucking and 
helping one another. An air valve with pressure on one side 
working against a magnet on the other side vents pressure to 
atmosphere when the magnetic effect on the valve is diminished 
or neutralized on account of passing over the extended field of 
the track element. 

Another type of intermittent inductive train control uses an 
inert track element or inductor which imparts an impulse toa 
receiver mounted on the locomotive when the receiver passes 
over it. The inductor consists of a laminated iron core around 
which wire is wound. The receiver consists of a primary and 
secondary winding on a laminated U-shaped core. The primary 
is constantly energized from the headlight generator, thereby 
forming an electromagnet. If the leads to the track element or 
inductor are closed, as in clear block conditions, the engine 
circuits are not materially disturbed when the receiver passes 
over the inductors. However, if the winding on the inductor is 
open, as in the caution or stop block condition, the-reactance of 
the inductor is changed as well as the reluctance of the magnetic 
circuit, between receiver, air, and inductor, and a current is 
induced in the secondary circuit of the receiver, opposite in 
polarity to and larger than the normal holding current of engine- 
control relay, which drops this relay and causes an electropneu- 
matic valve to function resulting in a reduction of pressure. 
Acknowledging and forestalling devices can be provided on most 
of the devices which enable the engineman to forestall an auto- 
matic application of the brakes, providing he is sufficiently alert 
to perform a certain duty in a specified length of time at a certain 
place. 
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The Chicago & Northwestern has installed a system of con- 
tinuous control which is rather unique in many respects, in that 
the operating mechanism controlling the speed of the train in a 
yellow or caution block is a function of both speed and distance. 
The mechanism is driven from the axle. A lever or arm, working 
on a sliding governor, opens and closes certain contacts at 
various speeds and when a yellow block is entered, another arm 
or lever engages a worm gear which operates the arm to open 
and close certain other contacts at predetermined intervals of 
space or distance, the worm gear being also axle-driven. Another 
set of arms or levers combines the speed and distance features 
and operates still another set of contacts. The combination 


speed and distance contacts provide a means for compelling 


the engineman to control the speed of his train in conformity 
with a predetermined tapered speed curve, and require that the 
speed of his train be below a certain low speed at a particular 
point. If the speed of this train is not kelow the low-speed 
limit at a particular point or place, he will be penalized with an 
automatic application of the brakes which he cannot release 
until his train has come to a stop. Cab signals are also pro- 
vided in this installation, but I believe the old wayside signals, 
which are of the disk type, are still in service. 

In the systems of continuous control, I find that some roads 
reverse the polarity of the loop circuit and some reverse the track 
circuit in order to get the normal, neutral, and reversed positions 
of the engine train-control relay. 

The device Mr. Stevens refers to as the ‘‘Coder Device” which 
he states the Santa Fe is testing should fill a long-felt need if it 
proves satisfactory. It eliminates the loop circuit and renders 
the locomotive apparatus immune to picking up stray alternating 
currents of commercial frequencies. 

I am rather inclined to agree with Mr. Stevens that in the 
last analysis continuous control is the end to which we should 
work as it paves the way for the ultimate elimination of wayside 
signals and provides a continuous cheek on the integrity and 
continuity of the track as well as the engineman. 

An automatic train-control device using radio frequencies has 
been under development and test for some time on the P. M. 
Railway with encouraging results, but I am not advised as to the 
present status of this device. Considering the rapid progress 
and development in radio in the past few years, it is not entirely 
impossible to conceive of automatic continuous radio train 
control. 

A. Herz: Mr. Stevens has made it clear that the locomotive 
signals depend on the magnetic field impulse transmitted through 
several inches of space, usually six in. or more over each rail, 
making a total air-gap of over one ft. The train control signal 
current used by the railroad is weak, in fact, not over one ampere. 
The power interests transmit large quantities of current over 
wires often located adjacent to railroad tracks, since the condi- 
tions of supply and demand make this necessary. These 
power wires are located at a distance making an air-gap many 
times greater than that used by the railroad interests in sending 
the train control impulse through space from rail to locomotive. 
However, it is quite Impossible to transmit these large currents 
without setting up the usual magnetic fields around the con- 
ductors, which will in many instances cut the railroad tracks 
and thus create a very weak current flow along these tracks quite 
similar to that made use of by the railroad for this train control. 
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This is especially pertinent and has a great bearing on the whole 
problem, since in some instances the railroad makes use of 
60-cycle current and since the receiving devices and the whole 
set-up is such as to respond to the impulses from a 60-cycle 
magnetic field, so that the normal magnetic field liberated by the 
power wires may also influence the signals in the same manner, 
and very often in an undesirable manner. 

That this is actually the case has been demonstrated in 
various localities. Some recent experimental work on a parallel 
between a continuous inductive type of train control installation 
and a power line along the edge of the right-of-way demonstrated 
that a comparatively small current, I believe it was on the order 
of seven amperes, carried on the power lighting circuit, produced 
enough current in the rails actually to set up a false clear signal 
on the locomotive. The almost obvious reason for such a 
failure, of most dangerous nature, is the simple fact that the 
field of the power line had the same frequency as the field used 
in the track circuit to transmit the signals. 

I want to draw attention to the obvious danger of having 
these devices set up so that they are responsive to the normal 
stray fields of the commercial power systems which are today 
almost universal. If the magnetic field made use of by the 
train control signal employs a materially different frequency, 
such interference can be absolutely prevented. This has been 
proven and is practically self-evident. As a matter of fact, 
some train control systems now being installed and also some 
now in use operate at 100 cycles, instead of 60 cycles. Some will 
go so far as to use 100 cycles plus mechanical tuning, that is, 
to employ an interrupted 100-cycle current, the rate of inter- 
ruption being such that a mechanically resonant relay will 
respond to it and none other. This will provide a double 
element of safety or protection against possible interference 
from commercial power systems. However, there is probably 
a good deal of experimental work which must be done before the 
continuous inductive train control system is really perfected for 
general adoption. 

T. S. Stevens: The relays for controlling automatic block 
signals on electrically operated railroads are designed so that 
they can be operated not only on direct-current operated rail- 
roads by alternating currents but on alternating-current pro- 
pulsion railroads by the use of relays of a different frequency, 
centrifugal relay, sensitive to a different frequency from that 
used for propulsion. So the complete track circuit is used in 
that way. 

Mr. Snell spoke of operating cab signals on electrically operated 
railways and it is rather interesting because this is probably the 
most interesting electrical development of the age. 

I don’t want to start a discussion about frequency because ıt i8 
too deep. The effects of the use of any frequency, whether it 
happens to be a different frequency from that of the power 
companies or the same, are not thoroughly known. What 
corrections can be made with the same frequency and still 
provide safe operation, are still doubtful. Whether the 100 
cycles will not lead us into other difficulties is not known. A 
device of some kind which involves only very, very low fre- 
quency may be developed in the future, but we are pioneering. 

I want to say in favor of Mr. Herz that he has been and we 
also have been working along amicably toward a settlement of 
this problem and no doubt will get to the solution of it some time. 
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Carrier-Current Selector Supervisory Equipment 


BY C. E. STEWART: 
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Synopsis.—The rapid advances made in the application of 
automatic principles to the control of electrical energy have produced 
many new and novel installations. This paper describes a super- 
visory system which centralizes the control and indication of all 
power used tn operating a modern interurban railroad. Super- 
vision is accomplished over a single circuit consisting of one insulated 


HE application of automatic substations for 
supplying energy to suburban and interurban 
electric traction systems has undoubtedly added a 

very vital chapter in the economic life of these systems. 
From an operating viewpoint, however, the automatic 
station equipment has entirely eliminated the human 
intelligence at the station so essential to the former 
method of operation. In its place we have left a 
number of inanimate devices, arranged in electrical 
circuits to respond to certain definite electrical and 
mechanical laws. Thus, we obtain operations in a 
predetermined definite sequence, dependent upon the 
changes of the master devices within the substation. 


Such a system operates very satisfactorily and would 
meet all requirements were it not for the occasional 
unusual occurrence which is foreign to any predeter- 
mined set-up, but which is nevertheless vital to unit 
operation. For example, to meet emergency condi- 
tions in this class of service, it is essential that means 
be provided for quickly opening all feeders supplying 
a particular trolley section. In many installations 
where load conditions permit, it has also been found 
profitable and advisable to shut down and lock out 
certain automatic substations during light load periods. 


There is a demand, therefore, for some means of 
supervising these unattended automatic substations 
from a central point or dispatcher’s station. A new 
class of equipment was developed several years ago, 
and is known as “automatic supervisory equip- 
ment.” This equipment provides a dispatcher with 
a means of selectively controlling devices in the sub- 
stations and automatically gives him a visual indi- 
cation of the substation apparatus by means of stand- 
ard indicating lamps located in cabinets at his office. 


One of the most interesting and unique applications 
offautomatic supervisory equipment to interurban 
railway service is that installed on the Chicago South 
Shore and South Bend R. R. which runs between 
Chicago and South Bend, Indiana. This gives super- 
vision over a 1500-volt, d-c. electrification with con- 
verter and mercury arc rectifier substations. There are 
eight substations located between Hammond, Indiana, 
and South Bend, a distance of about 65 mi. The sta- 
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wire with ground return. A single frequency carrier current is 
used for transmitting all signals over the circuit connecting all 
stations. Considerable attention has been given to make the eguip- 
ment simple in design, rugged in construction, easy to install, and 


convenient to maintain. ' 
$ $ $ $ $ 


tions named in order along the right of way are as 
follows: Hammond, Gary, Wycliff, Furnessville, 
Michigan City, Tee Lake, New Carlisle, and Grandview. 
Columbia Avenue and Michigan City substations are 
manually operated but have automatic reclosing d-c. 
feeder equipment. 

The power dispatcher is located in the Hammond 
Substation. He has direct supervision over the high- 
tension incoming line breakers and machine equipments. 
An indication is also given him of the d-c. feeder 
breakers in all eight substations. 

The train dispatcher is located near the Michigan 
City substation. He has supervision over the d-c. 
feeder breakers in all eight substations and also indica- 


` tion of the machine equipments. . 


The supervisory equipment is of the carrier-current 
selector type and operates over one line wire and 
ground. A single No. 6 B and S copper wire is strung 
on standard 2300-volt insulators for the entire distance, 
For about five miles at one end of the system this wire 
is carried on the same pole as the 33,000-volt power 
circuits. 

With the above picture in mind, it is interesting to 
note the following special conditions which effected, toa 
large extent, the choice of this particular class of 
equipment. 

1. A problem was presented due to the severe sleet 
and ice conditions peculiar to this section of the country. 
Line wires as ordinarily constructed for telephony are 
subject to many breakages during the winter months. 
An attempt was made to increase the reliability of 
operation by installing larger wire and using distribu- 
tion insulators. The choice of the No. 6, B andS line 
wire was due, therefore, to its mechanical qualities 
rather than its electrical characteristics, although the 
latter are highly desirable. 


2. Onaccount of the increase in cost of the specially 
constructed circuits, it was necessary, therefore, to use a 
minimum number of line wires, running between 
stations. 

3. Since the supervisory circuits were exposed to 
high tension disturbances, it was essential to provide 
protection to connected apparatus. Where line wires 
are connected metallically to sending and receiving 
equipments we have a very serious problem of obtaining 
proper protection. Protection of equipment so con- 
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nected presents an entirely different problem from that 
experienced in telephony. It is impossible to use line 
insulating transformers and drainage coils are unde- 
sirable on account of the resultant losses. The use of 
insulating transformers is not possible where the opera- 
tion of the system is dependent upon d-c. lock-out or 
holding circuits. 

The supervisory equipment line wires can be run, in 
many instances, in lead sheath cable in order to obtain 
proper protection to the equipment. The cost of such 
construction becomes prohibitive on a right-of-way of 
this mileage. 

4. The carrier-current system provides a satis- 
factory solution to the protection problem. The 
coupling between the station’s equipment and the 
external circuit is readily made by means of high-voltage 
condensers which, from the standpoint of protection, 
serve, in effect, the same purpose as the insulating 
transformers. Low-frequency drainage units serve to 
remove the electrostatic induction from the line wires, 
and standard protective apparatus, consisting of gaps 
to ground, fuses, arresters, and choke coils, can be 
employed to protect against unusual disturbances. 

Carrier-current equipment as designed will satis- 


factorily operate over any circuit which will offer low. 


impedance to the high-frequency carrier current. The 
equipment can be coupled, therefore, through suitable 
condensers to the high-tension power lines. In the 
installation referred to, the transmission lines did not 
offer a satisfactory circuit because of their intercon- 
nections and possible separation along the right-of-way. 
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The cost of the necessary by-pass equipment to secure 
a satisfactory carrier-current circuit was prohibitive. 

A very important feature in connection with the 
design of this apparatus is that all devices are panel 
mounted. This applies to all equipment with the 
exception of the dispatcher’s office key and lamp cabi- 
net. The equipment is mounted on standard 90-in. 
switchboard panels. The panels are completely wired 
and all external circuit connections are made to 
standard connection blocks on the back of panel. In- 
stallation costs are reduced, therefore, to a minimum 
as it is only necessary to interconnect between major 
apparatus in the stations. All installation wiring can 
be of the standard control size ordinarily used on power 
switchboards. 
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The carrier-current system uses the same equipment 
which has been used so successfully for a number of 
years in the selector system. A carrier-current panel 
is added to the standard selector equipment at each 
station. 

In the 90-in. carrier-current panel, a cover over 
the back affords protection to vacuum tubes, con- 
densers, and variometers. On this panel are mounted 
the selectors and polarized relays which set up the 
indication circuits on the key and lamp cabinet in 
accordance with coded signals received from the 
substations. 


Fig. 1 shows a key and lamp cabinet. For each 


Fra. 2—SusstatTion Moror SENDING Key 


substation unit supervised this cabinet contains two 
manually-operated, spring-driven code-sending keys and 
two indicating lamps. It also contains the master 
operating key, checking keys, and common indicating 
lamps. 

On a typical substation panel, the selectors in con- 
nection with an associated carrier-current panel respond 
to coded control signals from the dispatcher. 

Mounted on this panel are the motor-driven sending 
keys (Fig. 2) which originate the code signals for each 
Associated with each 
motor sending key is a checking relay. This relay 
provides a means whereby the dispatcher can check 
the position of supervised equipment without operating 
it. This feature is important from a maintenance 
viewpoint because it provides a check on both the 
control and indication operation of the equipment. 

All operating potentials are obtained from storage 
batteries. The supervisory system, therefore, is not 
affected by the momentary loss of the high-tension 
power circuits and renders reliable service under 
emergency conditions. 

The selection of a carrier-current frequency is, in 
general, dependent upon the impedance characteristics 
of the circuit over which the equipment must operate. 
On an installation involving a number of stations it is 
desirable to obtain this from actual field tests at the 
time the equipment is placed in service. Such tests 
show that there are one or more frequencies to which 
the entire system will respond most effectively. The 
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- carrier-current selector supervisory equipment, there- 
. fore, is designed so that frequeney adjustments can be 
made over a wide range. Once the frequency is chosen 
for an installation, the tuning adjustments of all trans- 
mitters and receivers are locked in position and require 
no further attention. 

The carrier-current circuits may be divided into two 
distinct divisions which may be designated as the 
transmitter and the receiver. The function of the trans- 
mitter is to transform the d-c. impulses originated 
by the code sending keys into a high-frequency form so 
that they may be impressed upon the carrier-current 
line. The function of the receiver is to take the high- 
frequency impulses from the line and, by means of a 
vacuum tube rectifier, reduce them to such a form that 
they may be used for operating the usual supervisory 
relays. Both the transmitter and the receiver depend 
upon the three-element vacuum tube or pliotron for 
their action. | 

The transmitter utilizes three vacuum tubes of the 50- 
watt size. One tube is used in the master oscillator 
circuit which generates the high-frequency oscillations. 
The other tubes form a part of the power amplifier 
circuit the function of which is to increase the output of 
the element. The master oscillator uses the Colpitts 
circuit for generating the high frequency. A 1000-volt, 
d-c. source is required between the plate and filament 
of the tube and a 10-volt, a-c. source heats the filament. 
The inductance of the oscillator circuit is in the form 
of a variometer having a movable rotor. Depending 
on the position of this rotor, the master oscillator can 
be made to generate any frequency between 20 and 80 
kilocycles. | 

The elements of the two power amplifier tubes are 
connected in parallel and their plate and filament 
voltages are taken from the 1000-volt, d-c. source and 
10-volt, a-c. source, respectively. The high-frequency 
voltage taken across one of the condensers in the oscil- 
lator circuit is applied between the grids and filaments 
of the power amplifier tubes. This high-frequency 
voltage applied to the grids results in a variation in the 
d-c. plate current to the power amplifiers of the same 
frequency. The primary of an output transformer is 
connected in the plate circuit of the power amplifiers and 
the high-frequency output of these tubes is utilized by 
connecting to the secondary of this transformer. The 
secondary is provided with taps so that the desired 
voltage may be obtained, the correct voltage being 
dependent on the line impedance at the frequency 
used. One side of the secondary of the output trans- 
former is connected to ground and the other side 
through a coupling condenser to the carrier transmission 
line. A second variometer and a thermoammeter are 
in series with the coupling condenser. A resonant 
circuit is formed by the output transformer secondary, 
the output variometer, the coupling condenser, and the 
impedance of the line to ground. This circuit is tuned 
to resonance for the frequency generated by the master 
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oscillator by varying the position of the rotor in the 
output variometer until maximum current is indicated 
by the output ammeter. The maximum input of power 
to the line at this frequency is then obtained. Two 
tubes are used in parallel in the power amplifier circuit 
in order that the desired output may be obtained from 
the transmitter without overheating the tube elements. 
The maximum output of the transmitter is 150 watts. 


The high-frequency output from the transmitter is 
controlled by means of a relay called the transmitter 
keying relay. When the coil of the relay is energized, 
one pair of contacts completes the circuit from the 1000- 
volt, d-c. source to the plates of the transmitter tubes, 
causing the high frequency to be generated. A second 
pair of contacts connects the secondary of the output 
circuit to ground. 


The 1000-volt, d-c. power for the plates of the trans- 
mitter tubes is derived from a 500-watt motor-generator 
set which is driven from a 120-volt storage battery. 
The motor is in reality a converter as it has slip-rings 
which supply 88 volts at 40 cycles. By means of a 
small transformer, this source is stepped down to 10 
volts for 1ighting the filaments of the transmitter tubes. 
Two rheostats are mounted on the carrier-current 
panel, one for controlling the field current of the genera- 
tor and the other is in series with the primary of the 
filament transformer for adjusting the filament voltage. 


Test jacks and keys are provided on the panel to 
facilitate checking the operation of the transmitter. A 
jack, in series with the common grid connection to the 
tubes, allows a milliammeter to be connected in this 
circuit. If the master oscillator is not generating high 
frequency no reading will be obtained on this meter. 
If the master oscillator is functioning properly but the 
power amplifier is not, the meter will read about 80 
milliamperes. If both master oscillator and power 
amplifier are functioning properly, a reading of approxi- 
mately 150 milliamperes wil) be obtained. A jack 
across the filament circuit of the transmitter tubes 
provides for connecting an a-c. voltmeter in order to 
adjust the filament voltage. The output ammeter is 
normally shunted out of the circuit and is used for test- 
ing and maintenance purposes only. When it is neces- 
sary to start the transmitter for inspection purposes, a 
switch on the panel may be closed, operating the 
motor starting contactor. This switch also opens a 
circuit which delays the operation of the motor sending 
key until the inspection is completed. Another switch 
completes the circuit to the keying relay, causing the 
transmitter to generate and send out the carrier current. 
It is sometimes necessary for the maintainer to make 
inspections, on the back of the panel, which might cause 
him to comeincontact with high potential circuits if the 
motor-generator wererunning. A switch is provided to 
open the circuit to the motor starting contactor, thus 
preventing the generating of high voltage until his 
Inspection is completed. All of these test switches are 


434 STEWART AND WHITNEY 
plainly marked with individual nameplates on the front 
of; the panel. 


The receiver is connected to the carrier-current line by 
means of a coupler which consists essentially of two coils 
so mounted that their inductive relation to one another 
may be varied. One terminal of the primary coil is 
connected to ground and the other terminal is connected 
to the carrier-current line through the coupling con- 
denser. A variable condenser is connected across the 
terminals of the secondary coil forming a resonant 
circuit which may be tuned to the carrier frequency by 
adjusting the condenser to the proper capacity. The 
voltage across this resonant circuit is applied to the 
grids of the detector tubes which are of the 7.5-watt 
type and are slightly larger than the average tube used 
in radio broadcast receiving sets. There are two of 
these tubes in the receiver with their elements connected 
in parallel. Plate voltage is supplied from the 120-volt 
station battery and the filaments are lighted from a 24- 
volt tap on the same battery. The grids are connected 
through the secondary of the coupler to the low poten- 
tial end of the filament resistor. This makes the poten- 
tial of the grid minus 18 volts with respect to the fila- 
ments when no high-frequency voltage exists across the 
secondary coil. This prevents any current from 
flowing to the plate and consequently the detector 
relay, which is operated by this plate current, is not 
energized. When the carrier frequency voltage exists 
between the carrier line and ground, a voltage of this 
frequency is superimposed upon the d-c. voltage applied 
to the grid of the detector tube. Due to the character- 
istics of the vacuum tube, this a-c. voltage superimposed 
upon the negative 18 volts of direct current causes the 
average voltage of the grids to be increased, allowing 
plate current to flow and energizing the detector 
relay. A jack is provided in the plate circuit by means 
of which a five-milliampere ammeter may be connected 
in this circuit. This provides a means of checking the 
operation of the receiver as well as a means of tuning the 
receiver to the desired frequency. When carrier 
current is being transmitted from some other station 
the capacity of the receiver tuning condenser may be 
varied until a maximum plate current is obtained. 
This indicates that the receiver is tuned to the proper 
frequency. 

Two detector tubes are used in order to give a maxi- 
mum reliability to the equipment since the operation 
of the receiver depends upon the proper functioning of 
the detector tube. The action of the receiver is equally 
as satisfactory with either tube alone as with both 
tubes. The failure of one tube, due to a broken fila- 
ment or loss of emission, does not impair the operation 
of the equipment and the maintainer, during hisregular 
inspection, will discover and replace an inoperative 
tube. The detector tube is of sturdy design and in this 
class of service has a life of approximately one year. 

When the detector relay is energized it completes a 
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circuit from the 24-volt source to the reversing relay 
which, in turn, operates the selector according to the | 
coded carrier-current impulses. The detector relay 
also breaks a circuit which prevents the dispatcher, or 
the motor key as the case may be, from using the 
associated transmitter for a definite time after the last 
carrier-current impulse. In order to prevent the 
receiver from detecting the carrier voltage generated by 
the associated transmitter, the keying relay is provided 
with contacts which disconnect the receiver from the 
carrier-current line and open the plate circuit of the 
detector tubes. In the dispatcher’sstation, thedetector 
relay completes a circuit to a pilot lamp on top of the 
key cabinet, causing it to flash in accordance with the 
incoming code. The equipment is interlocked to 
prevent the dispatcher from using the transmitter 
while the receiver is in operation. 

The operation of the system may be divided into two 
distinct functions; namely, the control operation and the 
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indication operation. The control operation is origi- 
nated by one of the dispatchers and is for the purpose 
of starting or stopping one of the machines, or closing 
or tripping one of the breakers assigned to his super- 
vision. The indication operation is originated by the 
starting or stopping of some machine or the closing or 
opening of some breaker in an outlying station. Either 
type of operation requires the use of only the trans- 
mitter at the originating station and the receivers in all 
of the rest of the stations. All of the operations of 
either type are transmitted on a single carrier-current 
frequency. In order that only one transmitter may be 
in operation at a time, the transmitters are interlocked 
with the receivers. 

Before any station may transmit a coded signal it 
must send out a short impulse of carrier current called 
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the locking impulse. This is detected by all receivers 
which immediately interlock their respective trans- 
mitters. A transmitter may function only in case its 
associated receiver has not detected carrier current on 
the line for a definite period of time. This allows for 
the completion of any code which might be in the process 
of transmission. 

In order to demonstrate more clearly the working of 
the system, a complete operation of each type will be 
followed through. | 

Assume that the dispatcher at station No. 1 wishes to 
trip the a-c. incoming line breaker at station No. 4. 
The red lamp corresponding to this breaker indicates 
that the breaker is closed. If the white lamp on top 
of the key and lamp cabinet is not flashing, no signals 
are being received and the dispatcher can use the line. 
He turns the master key 90 deg. in a clockwise direction 
and releases it. The spring which is wound up by this 
turn revolves a contact wheel. While revolving, this 
wheel completes a circuit through auxiliary devices to 
start the motor-generator set. The generator lights 
the filaments of the transmitter tubes and supplies the 
1000 volts d-c. for their plates. A timing relay is 
energized and at a definite later time, a circuit to the 
keying relay of the transmitter is closed for 0.2 of a 
second to send out the locking impulse. At the termi- 
nation of this locking impulse the circuit is completed to 
a green lamp opposite the dispatcher’s master key. 
This indicates to the dispatcher that his transmitter is 
now ready for operation and that he has control of the 
line. He now turns the operation key, which in this 
case would be labeled “Trip a-c. breaker, station No. 
4.” When released, this key keeps the motor-generator 
set running and operates the keying relay in accor- 
dance with the code setting on its impulse wheel. This 
causes impulses of carrier current to be sent out over the 
line. The detector relays in all of the other stations 
are operated in accordance with this code and the 
selectors at all these points are actuated. Only the 
selector in station No. 4, however, closes its contact 
and trips the a-c. incoming line breaker. When the 
key released by the dispatcher completes its rotation, 
circuits are opened which shut down the motor-genera- 
tor set and extinguish the green lamp opposite the 
master key. | 

Whenever a supervised unit at an outlying station 


changes its position, a circuit is established to the motor | 


driven sending key. A circuit is also made to start the 
motor-generator set and energize a timing relay. If 
there has been no carrier current on the line for a 
definite period of time, this timing relay completes a 
momentary circuit to the keying relay and sends out the 
locking impulse. This prevents any other station 
from obtaining the line during the transmission of the 
coded signal. As soon as the locking impulse has been 
sent, the code wheel associated with the supervised 
unit is released. As this revolves it operates the keying 
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relay which transmits the coded group of carrier-current 
impulses. 

These impulses of carrier current are received on the 
detector circuits in all other stations. Only one selector 
in the dispatcher’s office notches up and completes its 
contact. Depending upon the code received, a circuit 
is established to light either the red or green indicating 
lamp on the dispatcher’s key and lamp panel. In 
addition to any change made in the dispatcher’s indi- 
cating lamps, there is also a bell which calls his attention 
to any change in the position of his supervised units. 

When any station has completed the transmission of a 
signal the motor-generator set comes to rest and all 
associated transmitting circuits are de-energized. Only 
the receiving tubes in the entire equipment require 
current continuously. 

It is expected that this class of supervisory equipment 
operating over a well constructed line wire will prove 
more dependable than a system operating over several 
wires between the respective stations. Experience 
indicates that more difficulties are encountered due to 
the line wires than with the actual selector equipment. 
Great care has been taken to obtain simplicity of 
circuits, well constructed and reliable devices as well as 
a design layout which ‘invites and facilitates proper 
maintenance. 

In conclusion, supervisory systems of reliable design 
have centralized in the person of the dispatcher, the 
human intelligence which was removed from the sub- 
stations by the advent of the automatic station equip- 
ment. The dispatcher is able to operate his system 
more efficiently and is prepared to meet promptly any 
special problems which may arise. The supervisory 
and automatic equipments are waiting night and day 
to give immediate response to his orders. 


Discussion 

R. J. Wensley: There are many applications for remote 
control of power apparatus where the distance is such that con- 
trol conductors become prohibitively expensive. Such applica- 
tions are usually in connection with high-voltage systems where 
inductive interference would be severe should control circuits 
be constructed along the transmission right-of-way. The 
Alabama Power Company solved such a problem in a very 
ingenious manner. They have an extensive 110-kv., ‘‘H’’-type 
wooden-pole transmission system. Their southern loop is to be 
sectionalized at intervals of about 15 mi. by motor-operated 
disconnecting switches. As there are several hundred miles of, 
this loop, the construction of separate control circuits would have 
been very expensive. 

The standard practise of the Alabama Power Company is to 
install two ground wires on the tops of the two poles of the “H” 
frame. These wires serve as static guards and as return circuits 
for the ground relays. In addition, these wires are now used 
for the supervisory control of the section switches. 

To enable their use, insulators were installed and all direct 
ground connections were removed. Transformers were in- 
stalled at each section switch with center taps on the primary 
windings, these taps being grounded. The control is effected by 
impulses of 500-cycle and 650-cycle energy. 

The control equipment is an adaptation of the Westinghouse 
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audible system. Motor-generator sets provide the two fre- 
quencies. The impulses are originated by an ordinary auto- 
matic telephone dial. 

Selection is obtained by dialing impulses of one frequency. 
Answering signals are received by audible signals originated by a 
buzzer at the distant point which checks both the station called 
and the device selected. Operation is obtained by application of 
the second frequency by means of the control key on the dis- 
patcher’s cabinet. 

The impulses of the two frequencies are received on tuned 
relays. These relays are tuned to resonance by condensers in 
series with their coils and will not operate unless the frequency 
is within about 50 cycles of the point of resonance. The selective 
equipment is operated by a local 12-volt battery. This same 
battery is used for the motor of the disconnecting switch. 
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The batteries are to be charged at certain central locations and 
distributed by trucks at regular intervals. An experimental 
installation for trickle charging from the drainage current in the 
ground connection of the transformer primary is now being tried. 
This involves a special transformer and a Rectox rectifier. If 
successful, this method will eliminate the handling of batteries. 
The receiving equipment illustrated is located in a substation, 
but at most of the locations there is no station and the equipment 
is housed in an outdoor steel switchhouse converted for the 
purpose. 

All control connections to the ground wires are made through 
transformers. Spark-gaps on both primary and secondary 
guard against actual crosses between the ground wires and the 
110-kv. lines. A series relay short circuits the transformer pri- 
mary when the current exceeds its safe rating. 


Mercury Arc Power Rectifiers 


Their Applications and Characteristics 


BY O.K. MARTE: 


Associate, A. I. E. E. 


. Synopsis.—Steel-enclosed mercury arc rectifiers, due to their 
advantages over rotary converters in efficiency, ease and reliability 
of operation, and ability to produce high d-c. voltages, are gradually 
replacing other forms of converters in all fields of application. 
There are at present 600,000 kw. of rectifier installations, distributed 
over different parts of the world. Statistical data are given showing 
the growth of installed rectifier capacity since 1911, the distribution 
of rectifiers over various fields of application, and their increasing 
use at higher voltages for railways. The high efficiency and re- 
liability of rectifiers at high voltages will undoubtedly influence the 
selection of systems and voltages for main-line electrification. Com- 
parative operating figures are given for rectifiers and motor-generator 


IRECT current, in spite of the many advantages 
of alternating current, has its own numerous and 
valuable characteristics and uses. Among these 

might be mentioned trolley and other city railway lines, 
interurban and main-line railroads, rolling mills, special 
drives requiring the facility of control made available 
only by the use of direct current, electrochemical 
applications, and so forth. The generation of d-c. 
power at ordinarily used voltages would be very 
uneconomical due to the small power involved for 
particular requirements. Furthermore, at the voltages 
at which it is at present generated and used, transmis- 
sion of the d-c. power over long distances could be 
accomplished only with considerable losses. The only 
solution of this problem, therefore, is to generate alter- 
nating current, transmit it at high voltages to the site 
of its application, and there convert it by the best 
means available into the desired d-c. voltages. Rotat- 
ing converters have been the only means commercially 
available for this purpose, until the comparatively 
recent advent of the steel-enclosed mercury are power 
rectifier. 


On account of its newness in the commercial field, 
there was at first a lack of confidence in the rectifier. 
This, however, has been dispelled by itsadvantages and 
successful operation in all parts of the world and in 
every field of application. Contrary to the rotating 
conversion apparatus, the electrical energy is not first 
changed into a mechanical form and then changed back 
again to the electrical form, but the conversion occurs 
directly with no intermediate stages. The losses and 
other disadvantages accompanying conversion by 
means of rotating machinery are either greatly reduced 
or eliminated entirely. Ina rectifier there are no iron, 
windage, friction, or ventilation losses, and those which 
do occur (losses due to the voltage drop in the arc) 
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sets at 3000 volts d-c. Several types of Brown Boveri rectifiers and 
their load curves are shown. Due to the fact that the d-c. voltage of a 
rectifier consists of portions of sine waves, the voltage wave is some- 
what undulated. The magnitude of the undulations depends on the 
number of phases and varies with the load. The effect of the undula- 
tions in the voltage wave on the shape of the current wave for various 
types of loads is discussed, and oscillograms of the voltage and cur- 
rent waves of a rectifier feeding a railway load under various 
conditions are shown. The effects of the undulations on different 
kinds of load—batteries, lighting, and power circuits—and on 
communication circuits paralleling the d-c. feeders are discussed 
briefly. 


do not vary as in the usual electrical machines and 
apparatus, as the square of the current, but only as a 
linear function and independent of the voltage. Two 
important properties of the rectifier are dependent on 
this last mentioned fact: the efficiency remains practi- 
cally constant at all loads, and since the losses in the 
rectifier proper are practically constant at all operating 
voltages, the efficiency increases as the operating 
voltage is increased. ‘This characteristic of the recti- 
fier—a high efficiency at partial loads—is of particular 
importance in cases when the conversion machinery 
has to be operated under conditions which impose a 
low annual load factor, as in the supply of d-c. power 
to rolling mills, dredges, elevators, and especially for 
traction motors. For the last mentioned application, 
the simplicity and rapidity of the starting operation 
are also outstanding advantages. These advantages, 
together with others, have proved the rectifier to be 
superior to the rotary converter, and have contributed 
to the great popularity which rectifiers have gained 
during recent years. 

As an example of the superiority of the mercury arc 
rectifier, it may be mentioned that the chief reason for 
not using d-c. voltages above 1500 volts for traction 
lies in the fact that this value is already close 
to the maximum which can reliably and safely be ap- 
plied to one commutator of rotating converters. For 
higher d-c. voltages, two machines must be connected 
in series, which greatly reduces the efficiency, appreci- 
ably increases the initial cost of the installation, and 
introduces further operating difficulties. With recti- 
fiers, this is not the case, as a single cylinder is capable 
of producing many times this voltage. 

The fact that today there are in service throughout 
the world steel-enclosed rectifiers with a total capacity 
of more than 600,000 kw. is without doubt a proof of the 
soundness of the basic design of these devices. In 
Fig. 1 are shown the total installed capacities from year 
to year, and the fact that the steepness of the rise be- 
comes greater year by year indicates the possibility that 
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this device will soon largely replace all other forms of 
converters. 

The field of application of the steel-enclosed mercury 
arc power rectifier is already very wide, as is clearly 
illustrated in Fig. 2. Mercury arc rectifiers are natu- 
rally used with greater advantage where their peculiar 
qualities meet the requirements of the service in 
question. To these classes of service belong installa- 
tions subjected to large fluctuations in load and to 
heavy and short current peaks, such as main-line rail- 
ways, street cars, subway and elevated railroads, rolling 
mills and the like. A comparison of the shaded areas in 
Fig. 2 shows that the use of rectifiers for street car and 
railroad service is twice as great as for all other purposes 
combined. The next largest field of application is for 
power and light. Then follow motors for rolling mills, 
special drives, shovels, dredges, elevators, and mining 
locomotives. The smallest application of rectifiers, 
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because it is the newest, is for electrochemical purposes. 
Successful load tests have been carried out with recti- 
fiers at d-c. voltages of 5000 volts and 8000 volts for 
special electrolytic purposes. Considerable study is 
being devoted to this field, and attention has 
naturally been given to assure safety of operation at the 
high voltages mentioned. These tests have shown that 
the limits of d-c. voltages for which rectifiers can be 
used are still unknown. 

Installations on a commercial scale were begun in 
Europe in the year 1912, and then only in capacities of 
100 kw. One of the earliest installations is shown in 
Fig. 3, which is for a municipal lighting plant, the direct 
current being employed for power and lighting purposes. 
This plant consists of four 6-anode rectifiers, each rated 
for 150 kw. at 220 volts. The supply current is three- 
phase, 50-cycle, 5250-volt. This installation was made 
in 1914 with three cylinders, the fourth being added 
later on. 

Attention may 7 be called to the fact that the principal 
elements in the design of the Brown Boveri type of 
rectifier have changed little during the past twelve 
years. This is evident at once when Fig. 3 is compared 
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with Fig. 4, showing the relative sizes of the different 
types of rectifiers made at present by the Brown Boveri 
companies. Inspection of Fig. 3 and Type C in Fig. 4 
reveals that the relative dimensions and arrangement 
of the various elements are practically identical in the 
1914 and the present designs. In spite of the fact that 
there has been no great change in the basic structure of 
the rectifier, many refinements have nevertheless been 
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made in the design of such details as cooling, anodes, 
seals, etc., and in the development of more suitable 
material. Improvements have also been made in,the 
auxiliaries, which, together with the improvements in 
the rectifier proper, allow a far better utilization of the 


Fie. 38—ONE OF THE EARLIEST RECTIFIER INSTALLATIONS 
device. These facts are mentioned merely to remove 
any possible impression which may exist that the mer- 
cury arc power rectifier is still an unfinished product 
in its first stages of development. 


OPERATING FEATURES 

The following figures might be of interest in connec- 
tion with the operation of rectifiers. 

The number of rectifiers operating in parallel with 
rotary converters and batteries, either in substations or 
over feeders, is about 900, distributed over approxi- 
mately 450 installations, with a total rated capacity of 
more than 450,000 kw. Parallel operations of rectifiers 
with each other, with rotary converters, d-c. generators, 
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or batteries, is governed by the same principles as 
govern the parallel operation of d-c. generators. In 
accordance with the fundamental principles. on which 
the operation of the rectifier depends, energy cannot 
flow from the d-c. to the a-c. network, since the current 
can pass only from the anode to the cathode. This 
fact is of considerable importance because a satisfac- 
tory parallel operation of rectifiers connected to two 
independent a-c. networks is thereby possible. The 
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two networks are not restricted, in that they must have 
the same frequency, nor does a change in frequency 
affect safe operation, because a change in the frequency 
in one network will not cause motoring or other trouble- 
some and dangerous occurrences in the rectifier, as 
would be the case in synchronous converters should 
they be connected to independent networks. 

In regard to the adaptability of the rectifier to full 
automatic control, the fact that the total number of 
fully automatic substations reaches the appreciable 
figure of 100 may be of interest. Due to the simplicity 
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and speed of starting and stopping a mercury arc 
rectifier, this device lends itself to automatic control 
much more readily than a synchronous converter. 
Another outstanding feature of the characteristics of 
the rectifier may be brought out here. Ascan beseen from 
Fig. 2, the application of rectifiers for railway service is 
far greater in respect to total capacity than for any other 
field; in fact, twice as much as for all other applications 
together. A most interesting fact in relation to railway 
service is illustrated in Fig. 5, in which the total capacity 
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rating of rectifier installations for railway service— 
including city, interurban, and main-line—at different 
voltages is given, for the years 1920 (solid areas) and 
1926 (shaded areas), respectively. The solid areas 
show that the voltages most frequently used in 1920 
lay between 600 and 750 volts, while the shaded areas 
show that in 1926 the average choice lay between 775 
and 1250 volts. It is unquestionably true that the 
influence of the outstanding rectifier characteristics, 
consisting of reliable and safe operation at voltages 
above 600 volts and increased efficiency at the higher 
voltages, accounts in great part for this fact. The 
authors firmly believe that an even more pronounced 
effect of these characteristics on the selection of voltages 
for the electrification of railroads will soon be notice- 
able, and thus the mercury arc power rectifiers will soon 
exert an influence on the question of d-c. versus a-c. 
systems. 

In support of this, the following figures, which show 
the advantages of a 2000-kw. mercury arc rectifier as 
compared to a 2000-kw. motor-generator set at 3000 
volts d-c., both at nominal rating, may be adduced. 
Assuming a load factor of 40 per cent, which is common 
in railway service (800 kw. for 24 hours), a total of 
19,200 kw-hr. is obtained, and, assuming a load charac- 
teristic of two hrs. at 150 per cent load, eight hrs. at 
50 per cent load, eight hrs., at 30 per cent load, four 
hours at five per cent load, and two hrs. at no-load, the 
table below will illustrate the large saving which can be 
effected by employing a rectifier in place of a motor- 
generator set for this particular load characteristic. 


l Efficiencies | Losses in kw-hr. 
Time Load _— | | 
(hrs.) kw. Rectifier M.G. Rectifier M.G. 
2 3000 97.0 90.8 185 600 
8 1000 96.8 86.4 264 1260 
8 600 95.5 81.8 266 | 1070 
4 
2 (0) 38 232 


100 82.5 46 82 470 


3632 


Hence, the saving effected during 24 hrs. amounts to 
2837 kw-hr., and per year to 1,035,000 kw-hr. Assum- 
ing the cost of power to be one cent per kw-hr., an 
annual saving of about $10,000.00 would be obtained, 
which would pay for the substation in a few years. 

Additional savings in the annual costs would result 
from the use of a rectifier of the above rating in place of 
a motor-generator set on account of the lower initial 
cost of the rectifier, which is about 55 per cent of the 
cost of the motor-generator set, and on account of the 
lower cost of the substation, since the building required 
by the rectifier would be smaller, and would not need 
special foundations nor cooling ducts. 


LOAD CHARACTERISTICS 


The mercury arc rectifier is inherently a machine 
with a continuous rating, due to the very small masses 
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which can absorb and store up the heat produced during 
its operation. Due principally to the absence of all 
rotating parts, however, it has a high momentary over- 
load capacity and can respond very quickly to these 
overloads due to the absence of the inertia of a magnetic 
field. Standard types of Brown Boveri rectifiers are 
shown in Fig. 4; their current and kilowatt ratings at 
various voltages, up to 5000 volts, are given by the 
curves in Fig. 6. At present they are built for voltages 
from 220 volts to 5000 volts d-c., and in capacities from 
220 kw. to 2700 kw. The ratings given in Fig. 6 are 
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reduced somewhat if overloads of appreciable duration 
are required. In order to give a picture of the overloads 
which can be cared for by rectifiers, the following figures 
have been noted: Type D, shown in Fig. 4, has a 
continuous capacity of 1500 kw. at 1500 volts, with an 
overload capacity of 2250 kw. for 15 min., 3000 kw. 
for five min., and 4500 kw. for one minute. The signif- 
icance of these figures may be better appreciated if it 
is realized that it would be possible to start and run a 
train of average size with one such unit, since it does not 
take more than 5 to 10 minutes to bring such a train 
up to speed. 


It can be seen from Fig. 6 that the output for a 
given cylinder increases with the voltage. In spite of 
this fact, rectifiers are at present rated on the basis 
adopted for the rating of electrical apparatus and 
machinery before the advent of the mercury arc power 
rectifier. The authors believe that, in view of the fact 
that the field of application of rectifiers is constantly 
enlarging, it would be justifiable to take steps to work 
out standards of rating for rectifiers based on their 
peculiar characteristics rather than on those of rotating 
machinery. The curves for Types D and E show the 
characteristic fact that with increasing voltage the 
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kilowatt output increases in a straight line at first, but 
that the rate of rise decreases with further increases 
in the voltage. 


The rectifier transformer serves the same purpose as 
the transformer for a synchronous converter; namely, 
to obtain the proper d-c. voltage and to split the pri- 
mary power into the desired number of secondary 
phases. As is illustrated in Fig. 8, the d-c. volt- 
age, during conversion, retains the caps of the sine 
wave of the a-c. supply voltage. It will be shown 
later that, in consequence of this, the amplitude 
and the frequency of the ripples depend on the 
number of phases, and that increasing the number 
of phases reduces the magnitude of the undulations. 
This is one of the reasons why the number of phases 
employed with rectifiers is relatively large: usually not 
less than six, and often as high as twelve. As the 
number of phases is increased, however, many compli- 
cations enter into the design of the transformer, and its 
utilization decreases. This latter fact can easily be 
realized from a consideration of Fig. 8. The interval 
per cycle, during which the arc is maintained between 
the cathode and any one anode, decreases with a larger 
number of phases so that the time of utilization of each 


phase is shortened. During the other intervals, the 


phases are not under load and hence not fully utilized. 
Therefore, for a given d-c. output, the rating of the 
transformer will increase with the number of phases 
(see curve 3, Fig 9) which necessitates limiting the 
number of phases for economic reasons, at a reduction 
in the smoothness of the d-c. voltage wave. It is 
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therefore necessary to take into account a certain 
amount of undulation in the voltage wave of all recti- 
fiers, and accordingly we shall look into this question 
more thoroughly in the next part of this paper. 


The various applications and present status of steel- 
enclosed mercury arc rectifiers have been dealt with in 
the first part of this paper. We shall consider now 
the characteristics of the rectifier as affected by the 
character of the load and electrical conditions on the 
d-c. side, for the various applications. 
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VOLTAGE WAVE 


In a preceding paper by one of the present authors’, 
the current and voltage relations in circuits of polyphase 
rectifiers were derived with the assumption that the 
direct-current wave is a straight line. While this 
assumption leads to sufficiently accurate results, for all 
practical purposes, insofar as the relations of voltage, 
current and power on the d-c. and a-c. sides of the 
rectifier are concerned, and is entirely justified when 
there is a considerable amount of inductance on the d-c. 
side, yet in some cases the undulations in the d-c. 
current and voltage waves become a factor worth con- 
sidering, as will be brought out later on. 

In a polyphase rectifier, the load current at any 


Fie. 8—Rectirier D-c. Vottacze Wave aT (a) No Loap, 
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instant is carried by the anode having the highest 
positive potential with respect to the neutral of the 
transformer secondary. The d-c. voltage wave at no- 
load has the form shown in Fig. 8A. The undulation 
of the (voltage) wave is formed by the caps of sine waves 
of the transformer secondary phase voltages. As each 
phase assumes a maximum positive potential once 
during every cycle, the number of pulsations per cycle 
must be equal to the number of phases, and the fre- 
quency of pulsation or the number of pulsations per 
second must be equal to the product of the frequency 
of the a-c. supply and the number of secondary phases. 

If the transformer, the a-c. line, and generator supply- 
ing the rectifier were free of reactance, each anode 
of a p-phase rectifier would carry the whole d-c. current 


20 ai : 
during —; ~ part of a cycle only; thus, in Fig. 8, the 


2. Rectification of Alternating Currents, by O. K. Marti, 
Trans. A. I. E. E., 1926, Vol. 45, p. 668. 
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whole load current would be transferred instantly from 
phase 2 to phase 3 at m and from phase 3 to phase 4 at 
n. Under such conditions, the d-c. voltage wave under 
load would have the same form as at no load. 

Due to the unavoidable reactance presentin thetrans- 
former, the current cannot die down nor build up 
instantly in any phase. As a result, there are intervals 
during which two adjoining phases carry current simul- 
taneously, as the current in one phase is dying down 
and the current in the other is building up. This 
period of overlapping between two adjoining phases 
begins at the intersection of their respective sine waves 
and continues until the current in the leading phase 
becomes zero. The angle of overlap u is given by the 
expression 


Ix 


ase (1) 
E V2 sin 2 
p 


cosu = 1 — 


in which J is the direct current, X the reactance per 
phase of transformer secondary? at the primary fre- 
quency, E the effective value of phase voltage, and p 
the number of secondary phases.‘ 

The d-c. voltage during the period of overlapping is 
equal to the mean of the overlapping phase voltages. 

Using the point of intersection of phase voltages e, 
and e: (Fig. 8B) as the origin, these voltages may be 
expressed by 


e, = E./2 cos (ws + _) (2) 
e = Ev/2cos (wt of (3) 


The d-c. voltage during the period of overlapping is 


e+e | me T ` 

ĉu = = = E./2 cos —— cos wt (4) 
P 

When the period of overlapping is over, the d-c. 


voltage is equal to the voltage of the working phase. 


The average d-c. voltage E; (including the constant 
drop in the arc), is given by the expression 


E = E v2 sin T/p _ IX 
a T/p 2 T/Pp 


The first term to the right of eq. (5) is the average 
d-c. voltage at no-load; the second term is the voltage 
drop at load current, I. The rectifier d-c. voltage wave 
under load is shown in Fig. 8B. Oscillograms Nos. 1 
and 2, Fig. 13, show rectifier voltage waves at no-load 
and full load, respectively. 

The magnitude of the angle of overlap, and therefore 


(5) 


3. Including equivalent reactance of transformer primary 
and line. 


4. For derivation of eqs. (1) and (5) see paper mentioned in 
footnote 2. 
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the shape of the d-c. voltage wave under load depend 
somewhat on the nature of the load. Eq. (1) was 
derived on the assumption that the current curve isa 
straight line. The angle u will be greater or less than 
that given by eq. (1) depending on whether the current 
during the period of overlap is greater or less than the 
average current. The difference, however, is negligible, 
and the voltage wave is assumed to be independent of 
the character of the load. 

The total height, h, of the ripple in the voltage wave 
is equal to the difference between the maximum and 
minimum ordinates of the wave. From Fig. 8B, it is 
readily seen that for values of u < ——, the maximum 
ordinate is equal to the amplitude of e2, while the mini- 
mum ordinate is equal to the value of e, for wt = u. 

Therefore, 


h=EvV/2- EZ cos —— COS u 


= EvV2 (1 — cos =. cos u) (6) 
Expressing h as a fraction a of the average d-c. 
voltage at no-load C eq. o ), 


a FS 
E v2 sin ENEA 
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Ev2(1 — cos cos u) 
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(7) 
T . ; . 
For values of u > E the maximum ordinate is 


equal to the value of e, for wt = u, and the minimum 
ordinate to the value of e, for wt = u. Therefore 


= = T 
h = E v2 cos (u — | — Ev2 a COS u 


= Ev? sin sinu . (8) 


An T : 
Ev2 sin —sinu. 
p TC, 
a o_O = — sinu (9) 
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The variation of the ripple in the d-c. voltage wave 
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with the number of phases, at no load, is shown by 
Curve 1 in Fig. 9. In the same figure are plotted the 
frequency of the main ripple and the ratio of the trans- 
former rating to d-c. load, to show the effect of the 
number of phases used on these quantities. The 
magnitude of the ripple naturally decreases as the num- 
ber of phases is increased; but to counterbalance that, 
the size of the transformer increases with the number 
of phases. Furthermore, the frequency of the ripple 
increases with the number of phases, which is often 
objectionable. 

In Fig. 10 are shown the variations of the voltage 
ripple of a six-phase rectifier with the load on the 
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rectifier. The curves have been plotted from eqs. (7) 


and (9). The load is expressed as a ratio, I/I.. This 
ratio is deduced by rewriting eq. (1) as follows: 
a a et mee E 
ia De rr ee © 
sin —— sin —— 
X 
; (10) 
EV2 | 
where I, = x i 


The point on the abscissa corresponding to full-load 
current of a rectifier is determined by the value of X, 
and therefore depends upon the design of the trans- 
former. The smaller the value of X for a given trans- 
former rating, the larger is J, and therefore the smaller 
the ratio I/I, at full load. The value of I/I. corre- 
sponding to full load is approximately 0.05. 


CURRENT WAVE 


It was shown above that the form of the rectifier d-c. 
voltage wave depends on the number of phases used and 
on the design of the transformer, and that it varies with 
the magnitude of the load; but is practically independent 
of the nature of the load. The wave consists of a d-c. 
component equal to the average value of the voltage, 
on which is superimposed an alternating component 
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cannot be expressed by a continuous function. It may 
be resolved into harmonic components by means of a 
Fourier series. The first harmonic has a frequency 
equal to the product of the frequency of the a-c. supply 
and the number of phases used; it is therefore the pth 
harmonic with respect to the a-c. voltage supplied to the 
rectifier. The frequencies of the higher harmonics are 
multiples of the frequency of the first harmonic and 
since the positive and negative portions of the wave 
are not symmetrical, there are even multiples as well 
as odd. Thus, the d-c. voltage wave of a six-phase 
rectifier supplied by a 60-cycle system has an alter- 
nating component consisting of sinusoidal waves of 
frequencies 360, 720, 1080, etc., cycles. 

The general equation of the d-c. voltage of a p-phase 
rectifier, expressed in a Fourier series, is 
éeg=E,+A,sinpwt+A,sin2pwt 

+ Ap sin 3 p wt + ine aie. 
+A,,sinnpwt+...+B,,cospwt 
+ B,.cos2pwt+ 
+ B,;:cos8pwt+.. 


-+B,,cosnpwt+... 
(11) 

The voltage curve may be analyzed to determine the 
amplitudes of the various harmonics by any one of the 
well-known methods of analysis. 

A typical analysis of the alternating component in the 
d-c. voltage wave of a 60-cycle 6-phase rectifier under 
load, with and without a series reactor on the d-c. side, 
is given in the table below: 


Per cent amplitude of 
harmonic to d-c. voltage 


Order of Frequency In Without With 
` harmonic cycles per sec. reactor reactor 

First 360 8.46 2.36 

Second 720 1.70 0.40 
Third 1080 0.95 0.28 
Fourth 1440 1.05 0.17 
Fifth 1800 0.71 0.12 
Sixth 2160 0.58 0.10 
Seventh 2520 0.45 0.09 
Eighth 2880 0.39 0.08 


When the voltage wave with its d-c. and a-c. com- 
ponents is known, the shape of the current wave may 
readily be determined when the constants of the load 
are known. 

A six-phase rectifier with a generalized d-c. load is 
shown in Fig. 7. The load may consist of one. of the 
following Combinations. 


1. Resistance only (R). 

2. Resistance and back-e.m.f. (R + E»). 

3. Resistance and inductance (R + L). 

4. Resistance, inductance, and back-e. m. f. 


(R+ L + Eb). 
1. Resistance only. With a load consisting of resis- 


tance only, such asa lighting or heating load, the current 
wave has the same shape as the voltage wave; 1. e., the 
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made up of the upper portions of sinusoidal waves. harmonic components in the ripple bear the same ratios 
The alternating component is irregular in shape and to the average value of current as in the voltage wave. 


2. Resistance and back-e. m. f. With a load con- 


sisting of resistance and a constant back-e. m. f., such as 
a battery, the shape of the current wave depends upon 


the relative magnitude of the average d-c. voltage, Ea, 
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Fig. 10—CurvEs SHOWING VARIATION OF THE ANGLE OF 


OVERLAP AND HeiauT or RIPPLE WITH THE LOAD 


and the back-e. m. f., Es. The conditions are shown 
in Fig. 11. The current is produced by the portion of 
the voltage wave lying above the line b b’, the average 
value of which is Ea — E.. The ratio of the height k 
of the ripple to this voltage is greater than its ratio 


to EF, (eqs. 7and 9) in the proportion of The 


_ a 
E.— E,’ 
ripple in the current wave, therefore, has the same 
shape as that of the voltage wave; but the percentage of 


11—Vo.LTaGE CONDITIONS oF RECTIFIER SUPPLYING A 
Loap Havina a Back ELECTROMOTIVE FORCE 


Fic. 


the current ripple is greater than that of the voltage 
ripple in the ratio, =———— 
pp > EE,’ 


3. Resistance and inductance. With a load consist- 
ing of resistance and inductance, such as a lighting or 
heating load fed over a line having a certain amount of 
inductance, or with a series reactor connected into the 
d-c. circuit for smoothing out the wave, the average d-c. 
current is equal to the ratio of average d-c. voltage to 
the resistance: I4 = Ew’ R. The amplitude of the nth 
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harmonic in the current ripple, however, is equal to the 
height of the corresponding harmonic in the voltage 
ripple divided by the impedance of the circuit to that 
harmonic: 
I, = E,/VR?+ Xx 
From the above, 


P R E, 
la VR?4+X,2 Ea 


(12) 
1 E, 
V1+X2/R?° Ea’ 
1. e., the percentage of the nth harmonic in the current 
wave is less than that of the corresponding harmonic 


1 
in the voltage wave by the ratio of —————,, in 


x? 
i+ 
which X, = pn L is the reactance of the circuit to the 
mth harmonic. It is seen from the above that the 
inductance has a smoothing effect upon the current 
“wave, and the smoothing action is greater for the higher 
harmonics. 

4, Resistance, inductance, and back-e. m. f. This 
type of load is by far the most common load supplied 
by rectifiers, as it is characteristic of all d-c. motors. 
While starting, when the speed of the motor is zero, 
the back e. m. f. 1s also zero, and the load conditions 
are as given under 3. When the motor is running, a 
back e. m. f. is generated, in opposition to the applied 
e. m. f.; the voltage conditions are then as shown in 
Fig. 11. The current is produced by the portion of the 
voltage curve lying above line b b’, as for load 2. The 
load here, however, is inductive and the current wave is 
consequently smoothed. The average d-c. current, 


Ea— E, 
R 


la = 


The amplitude of the nth harmonic in the current wave, 
I, = E/V +X 
I, R- E, 
Ty T VRE Xe Ea Ey 


n 


a_a 


1 
Xp E, : Ea 
1 ae (1- ) 
\ T R? Ea 


From eq. (13) it is seen that the percentage of the nth 
harmonic in the current wave is smaller than the corre- 
sponding harmonic of the voltage wavein the proportion 
of 


(13) 


1 


(1-5) 


—_———— 


X2 
l 4+- 
\ R? 


MARTI AND WINOGRAD: MERCURY ARC POWER RECTIFIERS Transactions A. I. E. E. 


the symbols having the same meanıng as in eq. (12). 

The series d-c. motor, used for railways, hoists, ete., 
is the most common motor fed by rectifiers; in fact, it is 
the favorable characteristics of the series, d-c. motor 
for traction purposes which have brought about the 
present large scale conversion from a-c. to d-c. The 
series motor is also the most favorable load for smooth- 
ing out the ripples in the current wave, due to the 
inductance of the series field of the motor. In oscillo- 
gram No. 3, Fig. 18, are shown the voltage and current 
waves of a rectifier supplying a railway load. The 
oscillogram was taken on a 1500-volt rectifier at 200 per 
cent of the rated load when the voltage ripple is greater 
than at rated load, and shows the smoothing effect of 
the series motor on the current wave. 


A further smoothing out of the current, and also of 
the voltage wave supplied to the line can be realized by 
connecting a reactor into the d-c. lead of the rectifier. 
The smoothing of the voltage wave is produced by the 
a-c. voltage drop across the reactor, due to the ripple in 


the current. The effect of the reactor on the current 
e eg 
Fig. 12—VOLTAGE CONDITIONS OF RECTIFIER OPERATING IN 


PARALLEL WitH ROTARY CONVERTER OR D-c. GENERATOR 


and voltage waves supplied to the line by a rectifier is 
shown in oscillogram No. 4, Fig. 18. The oscillogram 
was taken at approximately the same load and under 
the same conditions as oscillogram No. 3, except that a 
series reactor of approximately 3 millihenrys was 
connected into the circuit when oscillogram No. 4 was 
taken. 


When a rectifier operates in parallel with a rotary 


converter or a d-c. generator which has a smoother 
voltage wave than the rectifier, the resultant line voltage 
and current waves are smoother than those of a rectifier 
alone. 
sketch, e, is the voltage wave of the rectifier and e, that 
of the rotary machine. 
commutator ripples of the rotary machinearenot shown. 
The smoothing of the voltage wave is produced by the 
interchange of a small alternating current between the 
rectifier and the rotary machine. | 


This condition is shown in Fig. 12. In this 


For the sake of simplicity, the 


The interchange current is produced by the alter- 


nating component in the difference of the two voltage 
waves. 
rectifier transformer, produced by the a-c. current com- 
ponent flowing between the rectifier and rotary machine, 
reduces the ripple in the voltage wave of the rectifier. 


The a-c. voltage drop in the reactance of the 


In this respect, the-rotary acts somewhat as a shunt 
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condenser across the rectifier in that it absorbs an 
alternating component. 

When a series reactor is connected into the d-c. lead 
of a rectifier operating in parallel with a rotary, the 
wave of line voltage is improved on account of the 

additional drop in the reactor due to alternating inter- 
change current. 


The above conditions are clearly shown in oscillo- 
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Fic. 13—QOscILLoGRAMS OF VOLTAGES AND CURRENTS OF A 
1500-Kw., 1500-VoLtT RECTIFIER 
No.1. D-c. voltage wave at no load. 
No.2. D-c. voltage wave under load. 
No. 3. Waves of voltage and current supplied to railway load, rectifier 


working alone. 

No. 4. Waves of voltage and current supplied to railway load, rectifier 
working alone with a series reactor. 

No. 5. Waves of voltage and current supplied to railway load, rectifier 
working in parallel with rotary converter in the same station. 

No. 6. Waves of voltage and current supplied to railway load, rectifier 
working in parallel with rotary converter in the same station and with a 
series reactor in the rectifler circuit. 


grams 5 and 6, Fig. 18. Oscillogram No. 5 was taken 
with a rectifier operating in parallel with a rotary in 
the same station. Oscillogram No. 6 was taken at 
about the same current and under the same conditions 
as oscillogram No. 5, except that there was a series 
reactor in the rectifier circuit. 


The effect of various load conditions on the wave form 
of rectifier voltage and current having been discussed, it 
might be of interest to mention here that extensive 
tests have been carried out to determine the effect of the 
undulations in the waves upon the load connected to a 
rectifier. For this purpose, batteries and shunt-wound 
and series-wound motors were connected, first to a 
battery (i. e., a constant d-c. voltage supply), then toa 
rectifier fed, respectively, by a single-phase, three-phase, 
and six-phase a-c. supply. With six-phase operation, 
no difference in the efficiency as compared to operation 
on a battery could be noticed in the case of either 
motor; nor did the undulations have any effect upon 

commutation. 


It can readily be seen that the undulations in the d-c. 
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voltage will have no effect upon the usual lighting 
circuits, since the frequency of the undulations is high 
and their magnitude small as compared to the 60-cycle 
a-c. voltage used for lighting. . 

The presence of these ripples in the d-c. voltage wave 
of a rectifier, particularly the harmonics lying within 
the audible frequency band, has raised the question of 
their influence upon neighboring communication cir- 
cuits. This influence has been detected in connection 
with about 5 per cent of all installations and was found 
to be due either to close spacing between communication 
circuits and rectifier feeders, to bad insulation condi- 
tions, or to a grounded method of operation on part of 
the communication system for certain types of service. 


. The cause of the interference is similar to that which 


results in disturbances in communication or signaling 
circuits which parallel high-voltage supply lines at 
small separations and for long distances; 7. e., induced or 
leakage currents and voltages due to harmonics in the 
voltage wave. When, as in the case of street railway 
systems, one side is permanently grounded, the ripples 
may appear in the communication circuits, especially 
when the method of operation or interconnection in- 
volves grounded equipment, wet soil conditions aggra- 
vating the case materially. The problem may be solved 
by the elimination of the exposure, the employment of a 
non-grounded method of operation or interconnection, 
or the utilization of a so-called filter, which consists of a 
combination of inductance and capacitance, so arranged 
in the circuit as to smooth out the high-frequency 
ripples in the voltage wave of the rectifier. To the 
knowledge of the authors, such filters have been found 
necessary in but few cases. The subjectis merely men- 
tioned here, as a thorough discussion of the question 
would lead beyond the scope of this paper. 


Discussion 
PAPERS ON MERCURY ARC RECTIFIERS 


(Marti AND WinoGrap!, SHAND?, BUTCHERS) 
Kansas City, Mo., Marca 18, 1927 
BETHLEHEM, Pa., APRIL 21, 1927 


(Discussion aT Kansas CITY) 


B. Blasser: A limited study on the application of mercury 
arc rectifiers to a city street railway system brought out some 
interesting comparisons that might be of interest. 

On the property of the Kansas City Public Service Company 
the daily load factor is almost constant for any week day, varying 
between 49 and 51 per cent. With this condition, it is a simple 
matter to construct typical load curves for any season from the 
average output over the period under consideration as compared 
to the output on the maximum day in the year. 

For the purpose of this discussion the four curves in the 
accompanying Fig. 1 were constructed; (1) the maximum day in 
the year taken from hourly readings, (2) the typical winter day 
which is 81 per cent of the maximum day, (3) average day for the 
year, 70 per cent of the maximum day, and (4) a typical summer 
day, 61 per cent of the maximum day. 

For a single-unit substation in an outlying district, the time of 
operation may be somewhat different from a centralized substa- 
tion and with the application of a 750-kw. unit to the load of 
1000 amperes for the maximum hour as shown by Curve No. 1 it 
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is assumed that the station will be shut down whenever the load 
drops to 200 kw. This operation would give 20.5 hr. operation 
on the maximum day and 17.75 hr. per day in the summer time. 
If it should be necessary to operate this station through the 

wl” period at less than 200 kw., the comparative results would 
be materially changed. The dotted line shows the approximate 
load that would be carried by the machine on the “owl” if this 
station had its proportionate share of the total load. The 24-hr. 
operation would give a station load factor of 51 per cent as 
compared to a load factor under proposed operation of 60.8 per 
cent on maximum day and 65.5 per cent load factor during 
proposed summer operation. 

In comparing the operation of 750-kw. synchronous converters 
with 750 kw. rectifiers, the daily load curves shown were used to 
determine total loss for the day and the difference between the 
loss with converters and the loss with rectifiers (expressed as a 
percentage of total output) was plotted against the average load 
of the machine for the four typical loads shown, Fig. 3a. Posi- 
tive values show rectifier more efficient and negative values 
show converter more efficient. 

This set of curves shows the effect of load factor and more 
variation in performance between converters and rectifiers is 
obtained on 60-cycle systems than on 25-cycle systems. 


A similar set of curves, Figs. 2 and 3B, was plotted for a 
1500-kw. station using a single-unit converter and two 750-kw. 
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Fig. 1 


rectifiers in parallel. It was assumed that the rectifiers were 
operated as a 1500-kw. unit and that one element could not be 
shut down during periods of light load. The loads were taken 
as double the values of the load curves shown for the 750-kw. 
station except that it is assumed that the station is located at an 
intermediate point between outlying district and downtown 
making it necessary to operate the station during the “owl” 
period. Itis also assumed that this station will pick up load from 
surrounding districts so that it will carry a minimum load of 
50 kw. 

Even with the additional period of light-load operation, 
the 25-cycle converter is almost as efficient as the rectifier for the 
year’s operation and is more efficient during the winter period. 

On 60-cycle systems, the rectifier is more efficient than con- 
verters although the margin is less with the double-unit station. 

For the 1500-kw. station, another set of curves, Fig. 3c, was 
made up with the assumption that one of the 750-kw. rectifiers 
could be shut down for all loads under 750 kw. This eliminates 
the loss of one unit over a considerable period of time and results 
in an increase in efficiency for the rectifier. This operation gives 
about the same percentage of saving as was obtained with the 
750-kw. single-unit station. 

From the standpoint of station losses, I should conclude that 
the application of rectifiers on 25-cycle systems would be justified 
only after their satisfactory operation in service had been 
proved, but that the margin of saving when applied on 60-cycle 
systems is sufficient to justify the expense of trial installations. 
The tendency of 60-cycle converters to flash over is a further 
incentive to the trial application of rectifiers on that frequency. 
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Rectifiers have not been in service for sufficient time in this 
country to obtain maintenance costs that are truly comparative 
with other types of apparatus and until this information is 
available comparisons of total operating costs will have an 
unknown factor that might lead to erroneous conclusions. 

R. G. McCurdy: I wish to discuss briefly the effect on 
inductive coordination between electric street railway circuits 
and telephone circuits induced by the use of mercury are recti- 
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fiers. In his paper Mr. Shand refers to the importance of this 
problem and it is mentioned briefly in the paper by Messrs. 
Marti and Winograd. It may be of interest to consider the 
relative advantages of rotating machinery and mercury arc 
rectifiers in this respect, along with the relative advantages from 
the power standpoint. It would be unfortunate in this respect 
if such a new-development should result in a general increase_in 
the a-c. components on street railway circuits in the range,of 
frequencies employed in the telephone circuits, thus increasing 
the inductive influence of the street railway circuits. 

In considering this problem, it should be remembered that the 
distribution system of the street railways is a system having one 
side connected to ground. For given magnitudes of voltages 
and currents of voice frequencies, the inductive effects are much 
more severe than with circuits which are connected to ground 


SAVING WITH USE OF RECTIFIER COMPARED 
TO ROTARY PERCENT OF STATION OUTPUT 
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only at neutral points. Moreover, it is of course impossible to 
employ transpositions in the trolley circuits to reduce coupling 
with neighboring communication circuits. 

As brought out in the paper by Messrs. Marti and Winograd, 
there are present in the voltage wave shape on the d~c. side of the 
rectifier, ripples whose magnitude and frequency depend upon the 
frequency of the fundamental a-c. supply and the number of 
phases. The fundamental frequency of the ripple is equal to the 
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OALOULATED DATA USED FOR CURVES USED IN DISCUSSION OF APPLIOATION OF MERCURY ARO RECTIFIER 
750-Kw. Station—Outlying District 


Saving with rectifler, per cent 


60 cycle 25 cycle 
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1500-Kw. Station—Intermediate District 
Rectifiers in Parallel at all Times 


Maximum day.........ccccccccvccccsces 2000 24 
Average winter day:..........cccccecees 1620 24 
Average day for year...........0cccceeee 1400 24 
Average summer day...............0006. 1220 24 


1500-Kw. Stations—Intermediate District 
Single Unit 750-Kw. Rectifier Up to 750-Kw. Load 


Maximum day........sessosssesssossos. 2000 24 
Average winter day............e0ccecees 1620 © 24 
Average day for year............cccce0e- 1400 24 
Averago summer day............0-0e000- 1220 24 


product of the fundamental frequency of the a-c. supply and the 
number of secondary phases. The fundamental ripple contains 
both odd and even harmonies. As the number of phases increases, 
the magnitude of the fundamental ripple decreases, as is shown 
by Curve I of Fig. 9 of the paper. Thus in a 6-phase rectifier, 
supplied from a 60-cycle source, the fundamental frequency 
of the ripple is 360 cycles, and in a 12-phase rectifier, 720 cycles, 
the magnitudes of the 720-cycle component in the 12-phase 
rectifier being considerably less than that of the 360-cycle 
component in the 6-phase rectifier. If there were 24 phases, 
the fundamental frequency of the ripple would be 1440 cycles and 
its magnitude would be much less than that of the 720-cycle 
ripple present in the 12-phase device. 

In the table on the seventh page of the paper by Messrs. 
Marti and Winograd are shown amplitudes of the harmonic 
components of the voltage from a 6-phase, 60-cycle rectifier 
including the harmonics up to the eighth. It will be noted that 
the magnitudes of these harmonies fall off with increasing fre- 
quency. The second harmonic, 720 cycles, is about one-fourth 
of the 360-cycle component while that of the 1440-cycle com- 
ponent is about one-eighth. It will be seen, therefore, that the 
6-phase rectifier has all the harmonic components that the 
12-phase rectifier contains and in addition contains 360, 
1080 and other odd harmonic multiples of 360 cycles. 

As brought out in the papers, there is usually considerable 
series inductance in the feeder circuits and load of street railway 
systems. The percentage harmonic in the current is usually 
less, therefore, than it is in the voltage, the percentage of current 
harmonic with respect to voltage decreasing with increasing 
order. In a particular instance which I have in mind, the im- 
pedance of the load for the harmonic frequencies was equivalent 
to an inductance of about one millihenry. 

In the table on the seventh page of the paper, to which I previ- 
ously referred, there is shown also the effect on the wave shape 
of a series reactor. The rectifier itself at voltages of about 600 has 
a low internal reactance as compared with the reactance of the 
feeders and theload. The rectifier acts, therefore, practically as 
a constant-potential generator of these frequencies. As the 
impedance of the load varies for these frequencies, the harmonic 
voltage impressed upon it does not change appreciably. If a 
series reactor is inserted, it is evident that the total harmonic 
current and the harmonic voltage impressed upon the load will 
be reduced in the ratio which the total impedance of the load and 
series reactor bears to the impedance of the load. In the case 
cited in the paper by Messrs. Marti and Winograd, the series 
reactor was about three millihenrys, the load impedance being 
about one millihenry. There is thus a reduction of about four 
to one in the harmonic voltages impressed upon the load. It 


1110 55.5 76 0.32 —0.52 
900 55.5 60 1.30 -0.05 
780 55.5 52 1.80 0.20 
680 55.5 45.5 2.30 0.42 
1110 55.5 76 0.90 0.10 
900 55.5 60 1.90 0.89 
780 55.5 52 2.75 1.40 
680 55.5 45.5 4.20 2.15 


is evident that if the load impedance were larger or the series 
reactor smaller, the reductions obtained would also be smaller. 

It is known, of course, that there are also harmonic ripples 
present in the d-c. sides of rotating apparatus for converting 
from alternating to direct current. It will be of interest, there- 
fore, to compare mercury arc rectifiers with rotating converting 
apparatus in this respect. To date in this country there has 
been a number of installations of mercury arc rectifiers on street 
railway systems from which experience has been obtained. 
These experiences have indicated that the inductive influence 
on telephone lines of street railway systems will be increased by a 
factor of between five and ten to one by the use of a mercury arc 
rectifier not equipped with auxiliary devices for correcting the 
wave shape, as compared to the influence when rotating con- 
verting apparatus is employed. The general experience with 
induction from street railway systems supplied by rotating 
converting equipment has been that the noise is largely due to 
commutator ripples from the car motors. When mercury arc 
rectifiers are used, the source of. the noise has been due chiefly 
to the harmonics from the rectifier, the effects from the car 
motors being overshadowed. 

The impedance of rotary converters to the harmonic frequen- 
cies is of the same order of magnitude as the internal impedance 
of the rectifier. When a rotary converter and a mercury arc 
rectifier are operated in parallel in the same substation through a 
reactor, the harmonic currents circulate locally and do not get 
out to the feeders. Under such conditions, the noise effects on 
the telephone lines will be very much reduced. When rectifiers 
and rotary converters are operated in parallel in different sub- 
stations without a series reactor, harmonic currents are ex- 
changed between the rectifier and the converter, which are 


- determined by the magnitudes of the harmonic voltages from the 


rectifier and the impedance of the feeders between the two 
substations. The harmonic currents taken by car motors are 
small as compared to these currents. When these tie feeders are 
involved in telephone exposure, the effects are particularly severe, 
the noise being practically constant in magnitude and indepen- 
dent of load so long as the rotary converter and the rectifier are 
connected to the line. 

All types of telephone circuits are affected by these induced 
disturbances, including interoffice trunk circuits used for private- 
branch exchanges and party-line subscribers’ circuits. Individ- 
ual subscriber circuits are also affected under some conditions. 
These circuits are affected even when they are carried in under- 
ground cables. 

Reference is made in the paper to a small percentage of cases 
involving mercury are rectifiers which have given telephone 
troubles, but, as I understand the matter, this figure is based 
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upon European experience. So far, experience in this country 
has indicated that the pereentage which will require remedial 
measurements will be very much higher than that. Our ex- 
perience has been that where these mereury are rectifiers are 
connected without auxiliary devices for modifving wave shape 
to street railway circuits involved in telephone exposures, severe 
noise is caused in the telephone circuits. In two or three in- 
stances it has been necessary to temporarily shut down the 
mercury arc rectifier until a remedy could be applied. 


In cooperation with the manufacturers of these rectifiers, and 
with the street railway companies that are particularly involved, 
work is being carried on by the American Telephone and Tele- 
graph Company and Associated Telephone Companies to deter- 
mine remedial measures. Consideration is being given both to 
measures that may be applied to telephone circuits so that they 
may withstand a higher degree of inductive influence, and 
to corrective measures which may be applied to the mercury 
arc rectifiers to reduce their inductive influence. 

In reference to the latter, consideration is being given to the 
use of filters. One particular arrangement which is being in- 
vestigated consists of a series reactor having an inductance of 
about one millihenry, with three shunt branches, each consisting 
of inductance and capacity tuned for the 360-, 720-, and 1080- 
cycle components. This arrangement gives large reductions in 
the magnitudes of those particular harmonics and appreciable 
reductions in the magnitudes of the harmonics of 1440 cycles 
and above. With such a filter connected to the rectifier, its 
telephone interference factor will be reduced to that of a reason- 
ably good rotary converter. Under such conditions it would 
seem to make no particular difference, so far as inductive co- 
ordination between the d-e. circuits and telephone circuits is 
concerned, whether the power were obtained from a mercury 
arc rectifier or from rotating converting equipment. At present, 
it is not possible to give any precise figures on what the cost of 
such a filter will be, but it does not seem that it will very mate- 
rially change the cost comparisons between mercury are recti- 
fiers and rotary converters. 

In addition to the effects involving the d-c. side of the rectifier, 
there is also a problem of wave-shape distortion on the a-c. side. 
The current input to the rectifiers from the a-c. supply contains 
harmonics of considerable magnitudes. The effects on the 
telephone interference factor of the voltage depends upon the 
relative ratings of the rectifier and the generating system and the 
impedances of the feeders to the harmonics. If the rectifier 
load is small as compared to the power capacity of the generating 
system and the feeder is short, the effect on the a-c. system is not 
large. If rectifiers form a large proportion of the load, such as 
might be the case with a main line railroad electrification, the 
effect on the a-c. voltage and current waves would be important 
and the difficulty of coordinating the a-c. supply circuits with 
neighboring telephone circuits would be materially increased. 
There is an important difference, however, in that these har- 


monies are in the balanced voltages and currents rather than in a, 


circuit having ground as one side. 


A. S. Biesecker: In connection with the first method of 
which you spoke—that is, the introduction of the reactance in 
order to smooth out the current ecurve—by what percentage is 
that going to affect the regulation? 

R. G. McCurdy: The regulation of the rectifier is effected 
only by the d-e. resistance of the series reactor. The power losses 
in the shunt elements are entirely negligible. There seems to be 
no particular difficulty in designing the series reactor to have a 
voltage drop of 0.5 per cent or less of the rectificr voltage where 
this is 500 volts or above. With lower voltage rectifiers, of 
course, the loss in the series coil would be more serious. 

G. E. King: What, in microfarads, is the capacity of the 
condenser you would have to put in there? 

R. G. McCurdy: In the particular arrangement I have 
deseribed, which is applicable to a 600-volt, 60-cycle, 6-phase 
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rectifier, the series reactor is one millihenry and the reactor in 
each of the three shunt branches is two millihenrys; approxi- 
mately 100 microfarads are required in the 360-cycle branch, 
25 microfarads in the 720-evecle branch, and 10 microfarads in the 
1080-evele branch. <A design involving more inductance and less 
capacitance would be more economical for higher d-e. voltages. 

A. S. Bieseckers Does it require as much capacity as that 
for each installation? 


R. G. McCurdy: That is one of the matters which must be 
determined by the cooperative studies by the manufacturers and 
street railway and telephone companies, to which I have referred. 
It is obvious, of course, that if the mercury arc rectifier were 
connected to a trolley system which is not involved in telephone 
exposures, no filter of any sort would be required. As a rule, 
however, wherever we find street railway systems, we are likely to 
find telephone systems in proximity so that some filtering equip- 
ment will be required. The total amount of capacity required 
will, of course, be determined by the reduction in harmonic 
voltages and currents which must be obtained. 


O. S. Clarks Is the trouble caused by harmonics in the 
rectifier comparable with the trouble caused by harmonics in the 
rotary converter? 

R. G. McCurdy: While there are oceasionally encountered 
rotary converters which have fairly large harmonic components 
in the voltage wave, approaching those of the mercury are recti- 
fier, as a rule, rotating equipment has noise-producing harmonics 
amounting to not more than 10 per cent or so of a six-phase 
rectifier not equipped with correcting means. In a number of 
instances where rotating apparatus having these large harmonics 
has been encountered, these harmonics have been reduced by the 
application of auxiliary devices, such as resonant shunts. Asa 
rule, there has been sufficient series impedance in the generator 
or converter to make it unnecessary to introduce a series reactor. 

R. E. Curtis: The Luzerne County Gas and Electric 
Corporation has had experience with harmonic filters. We have 
installed a filter on a 25,000-kv-a. generator for this very trouble, 
and I wonder if the American Telephone and Telegraph Com- 
pany is not in a position to stand the expense for any of these 
harmonic filters that are required. 

R. G. McCurdy: I feel that this matter of the division of cost 
of coordinated measures between the power and telephone 
companies is somewhat beyond the scope of this discussion. 
It seems to me, however, that when any utility is considering the 
use of new apparatus or methods of operation resulting in 
operating economics to the particular utility employing it, a 
study should be made to determine what methods of inductive 
coordination would be required by the introduction of the new 
apparatus or methods. It seems obvious that over-all economies 
should be considered rather than the individual economy to any 
particular utility, and the introduction of any new devices or 
methods, which require for inductive coordination the expendi- 
ture of sums of money larger than the amount involved in the 
operating economies, is a step in the wrong direction. The whole 
matter of inductive coordination should be attacked from the 
standpoint of the best engineering solution using apparatus and 
methods in the plants of both utilities which will permit them 
both to meet their present and future service requirements 
effectively and at a minimum total cost. 

Caesar Antoniono: We have been listening mostly to one 
side of the story, the manufacturers’. We have one of these 
rectifiers which was put in operation a year ago last June. At 
that time we had in Chicago the problem of handling the crowds 
of the Eucharistic Congress, which was one of the biggest tasks 
that any railroad ever undertook—to carry such a large number 
of people over such a distance in that time. This rectifier station 
was the last leg of the outfit. We had confidence init. We had 
to install eight substations to take care of that load. About 18 
mi. of double track were built to take care of that. So, this 
rectifier was very much depended upon. 
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Just to show you what we know about the rectifier and what 
we don’t know— it seems there are many things we don’t know 
about it yet. The theories presented here this morning I take 
with a grain of salt—some are true, or they appear to be true, so 
far as our experience goes. 


At noon before the Eucharistic Congress we were still baking 
out the rectifiers, uncertain whether we were going to have them 
in service or not. It developed at noon that we had one anode 
leaking on one tank. Consideration showed that if we were 
going to take the tank apart again and try to re-seal the leaking 
anode, we would not be able to re-bake it in time to put it into 
service. That service was to begin at three o'clock the next 
morning, and this was noon. 


It was decided, therefore, to take a change, inasmuch 
as by keeping the vacuum pump running, it would keep the 
vacuum up. We put it into service that afternoon. It carried 
a light load—until 3a. m. From then on, the rectifiers stood up 
under momentary peaks of 300 per cent load without a flicker or 
any effect apparently on the rectifier. The only trouble we 
got into right off— when it began to pick up the load—was heat- 
ing. It seems that the way we had arranged the cooling water 
was not proper to take care of this load. 


This substation was installed in the country and the cooling 
water is pumped continously from a well. The first idea was 
that the well water was perhaps too cold to apply to the cathode 
and to the tanks and, therefore, it was considered the best policy 
to discharge the water back into the well case. Right away we 
warmed that too much. So, it was necessary to discharge the 
water outside and we went through that day without any hitch 
at all as far as the rectifier carrying the load was concerned. 


It happened that a few weeks after that, the designer of that 
particular rectifier came on the job and we told him the anode 
was leaking. He said, ‘Well, if I had been on the job, it wouldn't 
have been put on the line.” That anode was there until a month 
ago, when for some reason the factory decided to change it. It 
was considered that a perfect vacuum must be had torun. This 
rectifier had a leaky anode running for ten or eleven months 
without causing any trouble. 


Now I am optimistic in believing the mercury rectifier has 
a field, and if some of the properties will make trial stations, I 
think that the troubles will be overcome pretty quickly. 


We have been compelled by ordinances in some towns not to 
put up certain types of buildings in certain locations. That 
will ban the converters from those locations on account of the 
noise unless an expensive structure is designed to be sound 
proof. 


There is another place where the rectifier adapts itself very 
readily to the load in certain conditions. This is at a railroad 
crossing. Our trains may approach a crossing at a speed of 
75 mi. per hr. and then slow down to 15 mi. per hr. which is the 
ruling of the commission, in crossing the railroad. The result is 
when a train approaches the crossing, at a distance of about 
2 mi. it shuts off the power and goes over the crossing without 
power. When it gets on the other side of the crossing power 
must be available. With the rotary converter station it is 
necessary to set the relays very high or slow, otherwise the 
station may shut down. It takes from 25 to 35 see. to get the 
station back on the line. Rectifiers have proved to be better 
equipment for that class of service. The rectifier picks up the 
load right away when the trains get on the other side of the 
crossing, in about 10 see. We haven’t heard of any telephone 
interference. We have a private telephone cable for the rail- 
road’s use passing right by the station and there is no inter- 
ference there. The telephone property is about 34 mi. away 
and there is no interference at this time, although in that same 
Vicinity we have had radio complaints on the rotary converters. 


There are other things that appear to be in favor of the rec- 
tifier as against the converter. One thing we have to contend 
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with in the rotary converter is flashing over and locking out. 
That seems to be in some cases quite serious. 

Then, we have the commutator and brush troubles. Every 
one knows the troubles of the commutator of a high-speed 
machine. Also the a-e. brush is as much trouble to the con- 
verter man as the d-e. brush on account of serious dust. The 
dust spreads all over station equipment and causes troubles on 
contacts and insulation. 

A question has been asked about the load division. This 
load division question brings us back again to what we don’t 
know about the rectifier. We had a case where one starting 
anode stuck closed for over a week and would not draw an are 
and pick up any load. During this time we assumed the two ` 
tanks were working though one was not. Without any apparent 
trouble one tank was doing the work both were supposed to do. 
We didn’t know the difference. 

As to repairs, as has been brought out, we have not had much 
experience on what repairs amount to, but the impression I got 
is that the repairs are not going to be anything as compared to 
those on rotary converters. 


A. Herz: Mr. McCurdy mentioned something about tele- 
phone interference. On that subject Mr. McCurdy can tell you 
more than I can, but the audibility or sensitivity curve of the 
human ear is, I think very interesting. From analysis of the 
inductive influence liberated by these rectifiers, we know that a 
great percentage of induction is in the order of the 6th harmonic, 
that is, 360 cycles. Another large batch of it comes in at the 
36th harmonic, that is, 2100 cycles. Between these there is a 
valley in this induction. This, of course, is a favorable circum- 
stance and is a material help in the problem of inductive 
coordination. 


It is an interesting fact that the inductive influence caused by 
the rectifiers is really in the valley of the sensitivity curve of the 
humanear. It may come in higher up again, as some claim that 
the human ear has two sensitive spots, one of which is much 
higher than the one I nave mentioned. 


Changing the subject, this matter of having substations 
3% mi. apart on heavy electrification raises the question where 
are we going to stop? If we increase our traffic we shall have to ' 
put in substations 1 }4 mi. apart. assuming the use of 700 volts or _ 
less on the trolley. The rectifier now gives us an opportunity 
to increase the voltage. I believe it is very opportune that it 
does. When you have to put substations in at spacing of 14 mi. 
it is nearly time to increase our trolley voltage. Certainly 1500 
volts is practically out of the question in city electrification on the 
streets; 1500 volts or higher is more applicable to interurban or 
main-line electrification and electrification outside of the cities. 

I believe the Europeans have gone a little deeper than we have 
into the transformer construction layout used in connection with 
the rectifiers. If the transformer is the answer to some of the 
troubles we have we should have the transformers made in 
Europe or else our manufacturers might be induced to change 
to the better way. 

The subject of speed of operation is vital. The rectifier can 
be placed in service in a few seconds. You have to pay no 
attention to synchronizing. As a matter of fact you can get a 
rectifier on as quickly as your switches will operate. With 
rotaries that is out of the question, especially with 1500-volt 
installations where you have two rotaries in series. The question 
of polarity on the rotaries is very important, but not so with the 
rectifier—it comes up correctly every time. 

As regards noise both within the substation and outside, we 
must acknowledge that the advantages are all with the rectifier. 

Flashovers have been mentioned. Flashovers on rotaries 
are bad—we know it. Flashbacks occur in rectifiers, but I feel 
confident that they are less serious to the system and I am sure 
they are not as hard on the operators. 

In the matter of cooling these rectifiers, we have had certain 
difficulties caused by electrolysis. Parts of these rectifiers float 
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1500 volts above ground and when a semi-conductive cooling 
medium is used there will be some current leakage. I wonder 
why the manufacturers don’t go to oil cooling, using the same oil 
over and over again and cooling this with water through cooling 
coils. That would mean a change in apparatus but I am quite 
sure it is feasible. Attempts to overcome this difficulty by the 
use of distilled water have been unsuccessful; within two weeks 
it becomes contaminated to such an extent that it is worse than 
Lake Michigan water normally is. So, I think serious considera- 
tion should be given to cooling methods, making use of oil. 


W. C. DuVall: It seems to me in this big subject of rectifica- 
tion, it is going to be a matter of economics and I am quite con- 
fident that we are going to do in the future the same as we have 
in the past—engineers are going to find ways and means of 
correcting such things as telephone interference and other factors 
that would be in the way of progress. 

The biggest thing that the rectifier is doing is to help fight the 
battle of electrification of railroads, alternating current versus 
direct current, and no doubt, we are going to sift it down to a 
field where the rectifier will take its place at one end, and the 
converters at the other. Just where that division is going to be it 
is hard to say, but in any event, I am sure engineers will find 
a solution. 


W. B. Anderson: In the latter part of his paper, Mr. Shand 
mentions a series of tests on one of the old rectifiers, Unit No. 56, 
which was built by the Westinghouse Company in 1916. These 
and other later tests were made by the writer, who is associated 
with Mr. Shand, to obtain a direct comparison of certain features 
in the old and new designs. The older unit was operated for 
approximately three months. The results were such as readily to 
convince anyone that successfully operating steel-tank rectifiers 
were made by American manufacturers previous to their present 
commercial activity. 


The vacuum chamber of Unit No. 56 is a drawn steel tank 19 
in. in diameter and 26 in. deep, this being supported by an outer 
sheet metal casing which also serves as a water jacket. The two 
anodes are made of drawn steel and constructed to permit circu- 
lation of water for cooling. Steel anode shields are used and the 
cathode is not insulated from the rectifier tank. The unit is also 
equipped with a Pirani type of vacuum gage, the same principle 
now being applied to what is more commonly known as the 
“hot-wire” vacuum gage. All of the seals are made with 
“vacuum cement” a sealing compound developed especially for 
mercury-are rectifiers. This cement is still one of the best 
materials-that can be found for vacuum tight seals for certain 
applications. 

As Mr. Shand states, this rectifier had been out of service for 
more than eight years. The tank was opened, cleaned, and re- 
assembled, the only changes being the replacement of an old 
solder valve with a modern diaphragm-type valve. A set of 
vacuum pumps and a McLeod gage was added to make the 
rectifier an operative unit. 

The rectifier was operated at different voltages from 175 to 
750 volts and on continuous loads as high as 700 amperes It 
was operated 24 hr. per day for a week on a motor-generator set 
load of 600 amperes without a single interruption. Overloads 
as high as 1200 ampcres were thrown on the rectifier for 5 min. 
with noapparent distress. Higher momentary overloads tending 
toward short circuits merely opened the circuit breakers. Opera- 
tion was resumed as soon as the breakers could be closed again. 
Several times the pressure was allowed to increase until an 
internal short circuit occurred. Following these, the tank could 
be pumped out again in three or four minutes and operation 
resumed. The internal design with the steel shields seemed to 
withstand rather abusive operating conditions. 

Two methods of supplying cooling water to the anodes were 
tried. In the first method, a part of the tank discharge water 
was passed through the anodes. This meant that with normal 
full load operating temperatures, the anode intake water tempera- 
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ture was about 35 deg. cent. When starting, the anodes were at 
room temperature or lower. The other method, which is similar 
to the practise of ten years ago, was to recirculate the anode 
discharge water. adding just enough make-up water to maintain 
a predetermined temperature. Before placing the rectifier in 
service, the anode water was heated to permit starting with warm 
anodes. The latter method proved much more satisfactory. 
Operation at uniform and higher anode temperatures was possible 
and the necessity of starting with cold anodes was eliminated. 


With such an anode-cooling svstem, it was possible to collect 
some interesting data and verify certain ideas relative to the 
proper temperatures at which anodes should he operated. 
Several mornings when starting up after the rectifier had been 
standing all night, full load and overloads were thrown on the 
rectifier. With cold anodes, the first few minutes of operation 
were very unstable and internal short circuits frequently oc- 
curred. By preheating the anode water, operation was made 
stable and there were no short circuits. 

For continuous operation, the anode water intake and dis- 
charge temperatures were limited to values corresponding to the 
limiting temperature of the seals. On several occasions, these 
temperatures were allowed to increase approximately 50 per cent 
for periods of about 2 brs. following continuous operation at the 
first mentioned temperatures. The result was improved vacuum 
and increased stability under abnormal operating conditions as 
compared to similar operation with normal anode water tempera- 
tures. These tests demonstrated very forcibly the desirability 
of relatively higher anode temperatures. 


As already mentioned, the loss in the rectifier was dissipated 
either in the anode or the tank cooling systems. Measure- 
ments indicated that at full load, approximately 65 per cent of 
the loss was dissipated in the tank cooling water and 35 per cent 
in the anode cooling water. These values represent continuous 
operation at the most satisfactory discharge water temperatures 
for this particular design. 


One interesting and very noticeable thing connected with the 
operation of this old rectifier was a decided improvement in 
vacuum when it was placed on load after standing idle a few 
hours. This was apparently due to a redistribution of pressure. 

As Mr. Shand has pointed out, one of the objectives of the 
older rectifier development was the perfection of a rectifier 
normally requiring no vacuum pumps. The tests on Unit No. 
56 indicated that rectifiers can be made to operate for long 
periods without pumping. Rectifiers with such a high degree 
of vacuum tightness are not required now. Vacuum pumping 
equipment that is simple, compact, and reliable is available. 
With a rotating oil vacuum pump and a mercury diffusion pump 
such as used on modern steel rectifiers, it is possible to evacuate a 
tank of 13-cu. ft. volume from atmospheric to 0.001 m.m. of 
mercury pressure in 60 min. 

E. F. Siphers (communicated after adjournment) Mr. 
Shand has very accurately given the steps in the development 
and I believe that the decision to operate a rectifier with a pump 
running continuously is the turning point in the development. 
Until the latter part of the development described by Mr. Shand, 
we attempted to secure exceptional vacuum-tight joints because 
the pumps which were available then were very expensive and 
could not maintain a high vacuum against the small leaks. 
With the advent of the diffusion pump, about the time work was 
discontinued, the possibilities of operating with the pump running 
continuously and building rectifiers with a less perfect seal were 
being seriously considered. 

If the operators will accept stecl-tank rectifiers, which must be 
pumped frequently or continuously in order to maintain a 
vacuum, I can sce no reason why it should not be possible to 
furnish rectifiers of considerable capacity, and which will operate 
satisfactorily, as it will no longer be necessary to build seamless 
drawn steel tanks, nor to construct extremely tight vacuum 
joints, which are inherently expensive and hard to maintain. 
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(Discussion aT BETHLEHEM ON MARTI AND WINOGRAD PAPER 
ONLY) 


L. A. Doggett: Referring to the table, where the compar- 
ison is made on the efficiency basis between the rectifier and 
the motor generator set, it seems to me there ought to be another 
column in that table that would include the rotary converter, 
for it seems to me the rotary converter of a 3000-kw. size would 
have an efficiency of nearly 96 per cent which would make the 
efficiencies almost equal for the two rectifying devices. 


A. J. Standing: There are three questions that probably 
have been covered in this paper but unfortunately I have not 
had an opportunity to read it. The first question is: Are 
rectifiers available in 25-cycle 6600-volt circuits? The next 
question is: Are rectifiers affected by changes in temperature? 


- And the third question is: What is the maintenance on them and 


what troubles are they subject to? 


J.T. Waugh: I would like to ask Mr. Marti what informa- 
tion he has on the reliability and maintenance of mercury-are 
rectifiers, as found by experimentation or actual practise? Can 
he give us the relative cost between a rectifier with its trans- 
former equipment and a motor-generator set of approximately 
50 to 100 kw. and for say 220 volts d-e. 


John Grotzinger: It is evident that the application of this 
rectifier to electric-traction substations is offering decided 
advantages. 

Unfortunately this does not apply to industrial plants where 
d-c. at 240/120 volts is required for the operation of small and 
medium-sized variable-speed motors. I take it that for a three- 
wire system two rectifiers would be required, one on each side of 
the neutral, operating at 120 volts d-e. 

At this low voltage there is no gain in efficiency over the motor- 
generator set and the cost of the rectifier would be excessive. 
The attractive feature in such an arrangement would be the 
freedom from the compounding trouble met with when operating 
several three-wire generators in parallel. 

I would like to have Mr. Marti tell whether in operating several 
such units in’ parallel they divide the load uniformly, also what 
takes place in the case of a short circuit. 

G. M. Kennedy: I want to know whether you use a three- 
phase transformer or a single-phase. Suppose we had a 300-kw. 
rectifier, what transformer capacity would we use with that? 


W. H. Lesser: How does the attention required with these 
rectifiers compare with the attention that we need with an 
automatic motor-generator set or an automatic converter? 


O. S. Clarks Fig. 5 shows increased tendency in Europe 
toward higher voltages. I wonder if this is being done to reduce 
distribution losses, or does it indicate a tendency to adopt the 
mercury-are rectifier which operates more efficiently at the higher 
voltages. 

D. C. Princes On this question of telephone interference the 
General Electric Company has taken the position that we have 
to go halfway with the telephone company, and I believe all the 
rectifiers which we have put out are equipped with the reactance 
which Mr. Marti shows at the top of his figures. 

On the question of filters it has been a matter of where the 
exposure has been bad, and in our installations in most cases 
the exposures have not been bad enough to require the filters. 
However, there seems to be still some hidden question regarding 
that, because one hears all sorts of stories about what interference 
this rectifier and that rectifier produces. So far, our rectifiers 
with the series line reactance have made no trouble in the places 
where they have been fed over heavy power lines, and it is ob- 
served that if the rectifier is supplied over a large power line, 
so that it is a relatively small part of a power load, the inter- 
ference seems to be considerably less than where the rectifier is 
the only piece of apparatus fed over the entire line. A definite 
correction procedure will probably be developed as a matter of 
experience, and I don’t believe the cost will be great. In most 
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cases where we have had to put in the filters the cost has not been 
prohibitive. 

Mention is made that a rectifier is naturally a continuous- 
rated machine. The rectifier itself is only a small part of the 
installation, and for that reason the characteristics of the rectifier 
are not necessarily imposed on the system as a whole; that is, if it 
were desirable to supply any particular 2-hr. rating, the fact 
that the rectifier might come to its final temperature inside of 
half an hour would not make it necessary to supply a complete 
installation on the basis of half an hour period overload; i. e., the 
fact that the rectifier itself is a relatively small part of the whole 
makes it possible to discount its own particular characteristics 
by supplying a margin in rectifier capacity. We have installed 
in Chicago a rectifier with a capacity of 1500 kw., and this unit 
has repeatedly carried loads of over 9000 kw. with no ill effects 
whatever. We hope that the policy will be to install rectifiers of 
sufficient size to handle anything that can come, and then, 
as the device becomes more exactly known, it may be possible 
to make savings, but there again such savings will be only in the 
rectifier, which is but a small part of the whole installation. 

Mr. Marti has also gone into this question of the rating of 
transformers. The transformer rating for a three-phase rectifier 
is somewhere around 130 per cent of the kw. capacity, and for a 
six-phase rectifier he has given the figures as somewhere around 
150 per cent, and that leads to the question: Aren’t we sacrificing 
something by going to polyphase operation; that is, to a higher 
number of phases? We have made an investigation to see if the 
advantage in wave form of the higher number of phases cannot 
be obtained with three-phase units, which have the advantage 
not only in that the transformer ratings are less, but the regula- 
tion also tends to be better and the telephone interference tends 
to be less. Asa result, our standard rectifiers, instead of being 
six-phase or more, are all three-phase, connected through inter- 
phase transformers, either two or four units operating at an 
angular displacement to bring the total phases up to six or twelve. 


Sidney Withington: (communicated after adjournment) 
There is no doubt that mercury arc rectifiers possess many mate- 
rial advantages as compared with rotary apparatus, either con- 
verters or motor-generators. They are relatively simple in their 
operation and, being static, are especially adapted to automatic 
substation operation; furthermore, they can, like transformers, 
be placed on the line instantaneously by the closing of aswitch as 
required to take care of sudden unexpected loads. As Messrs. 
Marti and Winograd have pointed out, rectifiers are especially 
advantageous for high voltages, both from the point of view of 
their operating characteristics, and cost as compared to rotary 
apparatus. Then, too, as has been stated, they are very attrac- 
tive as regards efficiency, especially at fractional loads. It 
should be borne in mind, however, that the relation between 
overload capacity and continous rating is relatively unfavorable 
as compared to rotary converters or motor-generator sets, es- 
pecially for steam-railway electrification. Where the load 
increments are relatively large compared to the total load, and 
where, therefore, the peaks may be of but short duration, the 
overload capacities of rotary apparatus are of value, whereas the 
relatively small thermal capacities of the rectifiers are a limiting 
factor. In the case of urban traffic, where the load increments 
are a relatively small part of the total load, this feature is of less 
importance, and this is the field in which the greatest develop- 
ment of the rectifier will undoubtedly lie. 


An important characteristic of mercury rectifiers is that if they 
are subjected to conditions which are too severe, they are not 
likely to be permanently damaged as are many other types of 
apparatus, but after a break-down due to overload may as a rule 
be immediately restored to service. | 

The question of overload characteristics is an important one, 
and it would appear to be opportune at this time to consider 
special ratings for mercury arc rectifiers which would recognize 
the relatively high continuous capacity as compared to their 
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overload capacity. Such data might well he included in 
A. I. E. E. Standards. At present a “nominal” rating which 
means little, is assumed in order that standard overload specifica- 
tions may he met. 

A limitation of the mercury are rectifier is in its voltage regula- 
tion. There is, of course, no possibility oft over-compounding,” 
and therefore there is a drop in bus voltage at heavy loads. This 
feature, however, especially in the case of street-railway loads, 
may he offset by scattering automatie rectifier substations about 
the territory served, utilizing high-voltage a-e. distribution. 
Such a plan would, of course, mean a relatively low load factor on 
each substation and, therefore, a considerably greater installed 
capacity would be necessary than if the apparatus were concen- 
trated. It is probable, however, that before long, on account 
of quantity production and amortization of development 
expense, mercury rectifiers will be available at considerably 
lower cost than rotary apparatus, even for 600-volt service, and 
the excess capacity will thus be justified by the obvious advan- 
tages of small scattered substations. 


It is probably going a little too far to say that the mercury are 
rectifier will soon exert an influence on the much-discussed ques- 
tion of direct current versus alternating current for heavy 
traction systems. The electrification system finally adopted as a 
standard in this country will necessarily be capable of handling 
all branches of operation economically and reliably, including 
suburban service and ‘‘through”’ traffic of all kinds, over the same 
tracks. National standardization in this respect is nearly as 
important as track-gage standardization, and should rest on 
considerations which are broader than the economies of any one 
individual problem. 

The chief limitations thus far with d-c. systems are not in the 
generation of power so much as in the flexibility of its distribution 
and use on the rolling stock, and with the increasing voltages 
mentioned by Messrs. Marti and Winograd, even though they 
may be practicable at the substations, problems will necessarily 
be met on the cars or locomotives in main motors and auxiliary 
facilities. Although it is of course impossible to predict what the 
future holds in store for us, nevertheless it may be said that the 
fundamental advantage of alternating current as compared with 
direct current in the present state of development of the art of 
electrification, is in the flexibility of the a-c. system, wherein it is 
possible on a single distribution system to operate motor cars, 
either singly or in multiple-unit trains up to ten or twelve cars, as 
well as high-speed ‘‘through’’ passenger trains, and extremely 
heavy-tonnage freight trains with concentration of 15,000 or 
20,000 hp. in a single train. This degree of flexibility has thus 
far not been reached with any d-e. installation yet designed, and it 
does not seem probable that the mercury are rectifier can 
change this phase of the situation very much, especially as it is, 
of course, impracticable to regenerate power and feed back into 
a transmission system through this type of apparatus. 

O. K. Marti and H. Winograd: Mr. McCurdy answered 
practically all the questions on interference which were raised 
during the discussion, and he brought out very clearly the prob- 
lems involved in mercury-are rectifier installations in connection 
with communication systems. I should only like to follow up 
one point a little further. As he states, there are also harmonic 
ripples present in the d-e. sides of synchronous converters, and I 
might point out that interference is sometimes caused by syn- 
chronous generators and condensers. Up to the present time, 
no definite rule has been established by technical societies with 
regard to the permissible volume of this interference for any 
kind of machine, and it is therefore difficult to arrive at a proper 
conclusion in regard to the permissible magnitude of the ripples. 
In connection with the machines which cause interference, the 
noise-meter and the telephone-interference-factor meter are used 
to obtain some quantitative measure of the interference effect. 
Assuming, now, that the influence of the rectifier ripples is 
measured by this meter, and that we allow about the same 
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telephone interference factor for rectifiers as for other machines, 
a filter equipment which is not prohibitive as to cost and main- 
tenance can probably be found, especially since the recent im- 
provements in condensers, due to the greater demand for them for 
radio and for power-factor correction, have improved their 
quality and also made them lower in price. 


In regard to radio interference, I should like to mention that 
even if the mercury are should radiate waves of the frequencies 
used in radio communication, they would probably be shielded 
by the steel tank. However, it does not radiate such waves, and 
no difficulty has to be feared in that regard. It might, however, 
be mentioned that a great deal of investigating has been done in 
this connection in Europe, Canada, and in this country, without 
any influence on radio being observed. 

I had intended to discuss Mr. Butcher’s paper quite 
thoroughly, but Mr. Herz and Mr. Antoniono, whose companies 
have had rectifiers in operation for an appreciable period of time, 
gave a much better comparison of the advantages and disad- 
vantages of mercury-arc rectifiers and synchronous converters 
than I would have been able to give. 


I should, however, like to make some remarks regarding the 
first cost and the cost of maintenance, as brought out in this 
paper. The maintenance cost of rectifiers and their automatic ` 
equipment is less than for synchronous converters, as was proved 
by many comparative studies made abroad and in this country. 
It is unjust to base a comparison in regard to maintenance on 
the experiences obtained with the few early trial installations in 
this country, and the comparison will come to be more in favor 
of the rectifier as this equipment and its characteristics become 
better known. 

The cost of an installation as indicated on the last page of 
Mr. Butcher’s paper, giving the cost of the building and founda- 
tion as $5000 for either a rectifier or a rotary converter, cannot 
be correct for two reasons: First, the number of cubic feet of 
space required for a rectifier installation of a certain rating is 
much less than for a converter installation, and, since there are 
no heavy moving parts in a rectifier, the foundation costs practi- 
cally nothing by comparison. According to our estimate, the 
cost of a rectifier substation would be about two-thirds the 
amount stated in Mr. Butcher’s comparative table. Since the 
heat produced by the losses in a rectifier is carried away by the 
water, no extensive space is required above the rectifier, as is 
necessary for the proper cooling of a synchronous converter. 
The cost of making a well in case no running water is available 
can be circumvented by using a recooling system, the cost of 
which is considerably lower than the cost of making a well as 
given in Mr. Butcher's paper. If the comparison had been made 
upon such a basis, it would have shown that the first cost of a 
rectifier installation compared to a converter installation for 
600 volts, direct current, would be the same, or even less. There 
is a tendency, and I do not see any reason why it cannot be done, 
to increase the trolley voltage to 750, and even to 800 volts. 
At such a voltage the first cost of the rectifier will be less and the 
saving effected due to lower losses in rectifier and feeder will be 
extremely favorable. 

Answering Mr. Clark’s question, I believe the tendency toward 
higher voltages in Europe is accounted for by a desire to secure a 
higher rectifier efficiency and to reduce the distribution losses as 
well. In one case 800 volts was adopted in order to do away 
entirely with all feeders, the rectifiers working directly on the 
trolley line at 800 volts. The spacing of the substations is 
very close, being only about half a mile. The rectifiers are 
mounted right on the station platform, there being no enclosure 
other than a screen, and the transformers are mounted close to 
the rectifiers. In this case, almost the entire cost of a substation 
building and feeders was eliminated. 

In answer to Mr. Lesser’s question in regard to the attendance 
required, I should think that the same practise as applied to 
rotary-converter stations should be adopted for rectifiers. Due 
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to the fact, however, that a fully automatic rectifier installation 
is simpler and involves less automatic equipment, it requires 
less attention. 

In this connection may be answered the. last part of Mr. 
Standing’s question about the troubles to which rectifiers are 
subject. The main trouble experienced with the rectifier itself 
has been back-fires, or are-backs. By improvements in the de- 
sign of the rectifier and its auxiliaries, these have been practically 
eliminated, and when they do occur, they have no serious con- 
sequences as the rectifier can be put back into service 
immediately. In automatic rectifier substations they are taken 
care of by automatically reclosing circuit breakers. 


Mr. Grotzinger made a remark about the use of rectifiers for 
240 /120-volt, direct-current, three-wire systems for industrial 
plants. There are a number of such installations in service. 
Since the rectifier efficiency is considerably reduced at the lower 
voltages, on such systems the rectifier is usually connected to the 
outside wires, and a balancer, which may be a battery or a small 
motor-generator set, is used for obtaining the middle wire. 

As for parallel operation, the rectifier is far better suited for 
such service than a rotary converter. Rectifiers will operate 
in parallel satisfactorily even if connected to two independent 
a-c. systems having different frequencies. Should the voltage be 
lowered, the rectifier cannot feed back, so that one rectifier 
cannot affect other rectifiers operating from the same or other 
a-c. networks. Frequently a power company would like to 
operate a rectifier from 25- and 60-cycle systems during certain 
periods. That, again, is an advantage of rectifiers, as they can 
operate equally well at 15, 25, 60, or even t00 cycles. The only 
factor which will be affected is the size of the transformer, which 
of course must be dimensioned for the lower frequency. This 
will cause a slight decrease in the efficiency of operation at lower 
frequencies. 

In regard to the question of whether a rectifier transformer has 
to be rated for a higher capacity than a transformer for a syn- 
chronous converter, and to what extent the size is affected by 
the number of phases, see curve No. 3 in Fig. 9 of the paper. 
From this curve it is evident that a two-phase transformer, for 
instance, has a rating of 125 per cent of the d-c. output, and 
about 145 per cent of the d-c. output for six-phase rectification. 
As a rule, because of the simplicity of the interconnections be- 
tween the phases and the lower cost, three-phase transformers are 
used with rectifiers. 

If a rectifier is operated in a place where the temperature is 
high, its operation is entirely unaffected, as the heat generated 
by it is taken away by the cooling water and therefore the am- 
bient temperature does not matter. This is another advantage 
of the rectifier; one can place it in a small space and does not 
have to bother with ventilators and ventilation ducts to remove 
the heated air from the room. Incidentally, the amount of noise 
generated by the vacuum-pump motor is so small that rectifiers 
may be located in places where rotary converters would be out 
of question. In fact, we have rectifiers operating in department 
stores, municipal buildings, hospitals, and other locations where 
the absence of noise is of prime importance. 

In reply to Mr. Waugh’s question regarding the relative costs 
of rectifiers and motor-generator sets for 50 and 100 kw., 220 
volts, the price of rectifiers would be higher. For such capacities, 
rectifiers would be used only if other factors, such as noise, 
flexibility, or operation, ete., make their application advisable. 

As to Mr. Doggett’s remarks, I wish to say that the comparison 
of efficiencies in the paper concerns 3000-volt conversion, for 
which synchronous converters would not be used. 

E.B. Shand: Mr. Marti has referred to the difficulties of the 
design of transformers when used with rectifiers,—a point which 
was also touched upon by Mr. Herz. I mentioned in my paper 
some extensive work on the investigation of rectifiers and circuits, 
and I believe that by adhering to the principles determined, these 
difficulties are not great; and in fact, they have not been found 
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so. Where complex arrangements of the transformer windings 
are used, there naturally will be some undesirable complications. 
The transformer inductance determines, to a large extent, the 
voltage regulation of the rectifier, and it requires careful design 
to obtain the proper distribution of this inductance in the wind- 
ings, particularly in the cases where complex schemes of con- 
nection are used. It may be said, therefore, that there is 
something to be gained in the choice of a simpler transformer 
arrangement. 


Referring to Mr. Marti’s remarks of the heat-storage character- 
istics of rectifiers as compared with rotating apparatus, I am not 
sure that I am in strict agreement. It must be remembered 
that water is the cooling medium of the rectifier and that water 
has a very great thermal capacity. Some calculations on this 
subject made some time ago indicated that the rectifier, with its 
cooling water, would havea slightly greater heat-storage capacity 
than a corresponding rotating machine. Of course, where the 
anodes are not equipped with water-filled radiators, the anodes 
will have a lower thermal capacity. 


There is probably a certain amount of general misunderstand- 
ing on the subject of the meaning of the over-load capacity of 
normal-rated machines. Tests have shown that a rotating 
machine, such as a d-e. generator or synchronous converter, will 
reach very nearly its maximum temperature in 35 to 45 min., so 
that there is no basis for the supposition that the machine can 
carry its guaranteed overload on account of its thermal capacity. 
The limitation for the continuous rating is based rather on the 
limitation on the current-collecting parts; that is, if operated 
continuously on the overload rating, the commutation limit 
would be exceeded and the maintenance on both commutator 
and collector rings would be unnecessarily high. With our 
present state of information on the rectifier, it does not appear to 
have these two kinds of limitations to the same extent, so that its 
application may not be made to the best advantage by directly 
following converter practise. 


In regard to telephone interference, I believe that Mr. 
McCurdy has brought out a number of interesting points. As 
he mentioned, when rectifiers are connected to a highly inductive 
load, such as presented by street-car motors, the harmonic cur- 
rents are reduced to a point where they do not cause any appre- 
ciable trouble; but as is usual practise, where low-impedance 
feeders connect different substations, the differential voltage 
between two pieces of apparatus in different substations will 
produce much larger harmonics over the connecting feeder. An 
exposure of much less than 10 ampere-miles of such harmonic 
currents has been found to cause trouble in telephone circuits. 
It has been demonstrated both in the investigation referred to 
in my paper, and also in later work that telephone interference 
can be eliminated by installing special apparatus either in the 
telephone circuits or in the rectifier circuit. The practicability of 
the elimination of telephone interference comes down, therefore, 
to a question of economies, both in the first cost of apparatus, 
and, where installed with the rectifier, in the additional losses 
involved. 

The comments of Mr. McCurdy on the relative advantages of 
6-phase and 12-phase rectifiers are not borne out in the experi- 
mental values of telephone-interference-factor which he has 
obtained from these two types of apparatus. It may be noted 
that the wave shapes of rectifiers under load are such that the 
advantage of the 12-phase connection will be very much reduced 
on account of the effect of overlap which produces further varia- 
tions of voltage fluctuation but which do not occur at no load. 

C. A. Butcher: It is seldom required that converters of dif- 
ferent frequencies be operated in parallel although this is being 
done very satisfactorily. On the Edison system in Chicago, 
25-eycle and 60-cycle converters are operated in parallel on the 
d-c. bus with little or no apparent difficulty. 


There is something to bessaid about rectifier development 
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apparently having been on a more rapid scale in Europe than in 
America. A reason for this probably lies principally with the 
rates of development of the central-station industries in the two 
countries. 

The central station industry had its birth in this country in the 
three-wire d-c. system. This was quickly followed by the a-c. 
system, which discouraged the installation of numerous small 
isolated plants. Following later, the development of the central 
station in Europe was principally at 50 cycles, whereas 25 cycles 
was the predominating frequency in this country. The 25- 
cycle converter was, therefore, not in the same demand in Europe 
as in America and, perhaps, has never reached the same stage of 
perfection. In the substitution of central-station service for the 
isolated plant, the rectifier in Europe has been the competitor of 
the motor generator and the motor converter rather than the 
synchronous converter. 

The development of the 60-cycle converter followed later and 
those familiar with it know that its early troubles were many. 
However, these have been quite successfully overcome. In 
spite of the remarks made about flashovers, the 60-cycle con- 
verter is a satisfactory piece of conversion apparatus. The de- 
velopment of the high-speed breaker, and the high-reluctance 
commutating pole has done much to assist in its proper per- 
formance. The operators can do well to study those features in 
the application of a synchronous converter which will contribute 
to its more satisfactory performance. Perhaps 50 per cent or 
more of the responsibility for the flashovers of synchronous con- 
verters is with matters of application and operation and not in the 
limitations of design. 

The increase of voltage above 600 brings in many other prob- 
lems in the way of design of traction motors, control, and dis- 
tribution insulation, also the problem of using efficiently the 
higher voltages in congested metropolitan areas. The automatic 
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substation, since attendance is not required, probably lowers the 
scale of voltages on which d-e. railways may be operated economi- 
cally. There are probably any number of installations which 
years ago would have been made at higher voltages had not the 
automatic substation been perfected to the point where a greater 
number of substations with smaller spacing might be used with- 
out excessive operating cost. 

The transformer design, which enables a rectifier designer to 
gain low efficiency at light loads, is also possible with synchronous 


converters since it is merely a matter of proper ratio of iron to | 


copper losses. 

Power-factor correction by operating rectifiers and converters 
in parallel in the same station,—a question was brought up by 
Mr. Blasser—is probably something that has not been given a 
great deal of consideration. When one stops to think that the 
power factor of the rectifier, 93 per cent, is much better than that 
of the average industrial load, and that generators in our power 
stations are designed for 80 per cent power factor, I doubt if he 
will find very much to be gained by the parallel operation of 
converters and transformers in the same station for that purpose. 

The question of reverse current at light loads merely means 
that the designs for interurban substations or metropolitan sub- 
stations must be considered in conjunction with the a-c. supply 
in order to gain stability of synchronous apparatus and the system 
as a whole. 

Operating third-rail systems with 60-cycle synchronous con- 
verters does not render the problem of flashovers more serious. 
If the installation is properly made, the flashovers are probably 
not so severe, on a third-rail system as on overhead, for the reason 
that the magnetic induction on the third rail on the average 
fault, causes the current to rise very slowly, and thus it may be 
interrupted by a breaker of ordinary speed before the load on 
the converter is such as to cause flashover. 


Electricity in the Drilling of Oil Wells 


BY L. J. MURPHY! 


Non-Member 


Synopsis.—As in other industries, electricity has taken the lead 
tn the petroleum industry in putting the drilling of oil wells on an 
engineering basis and as a result of numerous installations it can be 
said that oil companies in general at the present time have a very 
receptive attitude toward electric drilling. Satisfied drillers, easy 


CABLE-TOOL DRILLING 


HERE are two forms of drilling practise in common 
use in the United States today, ï. e., cable-tool 
and rotary. The cable-tool or percussion system 

was the original method and is the one most extensively 
employed at the present time. It is used exclusively 
in the Pennsylvania, Ohio, Illinois, and Kentucky fields 
and to a very large extent in the mid-continent and 
western fields. 

In drilling with this system, the drilling tools are 
suspended from a steel cable or manila rope and moved 
in an up-and-down motion with the speed of the walk- 
ing beam, which supports the tools, corresponding to 
the natural period of the string of tools. Naturally 
this period becomes greater as the depth of the hole 
increases and, in order to obtain maximum drilling 
speed, the motor driving the rig must be capable of very 
delicate adjustment over quite a wide range of speed. 
It can be seen readily that this method is better adapted 
to hard solid formations than to soft formations on 
account of the fact that repeated jarring of the earth will 
loosen soft structures and cause cave-ins which necessi- 
tate fishing jobs and no end of trouble. 

There are four principal operations in the drilling of 
oil wells by the cable-tool system, namely, spudding-in, 
drilling, hoisting tools, and bailing, each operation 
necessitating distinct ererig of the electrical 
equipment operating the rig. 

The ‘“‘spudding”? operation consists of raising the 
drilling tools through a vertical distance of three or four 
ft. and allowing them to fall. The operation is accom- 
plished by means of a jerk line one end of which is 
attached to the crank on the band wheel and the other 
end through a sliding shoe to the cable which supports 
the drilling tools. The tools are supported usually by a 
steel or manila cable which passes over a sheave wheel 
on top of the derrick and then is spooled on a hoisting 
drum or bull wheel. The tools are fed downward by 
releasing the brake on the bull wheel. Near the top 
of the hole the band wheel is operated at a speed of 
42 to 45 rev. per min. to give most satisfactory opera- 
tion and the speed must be very closely controllable. 
This operation requires approximately 30 to 40 hp. 


1. General Engineering Department, Westinghouse Electric 
and Mfg. Company, East Pittsburgh, Pa. 
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operation, low maintenance, low power bills, fewer shut downs, per- 


‘fect motion, faster drilling, heavier pulling, no stand-by losses—all 


these factors have contributed to make electricity the coming accepted 
standard by which all other forms of oil-well drilling will be judged. 
+ 


* * * * 


After a 200- to 400-ft. length of hole has been drilled 
by the spudding operation the remainder of the drilling 
is done on the beam. Drilling on the beam requires that 
the speed of the driving motor or motors be very closely 
regulated and that the motors have relatively small 
fly-wheel effect in order to permit rapid variation in 
speed in response to variations in torque throughout 
the drilling cycle. The range of speed throughout the 
drilling of a well runs from 40 to 45 strokes per min. at 
the top of the hole down to as low as 14 to 20 strokes 
per min. at the bottom. 

The average speed of the drilling equipment must be 
adjustable at all times to correspond exactly to the 
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Fia. 1—Power REQUIREMENTS FOR OIL WELL DRILLING BY 
THE CABLE-TOOL METHOD 
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natural period of the drilling tools and drilling line, if 
maximum progress is to be obtained. If the speed of 
the drilling tool is set too low, the bit does not strike a 
sharp blow and the progress is slow, while if the speed is 
set too fast, excessively high stresses are set up in the 
drilling cable, drilling is slow, and fishing jobs are to be 
expected. 

The horse power required will be found to vary but in 
general it can be said to decrease somewhat as the depth 
increases. If the hole is free of water, the horse power 
required to swing the tools will be comparatively light, 
the beam will operateat a larger number of strokes, and 
the drilling will progress faster than if water in appre- 
ciable quantity is encountered in the hole. 

Fig. 1 is a curve showing how the horsepower output 
of the motor varies with the depth of the well. As no 
two wells are exactly alike and as conditions will vary 
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considerably throughout different parts of the country, 
the above mentioned curve can be considered as 
representative only of the general trend of the power 
requirements with increase in depth. 

After every six-foot length of hole hasbeen drilled, itis 
necessary to remove the cuttings from the hole and be- 
fore this can be done the drilling tools must be hoisted. 
In this operation heavy ropes are slipped into a large 
grooved pulley on the bull wheel and into similar 
grooves on a tug rim bolted to the band wheel. Thus, 
the same motor equipment that is used for drilling is 
used for hoisting also. The pulley ratios between the 
motor equipment and the band wheel are such that a 
maximum speed of 80 to 90 rev. per min. is possible at 
the band wheel and approximately 90 to 100 rev. per 
min. at the bull wheel. The tools are accordingly 
hoisted out of the well at a rate of 350 to 700 ft. per min., 
the speed increasing as the bit nears the surface, due to 
the increasingly larger effective drum diameter. As 
the effective drum diameter is increasing, however, the 
weight to be lifted is decreasing, so that for a given 
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probably around 25 to 30 kw. The operation of 


-hoisting the tools shows that considerable power is 


required to accelerate the load to full speed but that as 
soon as the motor has come up to full speed the load 
remains practically constant. Since the motor is 
already up to full speed at the time the bailing operation 
commences, the peaks at the start of this operation can 
be attributed to pulling the bailer loose from the mud 
at the bottom of the hole and accelerating it to full- 
speed. It will be noted that the first bailer was evi- 
dently more fully loaded than the second. 

In order to take care of all the operations incident 
to the drilling of an oil well by the cable-tool method, 
there are two equipments in common use in the United 
States at the present time, one involving two two-speed 
motors and the other involving one larger single- 
speed motor. The former method employs two stand- 
ard two-speed, 15/35-hp., oil-well pumping motors 
belted. to a common counter shaft whereby the drilling 
is accomplished on the low-speed, low-horsepower 
connections and the hoisting taken care of on the high- 
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Fig. 2—TypicaL GrapHic CHART SHOWING VARIOUS OPERATIONS IN CABLE-TOOL DRILLING 


condition the horsepower remains practically constant 
from bottom to top. At the start of the drilling, the 
hoisting of the tools is not exceptionally heavy duty, 
but as the hole becomes deeper this load is likely to 
become as high as 150 hp., especially if the rig is not 
very efficient. 

As soon as the drilling tools have been hoisted out of 
the hole, the bailer is lowered several times to remove 
the cuttings. The bailer, which consists of a piece of 
pipe with a dart valve at the bottom, is operated by a 
sand reel, friction-driven from the band wheel. The 
speed of hoisting the bailer is approximately 2 to 214 
times as fast as the speed of hoisting tools, but because 
of the lighter weight of the bailer the load on this 
operation is practically the same as that of hoisting 
tools. 

Fig. 2 represents a section of a drilling chart, showing 
the various operations when drilling at a depth of 
approximately 600 ft., using a 15-in. bit. It will be 
noted that for a considerable portion of the drilling 
cycle, the load is approximately 16 kw. but that at the 
peak the meter registered 53 kw. with an average 


speed, high-horsepower connections. Each motor has 
nine points of speed control on each speed connection 
and by operating one controller on one point and the 
other on any one of its nine points, a total of 45 speeds 
on each speed connection is available. The latter 
method employs a standard 75-hp., single-speed motor 
in which the low drilling speeds are obtained by the 
insertion of slip resistance in the secondary circuit of 
the motor. A main controller takes care of acceleration 
and reversing and an auxiliary controller gives fine 
speed adjustment by subdividing one of the steps of 
resistance into a number of smaller steps. 

In regard to power consumption, the kilowatt-hours - 
per foot will vary considerably with the location and 
formation but in general it can be said to vary from 4 to 
10 kw-hr. per ft. for a 2000-ft. well with an average of 7 
and from 5 to 12 kw.-hr. per ft. for a 3000-ft. well with 
the average correspondingly increased. The two-motor 
scheme will be found, as a rule, to be the more economi- 
cal of the two, due to the fact that during the major 
part of the drilling operation the two motors are 
operating at more nearly their synchronous speed and 
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therefore little power is lost ‘in secondary resistance. 
Fig. 3 shows an installation of this kind. 

Fig. 4 shows a typical power curve for cable-tool 
drilling in the mid-continent field and indicates that the 
total power consumed tends to increase slightly faster 
than the increase in depth, due, no doubt, to the greater 
power consumption in the hoisting and bailing op- 
erations. 


ROTARY DRILLING 


In certain sections of the country where the forma- 
tions are, for the most part, of unconsolidated material 


Fic. 3—INSTALLATION OF Two 15/35-Hp. Pumpina Morors 
FOR CaABLE-TOOL DRILLING 


such as sand, gravel, and boulders, considerable diffi- 
culty was encountered in endeavoring to apply the 
cable-tool system as the jarring of the tools would 
loosen the earth and cause cave-ins with resulting 
fishing jobs. To handle these formations successfully, 
the rotary system of drilling was developed. 

In this system a hollow drill pipe with a suitable bit, 
usually shaped like a fish tail, fastened to the bottom 
of it, is rotated at a speed of 60 to 90 rev. per min. and 
gradually fed downward. At the same time plunger 
pumps force mud down through the drill pipe, through 
two small holes or eyes in the bit, and up on the outside 
of the drill pipe. The combination of the scraping 
action of the bit with the jetting action of the mud 
through the holes, actually drills the well, but in addi- 
tion to assisting in drilling the mud functions also to 
carry the cuttings continuously to the surface. The 
high hydrostatic head forces this mud into the soft 
formations and the rotating pipe trowels it into place 
and thus the walls of the hole are built up rather solidly. 
The amount of casing required with this system is 
thereby reduced to a minimum. 


The equipment involved in an electrically-driven 
rotary drilling rig consists essentially of a motor, a 
suitable single reduction gear unit, a draw works, a 
rotary table, and two motor-driven mud pumps. The 
draw works comprises a line shaft chain-driven from the 
gear unit and a drum shaft on which is mounted a 
hoisting drum so arranged with a number of sprockets 
and jaw clutches, chain-driven from the line shaft, that 


MURPHY: ELECTRICITY IN THE DRILLING OF OIL WELLS 


457 


two or three hoisting speeds can be obtained. The 
rotary table is also chain-driven from the line shaft 
with a jaw clutch on the latter whereby the rotary 
table can be disengaged at any time. 

The operation to be performed in rotary drilling may 
be segregated into three distinct classes: drilling, 
hoisting and lowering drill pipe, and circulating, each 
requiring certain fundamental features in the design of 
the electrical equipment. The drilling operation re- 
quires from 30 to 100 kw., depending on the depth, 
size of hole, and the formation, and as mentioned 
previously, the table speed ranges normally from 60 to 
90 rev. per min., although under some conditions this 
speed may be as low as 30 rev. per min. Certain 
formations require as high as 100 kw. at a speed of 70 
rev. per min. which is probably the worst condition 
encountered, while in other formations the most 
satisfactory progress of the bit will occur at 90 rev. per 
min. with loads as light as 30 kw. When special types 
of rock bits are employed, the speed of rotation of the 
drill pipe will be as low as 30 rev. per min. and the power 
drawn from the line will seldom exceed 30 kw. Thus it 
can be seen readily that the ranges of power and speed 
for satisfactory penetration of the bit vary considerably 
with the formations and the location. 

There is still another feature to take into considera- 
tion and that is the ultimate torsional strength of the 
drill pipe. With the necessity for excessively high 
torques in hoisting, as will be described later, it is found 
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Fig. 4—Tyrican Curve or Power ConsuMPTION OF A WELL 
DRILLED IN KANSAS BY THE CABLE-TOOL SYSTEM 


highly desirable when drilling to insert a certain amount 
of permanent resistance in the secondary circuit of the 
motor which will not only limit the maximum strain 
that can be applied to the drill pipe but which will also 
give the motor a drooping speed-torque characteristic. 
This drooping characteristic offers a cushioning effect 
between the motor and the drill pipe, a feature particu- 
larly desirable when drilling through boulders or hard 
shells where the equipment is frequently subjected to 
very severe shocks. 

After drilling has progressed for four orfive hours, the 
bit has usually become dull and out of gage and it is 
therefore necessary to replace it with a fresh bit. To 
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do so means removing all the drill pipe from the hole 
and standing it up in the derrick in ‘‘fourbels’” or 
approximately 85-ft. lengths. As the well becomes 
deeper this operation requires an ever increasing per- 
centage of the total time and as a result it is highly 
desirable to have equipment which will take care of 
extremely high overloads for short periods of time in 
order that as much of the drill pipe as possible can be 
hoisted in high gear. Records show that when handling 
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3000 ft. of 6-in. diameter drill pipe, representing 
approximately 42 tons, the hoisting loads are as high 
as 300 hp. but inasmuch as the load lasts only for a 
period of 40 to 50 sec., this load can be handled very 
conveniently by a 100-hp. motor, providing the motor 
has been designed with ample pull-out torque. After 
hoisting the entire string of drill pipe approximately 
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Fig. 6—Grapnic WATTMETER Cuart oF 100-Hp. Rotary DRILLING EQUIPMENT OPERATING AT A DEPTH OF 


85 ft., one stand or fourbel is uncoupled and stood in 
the derrick, the elevators are lowered, a new hold taken 
on the drill pipe, and the hoisting operation repeated. 
Thus there is an interval of about one minute when the 
motor is required to do little or no work. Each suc- 
ceeding hoisting operation means less load on the motor 
until, when the last length of pipe is drawn out of the 
hole, the load is a minimum, amounting only to that 


MURPHY: ELECTRICITY IN THE DRILLING OF OIL WELLS 


Transactions A. I. E. E. 


required by friction, the weight of the blocks, and one 
stand of pipe. 

After the worn bit has been replaced, the pipe is put 
back in the hole, and during this operation very little 
work is required of the motor other than lifting the 85-ft. 
sections into place for coupling together and running 
the blocks up light to the top of the derrick. 

Circulating is an operation in which the drill pipe is 
held off bottom and rotated very slowly at a speed 
seldom exceeding 15 rev. per min. The purpose of 
circulating is to allow the pump to force mud through 
the drill pipe and build up the walls of the hole. Since 
the load is exceptionally light and the speed extremely 
low, a considerable amount of secondary resistance is 
required to accomplish the «desired results. Rotating 
the drill pipe at too high a speed in this operation will 
cause the bit to become out of gage. 

For extremely shallow wells it has been found that a 
15/35-hp., two-speed pumping motor has sufficient 
capacity to do the work, but for the average wells a 
100-hp. or 125-hp. motor is required, with the possi- 
bility of utilizing a 75-hp. motor on moderately light 
wells in some territories where oil is reached at a depth 
not in excess of 3000 ft. It is interesting to note that 
the deepest well in the world, 8046 ft. deep, was recently 
completed in California and electric motors were used 
throughout, both for driving the drilling machinery 
and for operating the mud pumps. 

Fig. 6 is a typical graphic chart showing the load on 
a 100-hp. drilling motor for the various operations. 


The power consumption per foot of hole will vary 
considerably with the location, with the ultimate depth, 
and with the diameter of the hole. In the Gulf Coast 
district for wells around 850 to 950 ft. deep, the kw-hr.- 
per-ft. range from 1.5 to 4 with an average around 2.5. 


2730 Fr. 


Deeper wells in this same territory require from 8 to 
14 kw-hr. per ft. with an average of 9.5, the great 
Increase over the shallower wells being due primarily 
to the larger diameter hole, the harder formations at 
the greater depths, the high power consumption during 
hoisting, and the extra horse power to maintain mud 
circulation at the greater depths. In the California 
fields, for 3500- to 4000-ft. wells, the power consump- 
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tion runs as high as 25 kw-hr. per ft., although, with the 
general adoption of more efficient bits, this figure has 
been reduced considerably. It is therefore apparent 
that no definite figures can be given as to the power 
consumption for various depths of hole as conditions 
vary in different fields and even in the same field the 
formation varies to a great extent. 


AUTOMATIC ROTARY DRILLING 


A large proportion of the difficulties in rotary drilling 
are fundamentally caused by improper feed of the drill. 
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Fig. 7—ScHEMATIC DIAGRAM SHOWING PRINCIPLE OF OPERA- 
TION OF THE Hi.tp DIFFERENTIAL DRIVE FOR AUTOMATIC 
Rotary DRILLING 


SPEED (REV. PER MIN.) OF DIFFERENT PARTS OF 
AUTOMATIC DRILLER 


Operation Reg. motor Differential Drilling motor 
Drilling, no pro- 
gress.......... 1000 Forward 0 1000 Forward 
Drilling progress. 990 Forward 5 Down 1000 Forward 
Drilling progress. 990 Forward 2 Down 996 Forward 
Retrieval........ 990 Forward 45 Up 900 Forward 
Hoisting........ 1000 Forward 1000 Up 1000 Reverse 


The feed is in the hands of an individual operator and 
the regulation of proper feed depends upon the personal 
equation of this individual, his judgment, his experience, 
his desire to do good work, ete. Errors of the individual 
are responsible for many such accidents as twist-offs, 
balled bits, and crooked holes. If the feed of the bit 
could be made scientifically proportional to the resis- 
tance it encounters, and if this feed could be cared for 
automatically and independent of any personal equa- 
tion, many of the accidents and errors due to incorrect 
drill feed would be eliminated, the speed of drilling 
would be increased, delays would be decreased, and 
costs would be reduced. The Hild Differential Drive 
was developed with this idea of providing a scientifically 
regulated feed for the drill bit in the place of haphaz- 
ard manual feed dictated by personal judgment and 
inclination. 
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The fundamental principle of the Hild Differential 
Driveisthat the downward feed of the drill pipe is varied 
according to the power required to revolve the bit on 
bottom. This relationship between the feed and the 
power required for drilling is not only adjustable but is 
fixed for any given adjustment due to the inherent 
characteristics of induction motors and the principle 
of the differential gear drive. In operation, if the 
formation changes so that the load on the drill pipe 
increases, the downward progress of the drill pipe is 


automatically retarded. Thus the device not only 


tends to keep the load on the drill pipe constant for any 
given setting but also tends to hold the pipe on bottom 
at all times and at a constant pressure. Furthermore, 
if the load on the drill pipe suddenly becomes excessive, 
as would be the case in encountering boulders, the drill 
pipe is raised until the bit is free of the obstruction, after 
which downward progress is again resumed. 


Briefly, the equipment makes use of a differential 
gear unit and two motors. The drilling motor drives 
one-half of the differential, and also the rotary table, 
direct through gears and chains; while the regulating 
motor is connected to the other half of the differential. 
The hoist drum is connected to the central portion or 
floating part of the differential gear unit. 


Referring to Fig. 7, it will be seen that if the two 
motors are rotating in opposite directions as indicated 
by the arrows, with the drilling motor having the 
slightly higher speed, there will be a slight downward 
feed of the bit. Now if the load on the drill pipe 
increases, the increase is reflected in a slowing down of 


Fie. 8—INSTALLATION oF HiLp DIFFERENTIAL DRIVE FOR 
AUTOMATIC Rotary DRILLING 


the drilling motor and a resultant decrease in the rate 
of feed. If the speed of the drilling motor is reduced 
below the speed of the regulating motor, the feed 
reverses and the bit is raised off bottom. Thus the 
device tends to maintain a constant predetermined 
pressure of the bit on bottom, at the same time limiting 
the torsional stresses in the drill pipe. By reversing 
the drilling motor, the equipment is used for hoisting 
with the maximum power of both motors available. 
Fig. 8 shows an installation of this type of drive. 

In the operation of this equipment, the drilling, the 
hoisting, and the other minor operations are all per- 
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formed in the same manner as with the hand-fed 
equipment. 

In Fig. 9 are shown two typical parallel graphic 
wattmeter charts representing the loads on the drilling 
and regulating motors when drilling at depths of 1460 
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hoisting load is divided evenly between the two 
machines. A comparison of the charts in Fig. 9 with 
those in Fig. 6 demonstrates conclusively the advan- 
tages of the automatic feeding of the bit over the hand- 
fed method, both from an economic and from an 
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oF Loap ON DRILLING AND REGULATING Motors 


Upper—Drilling motor 
Lower—Regulating motor 


Note the comparison between the loads for automatic drilling and hand fed drilling as shown in Fig. 6 
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to 1490 ft., using 6-in. diameter drill pipe and 1414-in. 
fish-tail bits. The total drilling load is represented by 
the sum of the loads on the two motors. During 
hoisting both motors are pulling together and the total 


engineering standpoint. The absence of peaks during 
thedrilling operation with the automatic feed lessens the 
strains in the equipment as well as in the drill pipe and 
the steady uniform load insures that the bit is on bottom 
the maximum possible portion of the time, resulting 
naturally in much faster drilling. 

Fig. 10 shows how the total power consumption 
varies with the depth of the hole in the drilling of a 
3700-ft. well in the California fields with the Hild 
Differential Drive. It willbe noticed that in this particu- 
lar case the power consumption amounted to 15.5 
kw-hr. per ft., while for other wells in the same field 
using the same drive the consumption has run as low 
as 6.6 kw-hr. per ft. The general shape of the curve 
appears to be a slight modification of a parabola 
which differs from the shape of the curve for wells 
drilled by the cable-tool] method as shown in Fig. 4. 

The past three years have demonstrated the success 
of the automatic drive and, in the opinion of quite a few 
operating men, this drive constitutes the greatest 
advance in the art of oil-well drilling since the advent 
of the rotary system. 
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Everywhere in the oil fields, the operator is in a very 
receptive mood towards electrification as a result of the 
success of the pumping and drilling drives. The possi- 
bilities are unlimited, especially when it is considered 
that the industry is at the present time less than 10 
per cent electrified and the central stations have only 
just recently realized the desirability of the oil field 
load. The drilling load in itself is not so desirable 
but wherever a well is drilled electrically, it is pumped 
by the same power and the pumping load with practi- 
cally a 100 per cent load factors represents the ideal 
load for any central station. 


Discussion 


W. G. Taylors Both cable-tool and rotary drilling impose 
extremely heavy duty on the power equipment, as is indicated 
to some extent by the graphic charts submitted in Mr. Murphy’s 
paper. It would be even more interesting if he had shown some 
records of the work required to handle and set the casing which 
lines the well. In fact, it is this work which really determines 
the size of motor necessary for cable-tool drilling. The work 
is fully as heavy as handling drill pipe in rotary drilling. 

The exacting requirements of oil-well drilling by either method 
have resulted in the development of the special equipments and 
schemes of control which Mr. Murphy has described. In the 
ease of cable-tool drilling, the relative success of the twin-motor 
and single-motor schemes has been determined by the practical 
rather than by the economic aspects, and some of these may well 
be mentioned here. ° 

Experience has shown that the twin-motor equipment requires 
more than ordinary attention from the driller to avoid serious 
overloading of one motor, and that the average driller in the 
fields cannot be depended upon to handle this type of equipment 
without burning out a motor now and then. Belt maintenance 
has proved excessive, and it has been found difficult to keep 
the motors and countershaft in alinement. On the other hand, 
the single-motor equipment has been relatively free from troubles. 
These things explain why oil companies, especially those which 
have tried out both kinds of equipments on a large scale under 
similar field conditions and have thus obtained a fair comparison, 
have a decided preference for the single-motor cable-tool 
equipment. 

It is of interest that a 75-hp. single-motor cable-tool rig very 
successfully drilled a well in Colorado to a depth of 7300 ft., with 
every indication that the motor could continue the drilling work 
indefinitely to greater depths without the least distress. 

Automatic feed of the bit in rotary drilling as exemplified by 
the Hild differential drive is a recent and very interesting 
development. Two devices of this kind are on the market, 
both operating on the fundamental principle of the differential 
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gear. One of these is the Hild drive described by Mr. Murphy, 
and the other is the Halliburton drive. Both accomplish 
similar results, but the latter is driven by a single motor, or it 
may be driven by an engine of almost any type. The motor 
or engine drives the ring gear of the differential, as an engine 
drives the differential on an automobile. The two shafts, cor- 
responding to the rear-wheel axles of the automdbile, drive the 
drilling bit and the draw-works hoisting drum through suitable 
chain or gear reductions. Thus the feed of the bit is balanced 
against the torque of the load and varies inversely as the load, 
and the bit is automatically retrieved when the load exceeds a 
certain amount. A number of the Halliburton drives are in 
successful operation, with both motor and steam-engine drive, 
and the future will very probably see many more of both types 
installed, but it seems likely that their application will be 
limited to deep drilling as long as their present high prices prevail. 

B. T. McCormick: Fig. 4 in Mr. Murphy’s paper shows 
that for a well of about 2000 ft. in depth 12,000 kw-hr. is required, 
which means about an average of 6 kw-hr. per ft. 

Some of our recent experience in Pennsylvania field wells of 
about 2000-ft. depth drilled with gear units and also the old 
fashioned jack-shaft drive by Star Delta drilling motors indicates 
that we get an average of about 3 kw-hr. per ft. I do not know 
whether that difference is due to the difference in formation or 
not. I should imagine that difference might account for the 
very much lower kilowatt-hour draw in the Pennsylvania field. 

I would like to ask just why the depth of the well influences 
the power requirements in the way it seems to. There seems 
to be a marked reduction in horse-power required as the well 
becomes deeper. That point has not been made entirely clear. 

L. J. Murphy: In answer to the latter question, it might be 
stated that this reduction is due to several different causes— 
first, the decrease in diameter of the hole as the depth increases, 
second, a decrease in the size of drill stem used and, third, the 
slower motion. 

Mr. McCormick mentioned that in the Pennsylvania fields 
they have records which show that drilling could be accomplished 
to 2000 ft. with a power consumption as low as 3 kw-hr. per ft. 
In this connection I might state that I have seen installations 
in the Bradford territory where drilling was accomplished to a 
similar depth with a 30-hp. motor with a power consumption of 
2.4 kw-hr. per ft. However, this equipment is such that high 
hoisting speeds are not possible, and I believé the same holds 
true of the equipment which Mr. McCormick mentions. In 
other words, the band-wheel speeds are not in excess of 50 rev. 
per min., and, hence, little power is used in the secondary 
resistance. This accounts for the low power consumption, but, 
in obtaining low power costs, the motor, during drilling, is 
operating at more nearly synchronous speed with the result that 
it has a rather stiff speed-torque characteristic not conducive 
to satisfactory drilling motion except with a manilla drilling line. 


The Bradford field is one of the few territories using this type 


of cable. 
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Application of Electricity in Cement Mills 
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Synopsis.— The advantages of electric drive for cement mills are 
" enumerated in this paper and general pointers on installing electrical 


O single factor has contributed more to the present 

design and efficient operation of a modern cement 

mill than the application of electricity as its 
motive power. 

The older cement plants were designed to operate on 
steam power and since this necessitated the use of long 
line shafts to accommodate the numerous pulleys 
required to drive the many small manufacturing units 
then in use, these plants were practically built around 
an engine room. For this reason it was not possible to 
arrange. the machinery used for the manufacture of 
` cement in such a way as to insure maximum efficiency, 
` nor could the elevating and conveying systems be 
installed so as to give the best flow of materials through 
the mill. 

The first st won of electric motors in cement mills 
was the use of d-c. motors to drive auxiliary machinery 
requiring from 1 to 50 hp. It was, for example, most 
inconvenient to transmit power from the line shafts to 
elevator heads and overhead conveyors, and tests 
showed that from 50 to 90 per cent of the power was 
lost in transmission, due to speed reductions usually 
accomplished with long chain and sprocket drives. 
Electric motors in such places proved an immediate 
success. They not only cut the transmission losses 
but it was soon found possible to install an astonishing 
amount of connected load in motor horsepower, on a 
generator set of much less rated capacity. This was due 
to the fact that such drives are usually over-motored 
due to the high ratio of the maximum to the average 
power required by the individual motors. In one case 
known to the writer a total of 375 hp. in rated motor 
capacity was carried by generators rated at 150 kw. 
with only occasional interruptions in service due to 
opening of circuit breakers. This constituted such a 
radical and valuable change from the old line trans- 
mission practise that small generator units driven by 
special high-speed engines of from 100 to 500 hp. 
became a feature of every cement plant. 

The electrification of the cement plants in the Lehigh 
Valley was started on a larger scale when the Lehigh 
Navigation Electric Company built its plant at Hauto 
and offered attractive power rates to the cement manu- 
facturers, most of whom were operating with steam 
power plants that were either in poor condition or badly 
overloaded due to increased production demands. The 

1. Coplay Cement Mfg. Co., Coplay, Pa. 
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equipment are given. The electrical installation recently made in a 
modern cement plant ts described. 


work of changing over these mills consisted primarily of 
replacing the old line shaft drives by individual motors, 
and in most cases the general layout of the cement 
machinery was not changed to any great extent to get 
greater advantages of the use of electric motors. One 
of the plants installed 2200-volt and 220-volt induction 
motors, two plants used 550-volt induction motors, and 
one plant installed d-c. motors. 


The advantages of the electrification were realized 
very soon. At the Coplay Cement Manufacturing 
Company’s plant the production was increased from 
2600 barrels per day to over 3000 barrels per day with- 
out the addition of a single grinding unit and since the 
meters on the various feeder circuits gave accurate 
records of power consumption, causes of trouble and 
faulty operation could be detected easily and the unit 
cost of manufacture was decreased. 


The use of electrical machinery in a modern cement 
mill is necessary for the following reasons: 


1. It makes it possible to design a plant to meet 
manufacturing conditions without being restricted by 
conditions imposed when using other forms of 
power. 


2. Increasing cost of labor necessitates the use of 
labor saving devices that are not practical except when 
driven by electric motors. 


3. Saving in operating efficiency on account of not 
running idle machinery. 


4. Necessity of keeping accurate daily cost-data 
which is greatly aided by proper use of electric 
meters. 


5. Greater flexibility in making repairs and adjust- 
ments to various parts of mill without interfering with 
other operations. 


6. General trend toward larger manufacturing units. 


One of the most important points to consider in the 
operation of a cement mill is the continuous operation 
of the various departments according to a prearranged 
schedule. The schedule of operation depends mostly 
upon local conditions, for, although it is necessary to 
run the kilns without shut-down, it is sometimes advis- 
able to shut down certain departments over the week- 
ends. The quarrying and packing operations are in 
many cases discontinued on Sundays except during 
periods of maximum shipping requirements. 


The manufacturing departments of a dry process 
cement mill may be divided as follows: 
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Quarrying, 

Stone Crushing and Drying, 
Raw Material Grinding, 
Kilns, 

Coal Crushing and Grinding, 
Clinker Grinding, 

Stocking and Packing. 


It is seen easily that if a mill is designed with sufficient 
storage capacities between these departments, any 
department except the kilns and possibly the coal 
department may be shut down for repairs or other 
reasons without interfering with the other operations. 

In a cement plant as outlined above, the electrical 
feeders should be so arranged as to supply one depart- 
ment only. If this rule is followed, repairs and adjust- 
ments to electrical apparatus and mill machinery can be 
made without interfering seriously with the operation 
of the mill. Such a feeder layout will not always meet 
-with approval from an electrical point of view since the 
power requirements of the various departments vary 
within wide limits, which means that the feeder panels 
and the distribution feeders will not be the same size, 
but the advantages gained from a manufacturing 
standpoint offset its disadvantages when considered 
simply as an electrical installation. 


The advantage of ‘flexibility of operation and the 


readiness with which repairs and adjustments may be 
made without interference have been explained. 
Another advantage is derived from a cost accounting 
standpoint. Compared with other industries, the ratio 
of the cost of power to the total value of the product 
manufactured is great, varying from 15 to 20 per cent 
of the total cost, depending upon cost of power and 
efficiency of operation. To keep accurate and reliable 
account of the power costs is therefore of utmost im- 
portance and if each manufacturing department is 
provided with its own feeder panel and necessary 
metering devices, accurate data as to power cost can be 
obtained daily. Since the power consumption is an 
indication of the efficiency of general operating con- 
ditions, other troubles are easily located and corrected 
before serious trouble is caused or costs increased. The 
safety factor is also improved as any department not 
in operation can be cut off entirely from the feeder 
system. 

The plans under way for the installation of new 60- 
cycle motors and for remodeling the mills of the Coplay 
Cement Manufacturing Company at Coplay, Pa. are 
based on the above principles; that is, the electrical 
equipment simply supplies a means to drive the 
machinery and in no way influences the layout of the 
mill. 

When the improvements in the mill are completed, 
sufficient storages will be supplied between all depart- 
ments to allow for flexible and economical operation 
and the electrical system has been installed so as to 
meet all of the requirements of operation of the mill. 

The power for the electrical machinery is purchased 
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from the Pennsylvania Power and Light Company, 60 
cycles at 66,000 volts. Due to dusty conditions, and to 
insure as far as possible freedom from interruptions in 
power service, all of the 66,000-volt equipment was 
installed indoors, and the installation was designed to 
combine the greatest possible protection affording safe ' 
and continuous operation with the greatest simplicity 
of arrangement of equipment. 

The transformer house is built of concrete with a 
cement tile roof supported on steel trusses. The con- 
crete work was erected by the use of sliding forms. The 
pitched roof (six in. per ft.) with ventilators was used 
to secure the maximum amount of ventilation for the 
self-cooled transformers without the use of fans. A 
tunnel extends through the building under the switch- 
board and contains cable racks, steam, water, and com- 
pressed air service pipes anda concrete tank of sufficient 
capacity to hold the transformer oil in case it is neces- 
sary to empty the transformer tanks for any reason. 


Fra. 1—DISTRIBUTION SWITCHBOARD 


The building was erected and all of the equipment 
installed by the construction forces of the company. 

The transformer house and arrangement of the elec- 
trical machinery is shown in Figs. 1, 2, and 3, and the 
schematic wiring diagram of the whole system in Fig. 4. 

The incoming feeders enter the building through 
110,000-volt wall entrance bushings and the equipment 
is protected by oxide film lightning arresters. The main 
line oil circuit breakers have manually operated closing 
mechanism and are equipped with bushing type current 
transformers and have d-c. trip coils operated by induc- 
tion type overload and reverse power relays. 

The rupturing capacity of these switches is sufficient 
to interrupt the current due to a short circuit on any 
part of the system. The transformers are self-cooled, 
three-phase, 66,000-2200 volts, 5000-kv-a. capacity 
with four 215-per cent taps below 66,000 and are 
equipped with conservator tanks, thermometers, and 
temperature indicators connected to coils in the wind- 
ings. They are mounted on trucks and provision is 
made for a hoist beam for repairs. 

The disconnecting switches between the oil circuit 
breakers and the bus are.three-pole, gang-operated and 
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1500 volts above ground and when a semi-conductive cooling 
medium is used there will be some current leakage. I wonder 
why the manufacturers don’t go to oil cooling, using the same oil 
over and over again and cooling this with water through cooling 
coils. That would mean a change in apparatus but I am quite 
sure it is feasible. Attempts to overcome this difficulty by the 
use of distilled water have been unsuccessful; within two weeks 
it becomes contaminated to such an extent that it is worse than 
Lake Michigan water normally is. So, I think serious considera- 
tion should be given to cooling methods, making use of oil. 


W. C. DuVall: It seems to mein this big subject of rectifica- 
tion, it is going to be a matter of economics and I am quite con- 
fident that we are going to do in the future the same as we have 
in the past—engineers are going to find ways and means of 
correcting such things as telephone interference and other factors 
that would be in the way of progress. 

The biggest thing that the rectifier is doing is to help fight the 
battle of electrification of railroads, alternating current versus 
direct current, and no doubt, we are going to sift it down to a 
field where the rectifier will take its place at one end, and the 
converters at the other. Just where that division is going to be it 
is hard to say, but in any event, I am sure engineers will find 
a solution. 


W. B. Anderson: In the latter part of his paper, Mr. Shand 
mentions a series of tests on one of the old rectifiers, Unit No. 56, 
which was built by the Westinghouse Company in 1916. These 
and other later tests were made by the writer, who is associated 
with Mr. Shand, to obtain a direct comparison of certain features 
in the old and new designs. The older unit was operated for 
approximately three months. The results were such as readily to 
convince anyone that successfully operating steel-tank rectifiers 
were made by American manufacturers previous to their present 
commercial activity. 


The vacuum chamber of Unit No. 56 is a drawn steel tank 19 
in. in diameter and 26 in. deep, this being supported by an outer 
sheet metal casing which also serves as a water jacket. The two 
anodes are made of drawn steel and constructed to permit circu- 
lation of water for cooling. Steel anode shields are used and the 
cathode is not insulated from the rectifier tank. The unit is also 
equipped with a Pirani type of vacuum gage, the same principle 
now being applied to what is more commonly known as the 
“hot-wire” vacuum gage. All of the seals are made with 
“vacuum cement” a sealing compound developed especially for 
mercury-are rectifiers. This cement is still one of the best 
materials-that can be found for vacuum tight seals for certain 
applications. 

As Mr. Shand states, this rectifier had been out of service for 
more than eight years. The tank was opened, cleaned, and re- 
assembled, the only changes being the replacement of an old 
solder valve with a modern diaphragm-type valve. A set of 
vacuum pumps and a McLeod gage was added to make the 
rectifier an operative unit. 

The rectifier was operated at different voltages from 175 to 
750 volts and on continuous loads as high as 700 amperes It 
was operated 24 hr. per day for a week on a motor-generator set 
load of 600 amperes without a single interruption. Overloads 
as high as 1200 amperes were thrown on the rectifier for 5 min. 
with no apparent distress. Higher momentary overloads tending 
toward short circuits merely opened the circuit breakers. Opera- 
tion was resumed as soon as the breakers could be closed again. 
Several times the pressure was allowed to increase until an 
internal short circuit occurred. Following these, the tank could 
be pumped out again in three or four minutes and operation 
resumed. The internal design with the steel shields seemed to 
withstand rather abusive operating conditions. 

Two methods of supplying cooling water to the anodes were 
tried. In the first method, a part of the tank discharge water 
was passed through the anodes. This meant that with normal 
full load operating temperatures, the anode intake water tempera- 
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ture was about 35 deg. cent. When starting, the anodes were at 
room temperature or lower. The other method, which is similar 
to the practise of ten years ago, was to recirculate the anode 
discharge water, adding just enough make-up water to maintain 
a predetermined temperature. Before placing the rectifier in 
service, the anode water was heated to permit starting with warm 
anodes. The latter method proved much more satisfactory. 
Operation at uniform and higher anode temperatures was possible 
and the necessity of starting with cold anodes was eliminated. 


With such an anode-cooling system, it was possible to collect 
some interesting data and verify certain ideas relative to the 
proper temperatures at which anodes should be operated. 
Several mornings when starting up after the rectifier had been 
standing all night, full load and overloads were thrown on the 
rectifier. With cold anodes, the first few minutes of operation 
were very unstable and internal short circuits frequently oc- 
curred. By preheating the anode water, operation was made 
stable and there were no short circuits. 

For continuous operation, the anode water intake and dis- 
charge temperatures were limited to values corresponding to the 
limiting temperature of the seals. On several occasions, these 
temperatures were allowed to increase approximately 50 per cent 
for periods of about 2 hrs. following continuous operation at the 
first mentioned temperatures. The result was improved vacuum 
and increased stability under abnormal operating conditions as 
compared to similar operation with normal anode water tempera- 
tures. These tests demonstrated very forcibly the desirability 
of relatively higher anode temperatures. 


As already mentioned, the loss in the rectifier was dissipated 
either in the anode or the tank cooling systems. Measure- 
ments indicated that at full load, approximately 65 per cent of 
the loss was dissipated in the tank cooling water and 35 per cent 
in the anode cooling water. These values represent continuous 
operation at the most satisfactory discharge water temperatures 
for this particular design. 


One interesting and very noticeable thing connected with the 
operation of this old rectifier was a decided improvement in 
vacuum when it was placed on load after standing idle a few 
hours. This was apparently due to a redistribution of pressure. 

As Mr. Shand has pointed out, one of the objectives of the 
older rectifier development was the perfection of a rectifier 
normally requiring no vacuum pumps. The tests on Unit No. 
56 indicated that rectifiers can be made to operate for long 
periods without pumping. Rectifiers with such a high degree 
of vacuum tightness are not required now. Vacuum pumping 
equipment that is simple, compact, and reliable is available. 
With a rotating oil vacuum pump and a mercury diffusion pump 
such as used on modern steel rectifiers, it is possible to evacuate a 
tank of 13-cu. ft. volume from atmospheric to 0.001 m.m. of 
mercury pressure in 60 min. 

E. F. Siphers (communicated after adjournment) Mr. 
Shand has very accurately given the steps in the development 
and I believe that the decision to operate a rectifier with a pump 
running continuously is the turning point in the development. 
Until the latter part of the development described by Mr. Shand, 
we attempted to secure exceptional vacuum-tight joints hecause 
the pumps which were available then were very expensive and 
could not maintain a high vacuum against the small leaks. 
With the advent of the diffusion pump, about the time work was 
discontinued, the possibilities of operating with the pump running 
continuously and building rectifiers with a less perfect seal were 
being seriously considered. 

If the operators will accept steel-tank rectifiers, which must be 
pumped frequently or continuously in order to maintain a 
vacuum, I can see no reason why it should not be possible to 
furnish rectifiers of considerable capacity, and which will operate 
satisfactorily, as it will no longer be necessary to build seamless 
drawn steel tanks, nor to construct extremely tight vacuum 
joints, which are inherently expensive and hard to maintain. 
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(Discussion AT BETHLEHEM ON MartTI AND WINOGRAD PAPER 
ONLY) 


L. A. Doggett: Referring to the table, where the compar- 
ison is made on the efficiency basis between the rectifier and 
the motor generator set, it seems to me there ought to be another 
column in that table that would include the rotary converter, 
for it seems to me the rotary converter of a 3000-kw. size would 
have an efficiency of nearly 96 per cent which would make the 
efficiencies almost equal for the two rectifying devices. 


A. J. Standing: There are three questions that probably 
have been covered in this paper but unfortunately I have not 
had an opportunity to read it. The first question is: Are 
rectifiers available in 25-cycle 6600-volt circuits? The next 
question is: Are rectifiers affected by changes in temperature? 

_ And the third question is: What is the maintenance on them and 
what troubles are they subject to? 


J.T. Waugh: I would like to ask Mr. Marti what informa- 
tion he has on the reliability and maintenance of mercury-are 
rectifiers, as found by experimentation or actual practise? Can 
he give us the relative cost between a rectifier with its trans- 
former equipment and a motor-generator set of approximately 
50 to 100 kw. and for say 220 volts d-c. 


John Grotzinger: It is evident that the application of this 
rectifier to electric-traction substations is offering decided 
advantages. 

Unfortunately this does not apply to industrial plants where 
d-c. at 240/120 volts is required for the operation of small and 
medium-sized variable-speed motors. I take it that for a three- 
wire system two rectifiers would be required, one on each side of 
the neutral, operating at 120 volts d-e. 

At this low voltage there is no gain in efficiency over the motor- 
generator set and the cost of the rectifier would be excessive. 
The attractive feature in such an arrangement would be the 
freedom from the compounding trouble met with when operating 
several three-wire generators in parallel. 

I would like to have Mr. Marti tell whether in operating several 
such units in’ parallel they divide the load uniformly, also what 
takes place in the case of a short circuit. 

G. M. Kennedy: I want to know whether you use a three- 
phase transformer or a single-phase. Suppose we had a 300-kw. 
rectifier, what transformer capacity would we use with that? 


W. H. Lesser: How does the attention required with these 
rectifiers compare with the attention that we need with an 
automatic motor-generator set or an automatic converter? 


O. S. Clarks Fig. 5 shows increased tendency in Europe 
toward higher voltages. I wonder if this is being done to reduce 
distribution losses, or does it indicate a tendency to adopt the 
mercury-are rectifier which operates more efficiently at the higher 
voltages. 

D. C. Prince: On this question of telephone interference the 
General Electric Company has taken the position that we have 
to go halfway with the telephone company, and I believe all the 
rectifiers which we have put out are equipped with the reactance 
which Mr. Marti shows at the top of his figures. 

On the question of filters it has been a matter of where the 
exposure has been bad, and in our installations in most cases 
the exposures have not been bad enough to require the filters. 
However, there seems to be still some hidden question regarding 
that, beeause one hears all sorts of stories about what interference 
this rectifier and that rectifier produces. So far, our rectifiers 
with the series line reactance have made no trouble in the places 
where they have been fed over heavy power lines, and it is ob- 
served that if the rectifier is supplied over a large power line, 
so that it is a relatively small part of a power load, the inter- 
ference seems to be considerably less than where the rectifier is 
the only piece of apparatus fed over the entire line. A definite 
correction procedure will probably be developed as a matter of 
experience, and I don’t believe the cost will be great. In most 
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cases where we have had to put in the filters the cost has not been 
prohibitive. 

Mention is made that a rectifier is naturally a continuous- 
rated machine. The rectifier itself is only a small part of the 
installation, and for that reason the characteristics of the rectifier 
are not necessarily imposed on the system as a whole; that is, if it 
were desirable to supply any particular 2-hr. rating, the fact 
that the rectifier might come to its final temperature inside of 
half an hour would not make it necessary to supply a complete 
installation on the basis of half an hour period overload; i. e., the 
fact that the rectifier itself is a relatively small part of the whole 
makes it possible to discount its own particular characteristics 
by supplying a margin in rectifier capacity. We have installed 
in Chicago a rectifier with a capacity of 1500 kw., and this unit 
has repeatedly carried loads of over 9000 kw. with no ill effects 
whatever. We hope that the policy will be to install rectifiers of 
sufficient size to handle anything that can come, and then, 
as the device becomes more exactly known, it may be possible 
to make savings, but there again such savings will be only in the 
rectifier, which is but a small part of the whole installation. 

Mr. Marti has also gone into this question of the rating of 
transformers. The transformer rating for a three-phase rectifier 
is somewhere around 130 per cent of the kw. capacity, and for a 
six-phase rectifier he has given the figures as somewhere around 
150 per cent, and that leads to the question: Aren’t we sacrificing 
something by going to polyphase operation; that is, to a higher 
number of phases? We have made an investigation to see if the 
advantage in wave form of the higher number of phases cannot 
be obtained with three-phase units, which have the advantage 
not only in that the transformer ratings are less, but the regula- 
tion also tends to be better and the telephone interference tends 
to be less. As a result, our standard rectifiers, instead of being 
six-phase or more, are all three-phase, connected through inter- 
phase transformers, either two or four units operating at an 
angular displacement to bring the total phases up to six or twelve. 


Sidney Withington: (communicated after adjournment) 
There is no doubt that mercury arc rectifiers possess many mate- 
rial advantages as compared with rotary apparatus, either con- 
verters or motor-generators. They are relatively simple in their 
operation and, being static, are especially adapted to automatic 
substation operation; furthermore, they can, like transformers, 
be placed on the line instantaneously by the closing of aswitchas 
required to take care of sudden unexpected loads. As Messrs. 
Marti and Winograd have pointed out, rectifiers are especially 
advantageous for high voltages, both from the point of view of 
their operating characteristics, and cost as compared to rotary 
apparatus. Then, too, as has been stated, they are very attrac- 
tive as regards efficiency, especially at fractional loads. It 
should be borne in mind, however, that the relation between 
overload capacity and continous rating is relatively unfavorable 
as compared to rotary converters or motor-generator sets, es- 
pecially for steam-railway electrification. Where the load 
increments are relatively large compared to the total load, and 
where, therefore, the peaks may be of but short duration, the 
overload capacities of rotary apparatus are of value, whereas the 
relatively small thermal capacities of the rectifiers are a limiting 
factor. In the case of urban traffic, where the load increments 
are a relatively small part of the total load, this feature is of less 
importance, and this is the field in which the greatest develop- 
ment of the rectifier will undoubtedly lie. 

An important characteristic of mercury rectifiers is that if they 
are subjected to conditions which are too severe, they are not 
likely to be permanently damaged as are many other types of 
apparatus, but after a break-down due to overload may as a rule 
be immediately restored to service. M 

The question of overload characteristics is an important one, 
and it would appear to be opportune at this time to consider 
special ratings for mercury are rectifiers which would recognize 
the relatively high continuous capacity,as compared to their 
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overload capacity. Such data might well he ineluded in 
A. I. E. E. Standards. At present a “nominal” rating which 
means little, is assumed in order that standard overload specifica- 
tions may he met. 

A limitation of the mereury are rectifier is in its voltage regula- 
tion. There is, of course, no possibility of“ over-compounding,”’ 
and therefore there is a drop in bus voltage at heavy loads. This 
feature, however, especially in the case of strect-railway loads, 
may be offset by seattering automatic rectifier substations about 
the territory served, utilizing high-voltage a-e. distribution. 
Such a plan would, of course, mean a relatively low load factor on 
each substation and, therefore, a considerably greater installed 
capacity would be necessary than if the apparatus were concen- 
trated. It is probable, however, that before long, on account 
of quantity production and amortization of development 
expense, mercury rectifiers will be available at considerably 
lower cost than rotary apparatus, even for 600-volt service, and 
the excess capacity will thus be justified by the obvious advan- 
tages of small scattered substations. 


It is probably going a little too far to say that the mercury are 
rectifier will soon exert an influence on the much-discussed ques- 
tion of direct current versus alternating current for heavy 
traction svstems. The electrification system finally adopted asa 
standard in this country will necessarily be capable of handling 
all branches of operation economically and reliably, including 
suburban service and ‘‘through”’ traffic of all kinds, over the same 
tracks. National standardization in this respect is nearly as 
important as track-gage standardization, and should rest on 
considerations which are broader than the economics of any one 
individual problem. 

The chief limitations thus far with d-c. systems are not in the 
generation of power so much as in the flexibility of its distribution 
and use on the rolling stock, and with the increasing voltages 
mentioned by Messrs. Marti and Winograd, even though they 
may be practicable at the substations, problems will necessarily 
be met on the cars or locomotives in main motors and auxiliary 
facilities. Although it is of course impossible to predict what the 
future holds in store for us, nevertheless it may be said that the 
fundamental advantage of alternating current as compared with 
direct current in the present state of development of the art of 
electrification, is in the flexibility of the a-c. system, wherein it is 
possible on a single distribution system to operate motor cars, 
either singly or in multiple-unit trains up to ten or twelve cars, as 
well as high-speed ‘‘through’’ passenger trains, and extremely 
heavy-tonnage freight trains with concentration of 15,000 or 
20,000 hp. in a single train. This degree of flexibility has thus 
far not been reached with any d-e. installation yet designed, and it 
does not seem probable that the mercury are rectifier can 
change this phase of the situation very much, especially as it is, 
of course, impracticable to regenerate power and feed back into 
a transmission system through this type of apparatus. 


O. K. Marti and H. Winograd: Mr. McCurdy answered 
practically all the questions on interference which were raised 
during the discussion, and he brought out very clearly the prob- 
lems involved in mercury-are rectifier installations in connection 
with communication systems. I should only like to follow up 
one point a little further. As he states, there are also harmonic 
ripples present in the d-c. sides of synchronous converters, and I 
might point out that interference is sometimes caused by syn- 
chronous generators and condensers. Up to the present time, 
no definite rule has been established by technical societies with 
regard to the permissible volume of this interference for any 
kind of machine, and it is therefore difficult to arrive at a proper 
conclusion in regard to the permissible magnitude of the ripples. 
In connection with the machines which cause interference, the 
noise-meter and the telephone-interference-factor meter are used 
to obtain some quantitative measure of the interference effect. 
Assuming, now, that the influence of the rectifier ripples is 
measured by this meter, and that we allow about the same 
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telephone interference factor for rectifiers as for other machines, 
a filter equipment which is not prohibitive as to cost and main- 
tenance can probably be found, especially since the recent im- 
provements in condensers, due to the greater demand for them for 
radio and for power-factor correction, have improved their 
quality and also made them lower in price. 


In regard to radio interference, I should like to mention that 
even if the mercury arc should radiate waves of the frequencies 
used in radio communication, they would probably be shielded 
by the steel tank. However, it does not radiate such waves, and 
no difficulty has to be feared in that regard. It might, however, 
be mentioned that a great deal of investigating has been done in 
this connection in Europe, Canada, and in this country, without 
any influence on radio being observed. 

I had intended to discuss Mr. Butcher’s paper quite 
thoroughly, but Mr. Herz and Mr. Antoniono, whose companies 
have had rectifiers in operation for an appreciable period of time, 
gave a much better comparison of the advantages and disad- 
vantages of mercury-arc rectifiers and synchronous converters 
than I would have been able to give. 


I should, however, like to make some remarks regarding the 
first cost and the cost of maintenance, as brought out in this 
paper. The maintenance cost of rectifiers and their automatic ` 
equipment is less than for synchronous converters, as was proved 
by many comparative studies made abroad and in this country. 
It is unjust to base a comparison in regard to maintenance on 
the experiences obtained with the few early trial installations in 
this country, and the comparison will come to be more in favor 
of the rectifier as this equipment and its characteristics become 
better known. 

The cost of an installation as indicated on the last page of 
Mr. Butcher’s paper, giving the cost of the building and founda- 
tion as $5000 for either a rectifier or a rotary converter, cannot 
be correct for two reasons: First, the number of cubic feet of 
space required for a rectifier installation of a certain rating is 
much less than for a converter installation, and, since there are 
no heavy moving parts in a rectifier, the foundation costs practi- 
cally nothing by comparison. According to our estimate, the 
cost of a rectifier substation would be about two-thirds the 
amount stated in Mr. Butcher’s comparative table. Since the 
heat produced by the losses in a rectifier is carried away by the 
water, no extensive space is required above the rectifier, as is 
necessary for the proper cooling of a synchronous converter. 
The cost of making a well in case no running water is available 
can be circumvented by using a recooling system, the cost of 
which is considerably lower than the cost of making a well as 
given in Mr. Butcher’s paper. If the comparison had been made 
upon such a basis, it would have shown that the first cost of a 
rectifier installation compared to a converter installation for 
600 volts, direct current, would be the same, or even less. There 
is a tendency, and I do not see any reason why it cannot be done, 
to increase the trolley voltage to 750, and even to 800 volts. 
At such a voltage the first cost of the rectifier will be less and the 
saving effected due to lower losses in rectifier and feeder will be 
extremely favorable. 


Answering Mr. Clark’s question, I believe the tendency toward 
higher voltages in Europe is accounted for by a desire to secure a 
higher rectifier efficiency and to reduce the distribution losses as 
well. In one case 800 volts was adopted in order to do away 
entirely with all feeders, the rectifiers working directly on the 
trolley line at 800 volts. The spacing of the substations is 
very close, being only about half a mile. The rectifiers are 
mounted right on the station platform, there being no enclosure 
other than a screen, and the transformers are mounted close to 
the rectifiers. In this case, almost the entire cost of a substation 
building and feeders was eliminated. 

In answer to Mr. Lesser’s question in regard to the attendance 
required, I should think that the same practise as applied to 
rotary-converter stations should be adopted for rectifiers. Due 
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to the fact, however, that a fully automatic rectifier installation 
is simpler and involver less automatic equipment, it requires 
less attention. 

In this connection may be answered the last part of Mr. 
Standing’s question about the troubles to which rectifiers are 
subject. The main trouble experienced with the rectifier itself 
has been back-fires, or are-backs. By improvements in the de- 
sign of the rectifier and its auxiliaries, these have been practically 
eliminated, and when they do occur, they have no serious con- 
sequences as the rectifier can be put back into service 
immediately. In automatic rectifier substations they are taken 
care of by automatically reclosing circuit breakers. 


Mr. Grotzinger made a remark about the use of rectifiers for 
240/120-volt, direct-current, three-wire systems for industrial 
plants. There are a number of such installations in service. 
Since the rectifier efficiency is considerably reduced at the lower 
voltages, on such systems the rectifier is usually connected to the 
outside wires, and a balancer, which may be a battery or a small 
motor-generator set, is used for obtaining the middle wire. 

As for parallel operation, the rectifier is far better suited for 
such service than a rotary converter. Rectifiers will operate 
in parallel satisfactorily even if connected to two independent 
a-c. systems having different frequencies. Should the voltage be 
lowered, the rectifier cannot feed back, so that one rectifier 
cannot affect other rectifiers operating from the same or other 
a-c. networks. Frequently a power company would like to 
operate a rectifier from 25- and 60-cycle systems during certain 
periods. That, again, is an advantage of rectifiers, as they can 
operate equally well at 15, 25, 60, or even 100 cycles. The only 
factor which will be affected is the size of the transformer, which 
of course must be dimensioned for the lower frequency. This 
will cause a slight decrease in the efficiency of operation at lower 
frequencies. 

In regard to the question of whether a rectifier transformer has 
to be rated for a higher capacity than a transformer for a syn- 
chronous converter, and to what extent the size is affected by 
the number of phases, see curve No. 3 in Fig. 9 of the paper. 
From this curve it is evident that a two-phase transformer, for 
instance, has a rating of 125 per cent of the d-c. output, and 
about 145 per cent of the d-c. output for six-phase rectification. 
As a rule, because of the simplicity of the interconnections be- 
tween the phases and the lower cost, three-phase transformers are 
used with rectifiers. 

If a rectifier is operated in a place where the temperature is 
high, its operation is entirely unaffected, as the heat generated 
by it is taken away by the cooling water and therefore the am- 
bient temperature does not matter. This is another advantage 
of the rectifier; one can place it in a small space and does not 
have to bother with ventilators and ventilation ducts to remove 
the heated air from the room. Incidentally, the amount of noise 
generated by the vacuum-pump motor is so small that rectifiers 
may be located in places where rotary converters would be out 
of question. In fact, we have rectifiers operating in department 
stores, municipal buildings, hospitals, and other locations where 
the absence of noise is of prime importance. 

In reply to Mr. Waugh’s question regarding the relative costs 
of rectifiers and motor-generator sets for 50 and 100 kw., 220 
volts, the price of rectifiers would be higher. For such capacities, 
rectifiers would be used only if other factors, such as noise, 
flexibility, or operation, etc., make their application advisable. 

As to Mr. Doggett’s remarks, I wish to say that the comparison 
of efficiencies in the paper concerns 3000-volt conversion, for 
which synchronous converters would not be used. 

E. B. Shand: Mr. Marti has referred to the difficulties of the 
design of transformers when used with rectifiers,—a point which 
was also touched upon by Mr. Herz. I mentioned in my paper 
some extensive work on the investigation of rectifiers and circuits, 
and I believe that by adhering to the principles determined, these 
difficulties are not great; and in fact, they have not been found 
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so. Where complex arrangements of the transformer windings 
are used, there naturally will be some undesirable complications. 
The transformer inductance determines, to a large extent, the 
voltage regulation of the rectifier, and it requires careful design 
to obtain the proper distribution of this inductance in the wind- 
ings, particularly in the cases where complex schemes of con- 
nection are used. It may be said, therefore, that there is 
something to be gained in the choice of a simpler transformer 
arrangement. 


Referring to Mr. Marti’s remarks of the heat-storage character- 
istics of rectifiers as compared with rotating apparatus, I am not 
sure that I am in strict agreement. It must be remembered 
that water is the cooling medium of the rectifier and that water 
has a very great thermal capacity. Some calculations on this 
subject made some time ago indicated that the rectifier, with its 
cooling water, would have a slightly greater heat-storage capacity 
than a corresponding rotating machine. Of course, where the 
anodes are not equipped with water-filled radiators, the anodes 
will have a lower thermal capacity. 


There is probably a certain amount of general misunderstand- 
ing on the subject of the meaning of the over-load capacity of 
normal-rated machines. Tests have shown that a rotating 
machine, such as a d-c. generator or synchronous converter, will 
reach very nearly its maximum temperature in 35 to 45 min., so 
that there is no basis for the supposition that the machine can 
carry its guaranteed overload on account of its thermal capacity. 
The limitation for the continuous rating is based rather on the 
limitation on the current-collecting parts; that is, if operated 
continuously on the overload rating, the commutation limit 
would be exceeded and the maintenance on both commutator 
and collector rings would be unnecessarily high. With our 
present state of information on the rectifier, it does not appear to 
have these two kinds of limitations to the same extent, so that its 
application may not be made to the best advantage by directly 
following converter practise. 


In regard to telephone interference, I believe that Mr. 
McCurdy has brought out a number of interesting points. As 
he mentioned, when rectifiers are connected to a highly inductive 
load, such as presented by street-car motors, the harmonic cur- 
rents are reduced to a point where they do not cause any appre- 
ciable trouble; but as is usual practise, where low-impedance 
feeders connect different substations, the differential voltage 
between two pieces of apparatus in different substations will 
produce much larger harmonics over the connecting feeder. An 
exposure of much less than 10 ampere-miles of such harmonic 
currents has been found to cause trouble in telephone circuits. 
It has been demonstrated both in the investigation referred to 
in my paper, and also in later work that telephone interference 
can be eliminated by installing special apparatus either in the 
telephone circuits or in the rectifier circuit. The practicability of 
the elimination of telephone interference comes down, therefore, 
to a question of economies, both in the first cost of apparatus, 
and, where installed with the rectifier, in the additional losses 
involved. 

The comments of Mr. McCurdy on the relative advantages of 
6-phase and 12-phase rectifiers are not borne out in the experi- 
mental values of telephone-interference-factor which hy has 
obtained from these two types of apparatus. It may be noted 
that the wave shapes of rectifiers under load are such that the 
advantage of the 12-phase connection will be very much reduced 
on account of the effect of overlap which produces further varia- 
tions of voltage fluctuation but which do not occur at no load. 

C. A. Butcher: It is seldom required that converters of dif- 
ferent frequencies be operated in parallel although this is being 
done very satisfactorily. On the Edison system in Chicago, 
25-eycle and 60-evcle converters are operated in parallel on the 
d-e. bus with little or no apparent difficulty. 


There is something to be~said about rectifier development 
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apparently having been on a more rapid seale in Europe than in 
America. <A reason for this probably lies principally with the 
rates of development of the central-station industries in the two 
countries. 

The central station industry had its birth in this country in the 
three-wire d-e. system. This was quickly followed by the a-e. 
system, which discouraged the installation of numerous small 
isolated plants. Following later, the development of the central 
station in Europe was principally at 50 eycles, whereas 25 cycles 
was the predominating frequeney in this country. The 25- 
cycle converter was, therefore, not in the same demand in Europe 
as in America and, perhaps, has never reached the same stage of 
perfection. In the substitution of central-station service for the 
isolated plant, the rectifier in Europe has been the competitor of 
the motor generator and the motor converter rather than the 
synchronous converter. 

The development of the 60-cyele converter followed later and 
those familiar with it know that its early troubles were many. 
However, these have been quite suceessfully overcome. In 
spite of the remarks made about flashovers, the 60-evele con- 
verter Is a satisfactory piece of conversion apparatus. The de- 
velopment of the high-speed breaker, and the high-reluctance 
commutating pole has done much to assist in its proper per- 
formance. The operators can do well to study those features in 
the application of a synchronous converter which will contribute 
to its more satisfactory performance. Perhaps 50 per cent or 
more of the responsibility for the flashovers of synchronous con- 
verters is with matters of application and operation and not in the 
limitations of design. 

The increase of voltage above 600 brings in many other prob- 
lems in the way of design of traction motors, control, and dis- 
tribution insulation, also the problem of using efficiently the 
higher voltages in congested metropolitan areas. The automatic 
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substation, since attendance is not required, probably lowers the 
scale of voltages on which d-e. railways may be operated economi- 
cally. There are probably any number of installations which 
years ago would have been made at higher voltages had not the 
automatic substation been perfected to the point where a greater 
number of substations with smaller spacing might be used with- 
out excessive operating cost. 

The transformer design, which enables a rectifier designer to 
gain low efficieney at light loads, is also possible with synchronous 
converters since it is merely a matter of proper ratio of iron to | 
copper losses. 

Power-factor correction by operating rectifiers and converters 
in parallel in the same station, —a question was brought up by 
Mr. Blasser—is probably something that has not been given a 
great deal of consideration. When one stops to think that the 
power factor of the rectifier, 93 per cent, is much better than that 
of the average industrial load, and that generators in our power 
stations are designed for 80 per cent power factor. I doubt if he 
will find very much to be gained by the parallel operation of 
converters and transformers in the same station fur that purpose. 

The question of reverse current at light loads merely means 
that the designs for interurban substations or metropolitan sub- 
stations must be considered in conjunction with the a-c. supply 
in order to gain stability of synchronous apparatus and the system 
as a whole. 

Operating third-rail systems with 60-evcle synchronous con- 
verters does not render the problem of flashovers more serious. 
If the installation is properly made, the flashovers are probably 
not so severe, on a third-rail system as on overhead, for the reason 
that the magnetic induction on the third rail on the average 
fault, causes the current to rise very slowly, and thus it may be 
interrupted by a breaker of ordinary speed before the load on 
the converter is such as to cause flashover. 


Electricity in the Drilling of Oil Wells 


BY L. J. MURPHY: 


Non-Member 


Synopsis.—As in other industries, electricity has taken the lead 
in the petroleum industry in putting the drilling of oil wells on an 
engineering basis and as a result of numerous installations it can be 
said that oil companies in general at the present time have a very 
receptive attitude toward electric drilling. Satisfied drillers, easy 


CABLE-TOOL DRILLING 


HERE are two forms of drilling practise in common 
T use in the United States today, ï. e., cable-tool 
and rotary. The cable-tool or percussion system 
was the original method and is the one most extensively 
employed at the present time. It is used exclusively 
in the Pennsylvania, Ohio, Illinois, and Kentucky fields 
and to a very large extent in the mid-continent and 
western fields. 

In drilling with this system, the drilling ‘ols are 
suspended from a steel cable or manila rope and moved 
in an up-and-down motion with the speed of the walk- 
ing beam, which supports the tools, corresponding to 
the natural period of the string of tools. Naturally 
this period becomes greater as the depth of the hole 
increases and, in order to obtain maximum drilling 
speed, the motor driving the rig must be capable of very 
delicate adjustment over quite a wide range of speed. 
It can be seen readily that this method is better adapted 
to hard solid formations than to soft formations on 
account of the fact that repeated jarring of the earth will 
loosen soft structures and cause cave-ins which necessi- 
tate fishing jobs and no end of trouble. 

There are four principal operations in the drilling of 
oil wells by the cable-tool system, namely, spudding-in, 
drilling, hoisting tools, and bailing, each operation 
necessitating distinct requirements of the electrical 
equipment operating the rig. 

The ‘“‘spudding” operation E of raising the 
drilling tools through a vertical distance of three or four 
ft. and allowing them to fall. The operation is accom- 
plished by means of a jerk line one end of which is 
attached to the crank on the band wheel and the other 
end through a sliding shoe to the cable which supports 
the drilling tools. The tools are supported usually by a 
steel or manila cable which passes over a sheave wheel 
on top of the derrick and then is spooled on a hoisting 
drum or bull wheel. The tools are fed downward by 
releasing the brake on the bull wheel. Near the top 
of the hole the band wheel is operated at a speed of 
42 to 45 rev. per min. to give most satisfactory opera- 
tion and the speed must be very closely controllable. 
This operation requires approximately 30 to 40 hp. 
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operation, low maintenance, low power bills, fewer shut downs, per- 


“fect motion, faster drilling, heavier pulling, no stand-by losses—all 


these factors have contributed to make electricity the coming accepted 
standard by which all other forms of oil-well drilling will be judged. 
* 


* * * * 


After a 200- to 400-ft. length of hole has been drilled 
by the spudding operation the remainder of the drilling 
is done on the beam. Drilling on the beam requires that 
the speed of the driving motor or motors be very closely 
regulated and that the motors have relatively small 
fly-wheel effect in order to permit rupid variation in 
speed in response to variations in torque throughout 
the drilling cycle. The range of speed throughout the 
drilling of a well runs from 40 to 45 strokes per min. at 
the top of the hole down to as low as 14 to 20 strokes 
per min. at the bottom. 

The average speed of the drilling equipment must be 
adjustable at all times to correspond exactly to the 
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Fia. 1—Power REQUIREMENTS FOR O1L WELL DRILLING BY 
THE CABLE-TOOL METHOD 


HORSEPOWER OUTPUT OF THE MOTOR 


natural period of the drilling tools and drilling line, if 
maximum progress is to be obtained. If the speed of 
the drilling tool is set too low, the bit does not strike a 
sharp blow and the progress is slow, while if the speed is 
set too fast, excessively high stresses are set up in the 
drilling cable, drilling is slow, and fishing jobs are to be 
expected. 

The horse power required will be found to vary but in 
general it can be said to decrease somewhat as the depth 
increases. If the hole is free of water, the horse power 
required to swing the tools will be comparatively light, 
the beam will operateat a larger numberof strokes, and 
the drilling will progress faster than if water in appre- 
ciable quantity is encountered in the hole. 

Fig. 1 is a curve showing how the horsepower output 
of the motor varies with the depth of the well. As no 
two wells are exactly alike and as conditions will vary 
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considerably throughout different parts of the country, 
the above mentioned curve can be considered as 
representative only of the general trend of the power 
requirements with increase in depth. 

After every six-foot length of hole has been drilled, it is 
necessary to remove the cuttings from the hole and be- 
fore this can be done the drilling tools must be hoisted. 
In this operation heavy ropes are slipped into a large 
grooved pulley on the bull wheel and into similar 
grooves on a tug rim bolted to the band wheel. Thus, 
the same motor equipment that is used for drilling is 
used for hoisting also. The pulley ratios between the 
motor equipment and the band wheel are such that a 
maximum speed of 80 to 90 rev. per min. is possible at 
the band wheel and approximately 90 to 100 rev. per 
min. at the bull wheel. The tools are accordingly 
hoisted out of the well at a rate of 350 to 700 ft. permin., 
the speed increasing as the bit nears the surface, due to 
the increasingly larger effective drum diameter. As 
the effective drum diameter is increasing, however, the 
weight to be lifted is decreasing, so that for a given 
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probably around 25 to 30 kw. The operation of 


. hoisting the tools shows that considerable power is 


required to accelerate the load to full speed but that as 
soon as the motor has come up to full speed the load 
remains practically constant. Since the motor is 
already up to full speed at the time the bailing operation 
commences, the peaks at the start of this operation can 
be attributed to pulling the bailer loose from the mud 
at the bottom of the hole and accelerating it to full - 
speed. It will be noted that the first bailer was evi- 
dently more fully loaded than the second. 

In order to take care of all the operations incident 
to the drilling of an oil well by the cable-tool method, 
there are two equipments in common use in the United 
States at the present time, one involving two two-speed 
motors and the other involving one larger single- 
speed motor. The former method employs two stand- 
ard two-speed, 15/35-hp., oil-well pumping motors 
belted to a common counter shaft whereby the drilling 
is accomplished on the low-speed, low-horsepower 
connections and the hoisting taken care of on the high- 
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Fic. 2—TyYPICAL GRAPHIC CHART SHOWING VARIOUS OPERATIONS IN CABLE-TOOL DRILLING 


condition the horsepower remains practically constant 
from bottom to top. At the start of the drilling, the 
hoisting of the tools is not exceptionally heavy duty, 
but as the hole becomes deeper this load is likely to 
become as high as 150 hp., especially if the rig is not 
very efficient. 

As soon as the drilling tools have been hoisted out of 
the hole, the bailer is lowered several times to remove 
the cuttings. The bailer, which consists of a piece of 
pipe with a dart valve at the bottom, is operated by a 
sand reel, friction-driven from the band wheel. The 
speed of hoisting the bailer is approximately 2 to 214 
times as fast as the speed of hoisting tools, but because 
of the lighter weight of the bailer the load on this 
operation is practically the same as that of hoisting 
tools. 

Fig. 2 represents a section of a drilling chart, showing 
the various operations when drilling at a depth of 
approximately 600 ft., using a 15-in. bit. It will be 
noted that for a considerable portion of the drilling 
cycle, the load is approximately 16 kw. but that at the 
peak the meter registed 53 kw. with an average 


speed, high-horsepower connections. Each motor has 
nine points of speed control on each speed connection 
and by operating one controller on one point and the 
other on any one of its nine points, a total of 45 speeds 
on each speed connection is available. The latter 
method employs a standard 75-hp., single-speed motor 
in which the low drilling speeds are obtained by the 
insertion of slip resistance in the secondary circuit of 
the motor. A main controller takes care of acceleration 
and reversing and an auxiliary controller gives fine 
speed adjustment by subdividing one of the steps of 
resistance into a number of smaller steps. 

In regard to power consumption, the kilowatt-hours - 
per foot will vary considerably with the location and 
formation but in general it can be said to vary from 4 to 
10 kw-hr. per ft. for a 2000-ft. well with an average of 7 
and from 5 to 12 kw.-hr. per ft. for a 3000-ft. well with 
the average correspondingly increased. The two-motor 
scheme will be found, as a rule, to be the more economi- 
cal of the two, due to the fact that during the major 
part of the drilling operation the two motors are 
operating at more nearly their synchronous speed and 
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therefore little power is lost ‘in secondary resistance. 
Fig. 3 shows an installation of this kind. 

Fig. 4 shows a typical power curve for cable-tool 
drilling in the mid-continent field and indicates that the 
total power consumed tends to increase slightly faster 
than the increase in depth, due, no doubt, to the greater 
power consumption in the hoisting and bailing op- 
erations. 


ROTARY DRILLING 


In certain sections of the country where the forma- 
tions are, for the most part, of unconsolidated material 


Fig. 3—INSTALLATION OF TWO 15/35-Hp. Pumpina Motors 
FOR CaBLE-TooL DRILLING 


such as sand, gravel, and boulders, considerable diffi- 
culty was encountered in endeavoring to apply the 
cable-tool system as the jarring of the tools would 
loosen the earth and cause cave-ins with resulting 
fishing Jobs. To handle these formations successfully, 
the rotary system of drilling was developed. 

In this system a hollow drill pipe with a suitable bit, 
usually shaped like a fish tail, fastened to the bottom 
of it, is rotated at a speed of 60 to 90 rev. per min. and 
gradually fed downward. At the same time plunger 
pumps force mud down through the drill pipe, through 
two small holes or eyes in the bit, and up on the outside 
of the drill pipe. The combination of the scraping 
action of the bit with the jetting action of the mud 
through the holes, actually drills the well, but in addi- 
tion to assisting in drilling the mud functions also to 
carry the cuttings continuously to the surface. The 
high hydrostatic head forces this mud into the soft 
formations and the rotating pipe trowels it into place 
and thus the walls of the hole are built up rather solidly. 
The amount of casing required with this system is 
thereby reduced to a minimum. 


The equipment involved in an electrically-driven 
rotary drilling rig consists essentially of a motor, a 
suitable single reduction gear unit, a draw works, a 
rotary table, and two motor-driven mud pumps. The 
draw works comprises a line shaft chain-driven from the 
gear unit and a drum shaft on which is mounted a 
hoisting drum so arranged with a number of sprockets 
and jaw clutches, chain-driven from the line shaft, that 
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two or three hoisting speeds can be obtained. The 
rotary table is also chain-driven from the line shaft 
with a jaw clutch on the latter whereby the rotary 
table can be disengaged at any time. 

The operation to be performed in rotary drilling may 
be segregated into three distinct classes: drilling, 
hoisting and lowering drill pipe, and circulating, each 
requiring certain fundamental features in the design of 
the electrical equipment. The drilling operation re- 
quires from 30 to 100 kw., depending on the depth, 
size of hole, and the formation, and as mentioned 
previously, the table speed ranges normally from 60 to 
90 rev. per min., although under some conditions this 
speed may be as low as 30 rev. per min. Certain 
formations require as high as 100 kw. at a speed of 70 
rev. per min. which is probably the worst condition 
encountered, while in other formations the most 
satisfactory progress of the bit will occur at 90 rev. per 
min.. with loads as light as 30 kw. When special types 
of rock bits are employed, the speed of rotation of the 
drill pipe will be as low as 30 rev. per min. and the power 
drawn from the line will seldom exceed 30 kw. Thus it 
can be seen readily that the ranges of power and speed 
for satisfactory penetration of the bit vary considerably 
with the formations and the location. 

There is still another feature to take into considera- 
tion and that is the ultimate torsional strength of the 
drill pipe. With the necessity for excessively high 
torques in hoisting, as will be described later, it is found 
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Fig. 4—Typicat Curve or Power ConSUMPTION OF A WELL 
DRILLED IN KANSAS BY THE CABLE-TOOL SYSTEM 


highly desirable when drilling to insert a certain amount 
of permanent resistance in the secondary circuit of the 
motor which will not only limit the maximum strain 
that can be applied to the drill pipe but which will also 
give the motor a drooping speed-torque characteristic. 
This drooping characteristic offers a cushioning effect 
between the motor and the drill pipe, a feature particu- 
larly desirable when drilling through boulders or hard 
shells where the equipment is frequently subjected to 
very severe shocks. 

After drilling has progressed for four orfivehours, the 
bit has usually become dull and out of gage and it is 
therefore necessary to replace it with a fresh bit. To 
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do so means removing all the drill pipe from the hole 
and standing it up in the derrick in ‘‘fourbels’ or 
approximately 85-ft. lengths. As the well becomes 
deeper this operation requires an ever increasing per- 
centage of the total time and as a result it is highly 
desirable to have equipment which will take care of 
extremely high overloads for short periods of time in 
order that as much of the drill pipe as possible can be 
hoisted in high gear. Records show that when handling 


Fig. 5—INsTALLATION oF 100-Hp. Rotary DRILLING 
EQUIPMENT SHOWING RELATIVE LOCATION oF Motor, CONTROL, 
Gear Unit anb Draw Works 


3500 ft. of 6-in. diameter drill pipe, representing 
approximately 42 tons, the hoisting loads are as high 
as 300 hp. but inasmuch as the load lasts only for a 
period of 40 to 50 sec., this load can be handled very 
conveniently by a 100-hp. motor, providing the motor 
has been designed with ample pull-out torque. After 
hoisting the entire string of drill pipe approximately 
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required by friction, the weight of the blocks, and one 
stand of pipe. 

After the worn bit has been replaced, the pipe is put 
back in the hole, and during this operation very little 
work is required of the motor other than lifting the 85-ft. 
sections into place for coupling together and running 
the blocks up light to the top of the derrick. 

Circulating is an operation in which the drill pipe is 
held off bottom and rotated very slowly at a speed 
seldom exceeding 15 rev. per min. The purpose of 
circulating is to allow the pump to force mud through 
the drill pipe and build up the walls of the hole. Since 
the load is exceptionally light and the speed extremely 
low, a considerable amount of secondary resistance is 
required to accomplish the desired results. Rotating 
the drill pipe at too high a speed in this operation will 
cause the bit to become out of gage. 

For extremely shallow wells it has been found that a 
15/35-hp., two-speed pumping motor has sufficient 
capacity to do the work, but for the average wells a 
100-hp. or 125-hp. motor is required, with the possi- 
bility of utilizing a 75-hp. motor on moderately light 
wells in some territories where oil is reached at a depth 
not in excess of 3000 ft. It is interesting to note that 
the deepest well in the world, 8046 ft. deep, was recently 
completed in California and electric motors were used 
throughout, both for driving the drilling machinery 
and for operating the mud pumps. 

Fig. 6 is a typical graphic chart showing the load on 
a 100-hp. drilling motor for the various operations. 

The power consumption per foot of hole will vary 
considerably with the location, with the ultimate depth, 
and with the diameter of the hole. In the Gulf Coast 
district for wells around 850 to 950 ft. deep, the kw-hr.- 
per-ft. range from 1.5 to 4 with an average around 2.5. 
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Fig. 6—Grarpuic WATTMETER CuHart OF 100-Hp. Rotary DRILLING EQUIPMENT OPERATING AT A DEPTE OF 2730 Fr. 


85 ft., one stand or fourbel is uncoupled and stood in 
the derrick, the elevators are lowered, a new hold taken 
on the drill pipe, and the hoisting operation repeated. 
Thus there is an interval of about one minute when the 
motor is required to do little or no work. Each suc- 
ceeding hoisting operation means less load on the motor 
until, when the last length of pipe is drawn out of the 
hole, the load is a minimum, amounting only to that 


Deeper wells in this same territory require from 8 to 
14 kw-hr. per ft. with an average of 9.5, the great 
increase over the shallower wells being due primarily 
to the larger diameter hole, the harder formations at 
the greater depths, the high power consumption during 
hoisting, and the extra horse power to maintain mud 
circulation at the greater depths. In the California 
fields, for 3500- to 4000-ft. wells, the power consump- 
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tion runs as high as 25 kw-hr. per ft., although, with the 
general adoption of more efficient bits, this figure has 
been reduced considerably. It is therefore apparent 
that no definite figures can be given as to the power 
consumption for various depths of hole as conditions 
vary in different fields and even in the same field the 
formation varies to a great extent. 


AUTOMATIC ROTARY DRILLING 


A large proportion of the difficulties in rotary drilling 
are fundamentally caused by improper feed of the drill. 
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Fig. 7—ScHEMATIC DIAGRAM SHOWING PRINCIPLE OF OPERA- 
TION OF THE HILp DIFFERENTIAL DRIVE FOR AUTOMATIC 
Rotary DRILLING 


SPEED (REV. PER MIN.) OF DIFFERENT PARTS OF 
AUTOMATIC DRILLER 


Operation Reg. motor Differential Drilling motor 
Drilling, no pro- 
lips mere 1000 Forward 0 1000 Forward 
Drilling progress 990 Forward 5 Down 1000 Forward 
Drilling progress 990 Forward 2 Down 996 Forward 
Retrieval........ 990 Forward 45 Up 900 Forward 
Hoisting........ 1000 Forward 1000 Up 1000 Reverse 


The feed is in the hands of an individual operator and 
the regulation of proper feed depends upon the personal 
equation of this individual, his judgment, his experience, 
his desire to do good work, ete. Errors of the individual 
are responsible for many such accidents as twist-offs, 
balled bits, and crooked holes. If the feed of the bit 
could be made scientifically proportional to the resis- 
tance it encounters, and if this feed could be cared for 
automatically and independent of any personal equa- 
tion, many of the accidents and errors due to incorrect 
drill feed would be eliminated, the speed of drilling 
would be increased, delays would be decreased, and 
costs would be reduced. The Hild Differential Drive 
was developed with this idea of providing a scientifically 
regulated feed for the drill bit in the place of haphaz- 
ard manual feed dictated by personal judgment and 
inclination. 
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The fundamental principle of the Hild Differential 
Driveis that the downward feed of the drill pipe is varied 
according to the power required to revolve the bit on 
bottom. This relationship between the feed and the 
power required for drilling is not only adjustable but is 
fixed for any given adjustment due to the inherent 
characteristics of induction motors and the principle 
of the differential gear drive. In operation, if the 
formation changes so that the load on the drill pipe 
increases, the downward progress of the drill pipe is 


automatically retarded. Thus the device not only 


tends to keep the load on the drill pipe constant for any 
given setting but also tends to hold the pipe on bottom 
at all times and at a constant pressure. Furthermore, 
if the load on the drill pipe suddenly becomes excessive, 
as would be the case in encountering boulders, the drill 
pipe is raised until the bit is free of the obstruction, after 
which downward progress is again resumed. 


Briefly, the equipment makes use of a differential 
gear unit and two motors. The drilling motor drives 
one-half of the differential, and also the rotary table, 
direct through gears and chains; while the regulating 
motor is connected to the other half of the differential. 
The hoist drum is connected to the central portion or 
floating part of the differential gear unit. 


Referring to Fig. 7, it will be seen that if the two 
motors are rotating in opposite directions as indicated 
by the arrows, with the drilling motor having the 
slightly higher speed, there will be a slight downward 
feed of the bit. Now if the load on the drill pipe 
increases, the increase is reflected in a slowing down of 


Fia. 8—INSTALLATION or Hitp DIFFERENTIAL DRIVE FOR 
Automatic Rotary DRILLING 


the drilling motor and a resultant decrease in the rate 
of feed. If the speed of the drilling motor is reduced 
below the speed of the regulating motor, the feed 
reverses and the bit is raised off bottom. Thus the 
device tends to maintain a constant predetermined 
pressure of the bit on bottom, at the same time limiting 
the torsional stresses in the drill pipe. By reversing 
the drilling motor, the equipment is used for hoisting 
with the maximum power of both motors available. 
Fig. 8 shows an installation of this type of drive. 

In the operation of this equipment, the drilling, the 
hoisting, and the other_minor operations are all per- 
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formed in the same manner as with the hand-fed 
equipment. 

In Fig. 9 are shown two typical parallel graphic 
wattmeter charts representing the loads on the drilling 
and regulating motors when drilling at depths of 1460 
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hoisting load is divided evenly between the two 
machines. A comparison of the charts in Fig. 9 with 
those in Fig. 6 demonstrates conclusively the advan- 
tages of the automatic feeding of the bit over the hand- 
fed method, both from an economic and from an 
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Fic. 9—PaRALLEL GRAPHIC WATTMETER CHARTS OF LOAD ON DRILLING AND REGULATING Motors 


Upper—Drilling motor 
Lower—Regulating motor 


Note the comparison between the loads for automatic drilling and hand fed drilling as shown in Fig. 6 
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to 1490 ft., using 6-in. diameter drill pipe and 1414-in. 
fish-tail bits. The total drilling load is represented by 
the sum of the loads on the two motors. During 
hoisting both motors are pulling together and the total 


engineering standpoint. The absence of peaks during 
the drilling operation with the automatic feed lessens the 
strains in the equipment as well as in the drill pipe and 
the steady uniform load insures that the bit is on bottom 
the maximum possible portion of the time, resulting 
naturally in much faster drilling. 

Fig. 10 shows how the total power consumption 
varies with the depth of the hole in the drilling of a 
3700-ft. well in the California fields with the Hild 
Differential Drive. It willbe noticed that in this particu- 
lar case the power consumption amounted to 15.5 
kw-hr. per ft., while for other wells in the same field 
using the same drive the consumption has run as low 
as 6.6 kw-hr. per ft. The general shape of the curve 
appears to be a slight modification of a parabola 
which differs from the shape of the curve for wells 
drilled by the cable-tool method as shown in Fig. 4. 

The past three years have demonstrated the success 
of the automatic drive and, in the opinion of quite a few 
operating men, this drive constitutes the greatest 
advance in the art of oil-well drilling since the advent 
of the rotary system. 
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Everywhere in the oil fields, the operator is in a very 
receptive mood towards electrification as a result of the 
success of the pumping and drilling drives. The possi- 
bilities are unlimited, especially when it is considered 
that the industry is at the present time less than 10 
per cent electrified and the central stations have only 
just recently realized the desirability of the oil field 
load. The drilling load in itself is not so desirable 
but wherever a well is drilled electrically, it is pumped 
by the same power and the pumping load with practi- 
cally a 100 per cent load factors represents the ideal 
load for any central station. 


Discussion 


W. G. Taylor: Both cable-tool and rotary drilling impose 
extremely heavy duty on the power equipment, as is indicated 
to some extent by the graphic charts submitted in Mr. Murphy’s 
paper. It would be even more interesting if he had shown some 
records of the work required to handle and set the casing which 
lines the well. In fact, it is this work which really determines 
the size of motor necessary for cable-tool drilling. The work 
{fs fully as heavy as handling drill pipe in rotary drilling. 

The exacting requirements of oil-well drilling by either method 
have resulted in the development of the special equipments and 
schemes of control which Mr. Murphy has described. In the 
case of cable-tool drilling, the relative success of the twin-motor 
and single-motor schemes has been determined by the practical 
rather than by the economic aspects, and some of these may well 
be mentioned here. ° 

Experience has shown that the twin-motor equipment requires 
more than ordinary attention from the driller to avoid serious 
overloading of one motor, and that the average driller in the 
fields cannot be depended upon to handle this type of equipment 
without burning out a motor now and then. Belt maintenance 
has proved excessive, and it has been found difficult to keep 
the motors and countershaft in alinement. On the other hand, 
the single-motor equipment has been relatively free from troubles. 
These things explain why oil companies, especially those which 
have tried out both kinds of equipments on a large scale under 
similar field conditions and have thus obtained a fair comparison, 
have a decided preference for the single-motor cable-tool 
equipment. 

It is of interest that a 75-hp. single-motor cable-tool rig very 
successfully drilled a well in Colorado to a depth of 7300 ft., with 
every indication that the motor could continue the drilling work 
indefinitely to greater depths without the least distress. 

Automatic feed of the bit in rotary drilling as exemplified by 
the Hild differential drive is a recent and very interesting 
development. Two devices of this kind are on the market, 
both operating on the fundamental principle of the differential 
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gear. One of these is the Hild drive described by Mr. Murphy, 
and the other is the Halliburton drive. Both accomplish 
similar results, but the latter is driven by a single motor, or it 
may be driven by an engine of almost any type. The motor 
or engine drives the ring gear of the differential, as an engine 
drives the differential on an automobile. The two shafts, cor- 
responding to the rear-wheel axles of the automdbile, drive the 
drilling bit and the draw-works hoisting drum through suitable 
chain or gear reductions. Thus the feed of the bit is balanced 
against the torque of the load and varies inversely as the load, 
and the bit is automatically retrieved when the load exceeds a 
certain amount. A number of the Halliburton drives are in 
successful operation, with both motor and steam-engine drive, 
and the future will very probably see many more of both types 
installed. but it seems likely that their application will be 
limited to deep drilling as long as their present high prices prevail. 

B. T. McCormick: Fig. 4 in Mr. Murphy’s paper shows 
that for a well of about 2000 ft. in depth 12,000 kw-hr. is required, 
which means about an average of 6 kw-hr. per ft. 

Some of our recent experience in Pennsylvania field wells of 
about 2000-ft. depth drilled with gear units and also the old 
fashioned jack-shaft drive by Star Delta drilling motors indicates 
that we get an average of about 3 kw-hr. per ft. I do not know 
whether that difference is due to the difference in formation or 
not. I should imagine that difference might account for the 
very much lower kilowatt-hour draw in the Pennsylvania field. 

I would like to ask just why the depth of the well influences 
the power requirements in the way it seems to. There seems 
to be a marked reduction in horse-power required as the well 
becomes deeper. That point has not been made entirely clear. 

L. J. Murphy: In answer to the latter question, it might be 
stated that this reduction is due to several different causes— 
first, the decrease in diameter of the hole as the depth increases, 
second, a decrease in the size of drill stem used and, third, the 
slower motion. 

Mr. McCormick mentioned that in the Pennsylvania fields 
they have records which show that drilling could be accomplished 
to 2000 ft. with a power consumption as low as 3 kw-hr. per ft. 
In this connection I might state that I have seen installations 
in the Bradford territory where drilling was accomplished to a 
similar depth with a 30-hp. motor with a power consumption of 
2.4 kw-hr. per ft. However, this equipment is such that high 
hoisting speeds are not possible, and I believé the same holds 
true of the equipment which Mr. McCormick mentions. In 
other words, the band-wheel speeds are not in excess of 50 rev. 
per min., and, hence, little power is used in the secondary 
resistance. This accounts for the low power consumption, but, 
in obtaining low power costs, the motor, during drilling, is 
operating at more nearly synchronous speed with the result that 
it has a rather stiff speed-torque characteristic not conducive 
to satisfactory drilling motion except with a manilla drilling line. 
The Bradford field is one of the few territories using this type 
of cable. 
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Synopsis.— The advantages of electric drive for cement mills are 
' enumerated in this paper and general pointers on installing electrical 


O single factor has contributed more to the present 

N design and efficient operation of a modern cement 

mill than the application of electricity as its 
motive power. 

The older cement plants were designed to operate on 
steam power and since this necessitated the use of long 
line shafts to accommodate the numerous pulleys 
required to drive the many small manufacturing units 
then in use, these plants were practically built around 
an engine room. For this reason it was not possible to 
arrange the machinery used for the manufacture of 
cement in such a way as to insure maximum efficiency, 
` nor could the elevating and conveying systems be 
installed se as to fjve the best flow of materials through 
the mill. oo 

The first applicacion of electric motors in cement mills 
was the use of d-c. motors to drive auxiliary machinery 
requiring from 1 to 50 hp. It was, for example, most 
inconvenient to transmit power from the line shafts to 
elevator heads and overhead conveyors, and tests 
showed that from 50 to 90 per cent of the power was 
lost in transmission, due to speed reductions usually 
accomplished with long chain and sprocket drives. 
Electric motors in such places proved an immediate 
success. They not only cut the transmission losses 
but it was soon found possible to install an astonishing 
amount of connected load in motor horsepower, on a 
generator set of much less rated capacity. This was due 
to the fact that such drives are usually over-motored 
due to the high ratio of the maximum to the average 
power required by the individual motors. In one case 
known to the writer a total of 375 hp. in rated motor 
capacity was carried by generators rated at 150 kw. 
with only occasional interruptions in service due to 
opening of circuit breakers. This constituted such a 
radical and valuable change from the old line trans- 
mission practise that small generator units driven by 
special high-speed engines of from 100 to 500 hp. 
became a feature of every cement plant. 

The electrification of the cement plants in the Lehigh 
Valley was started on a larger scale when the Lehigh 
Navigation Electric Company built its plant at Hauto 
and offered attractive power rates to the cement manu- 
facturers, most of whom were operating with steam 
power plants that were either in poor condition or badly 
overloaded due to increased production demands. The 
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equipment are given. The electrical installation recently made ina 
modern cement plant is described. 


work of changing over these mills consisted primarily of 
replacing the old line shaft drives by individual motors, 
and in most cases the general layout of the cement 
machinery was not changed to any great extent to get 
greater advantages of the use of electric motors. One 
of the plants installed 2200-volt and 220-volt induction 
motors, two plants used 550-volt induction motors, and 
one plant installed d-c. motors. 


The advantages of the electrification were realized 
very soon. At the Coplay Cement Manufacturing 
Company’s plant the production was increased from 
2600 barrels per day to over 3000 barrels per day with- 
out the addition of a single grinding unit and since the 
meters on the various feeder circuits gave accurate 
records of power consumption, causes of trouble and 
faulty operation could be detected easily and the unit 
cost of manufacture was decreased. 


The use of electrical machinery in a modern cement 
mill is necessary for the following reasons: 


1. It makes it possible to design a plant to meet 
manufacturing conditions without being restricted by 
conditions imposed when using other forms of 
power. 


2. Increasing cost of labor necessitates the use of 
labor saving devices that are not practical except when 
driven by electric motors. 


3. Saving in operating efficiency on account of not 
running idle machinery. 


4. Necessity of keeping accurate daily cost-data 
which is greatly aided by proper use of electric 
meters. 


5. Greater flexibility in making repairs and adjust- 
ments to various parts of mill without interfering with 
other operations. 


6. General trend toward larger manufacturing units. 


One of the most important points to consider in the 
operation of a cement mill is the continuous operation 
of the various departments according to a prearranged 
schedule. The schedule of operation depends mostly 
upon local conditions, for, although it is necessary to 
run the kilns without shut-down, it is sometimes advis- 
able to shut down certain departments over the week- 
ends. The quarrying and packing operations are in 
many cases discontinued on Sundays except during 
periods of maximum shipping requirements. 


The manufacturing departments of a dry process 
cement mill may be divided as follows: 
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Quarrying, 

Stone Crushing and Drying, 
Raw Material Grinding, 
Kilns, 

Coal Crushing and Grinding, 
Clinker Grinding, 

Stocking and Packing. 


It is seen easily that if a mill is designed with sufficient 
storage capacities between these departments, any 
department except the kilns and possibly the coal 
department may be shut down for repairs or other 
reasons without interfering with the other operations. 

In a cement plant as outlined above, the electrical 
feeders should be so arranged as to supply one depart- 
ment only. If this rule is followed, repairs and adjust- 
ments to electrical apparatus and mill machinery can be 
made without interfering seriously with the operation 
of the mill. Such a feeder layout will not always meet 
with approval from an electrical point of view since the 
power requirements of the various departments vary 
within wide limits, which means that the feeder panels 
and the distribution feeders will not be the same size, 
but the advantages gained from a manufacturing 
standpoint offset its disadvantages when considered 
simply as an electrical installation. 


The advantage of ‘flexibility of operation and the 


readiness with which repairs and adjustments may be 
made without interference have been explained. 
Another advantage is derived from a cost accounting 
standpoint. Compared with other industries, the ratio 
of the cost of power to the total value of the product 
manufactured is great, varying from 15 to 20 per cent 
of the total cost, depending upon cost of power and 
efficiency of operation. To keep accurate and reliable 
account of the power costs is therefore of utmost im- 
portance and if each manufacturing department is 
provided with its own feeder panel and necessary 
metering devices, accurate data as to power cost can be 
obtained daily. Since the power consumption is an 
indication of the efficiency of general operating con- 
ditions, other troubles are easily located and corrected 
before serious trouble is caused or costs increased. The 
safety factor is also improved as any department not 
in operation can be cut off entirely from the feeder 
system. 

The plans under way for the installation of new 60- 
cycle motors and for remodeling the mills of the Coplay 
Cement Manufacturing Company at Coplay, Pa. are 
based on the above principles; that is, the electrical 
equipment simply supplies a means to drive the 
machinery and in no way influences the layout of the 
mill. 

When the improvements in the mill are completed, 
sufficient storages will be supplied between all depart- 
ments to allow for flexible and economical operation 
and the electrical system has been installed so as to 
meet all of the requirements of operation of the mill. 

The power for the electrical machinery is purchased 
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from the Pennsylvania Power and Light Company, 60 
cycles at 66,000 volts. Due to dusty conditions, and to 
insure as far as possible freedom from interruptions in 
power service, all of the 66,000-volt equipment was 
installed indoors, and the installation was designed to 
combine the greatest possible protection affording safe ° 
and continuous operation with the greatest simplicity 
of arrangement of equipment. 

The transformer house is built of concrete with a 
cement tile roof supported on steel trusses. The con- 
crete work was erected by the use of sliding forms. The 
pitched roof (six in. per ft.) with ventilators was used 
to secure the maximum amount of ventilation for the 
self-cooled transformers without the use of fans. A 
tunnel extends through the building under the switch- 
board and contains cable racks, steam, water, and com- 
pressed air service pipes and a concrete tank of sufficient 
capacity to hold the transformer oil in case it is neces- 
sary to empty the transformer tanks for any reason. 


Fıa. 1— DISTRIBUTION SWITCHBOARD 


The building was erected and all of the equipment 
installed by the construction forces of the company. 

The transformer house and arrangement of the elec- 
trical machinery is shown in Figs. 1, 2, and 3, and the 
schematic wiring diagram of the whole system in Fig. 4. 

The incoming feeders enter the building through 
110,000-volt wall entrance bushings and the equipment 
is protected by oxide film lightning arresters. The main 
line oil circuit breakers have manually operated closing 
mechanism and are equipped with bushing type current 
transformers and have d-c. trip coils operated by induc- 
tion type overload and reverse power relays. 

The rupturing capacity of these switches is sufficient 
to interrupt the current due to a short circuit on any 
part of the system. The transformers are self-cooled, 
three-phase, 66,000-2200 volts, 5000-kv-a. capacity 
with four '215-per cent taps below 66,000 and are 
equipped with conservator tanks, thermometers, and 
temperature indicators connected to coils in the wind- 
ings. They are mounted on trucks and provision is 
made for a hoist beam for repairs. 

The disconnecting switches between the oil circuit 
breakers and the bus are-three-pole, gang-operated and 
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are mechanically interlocked so that it is impossible to 
operate them when the oil breaker is closed. The bus 
tie switch and the transformer bank switches are three- 
pole, gang-operated air break switches and are used for 
breaking the parallel operation and the magnetizing 
current of the transformers. 

It will be noted, Figs. 2-4, that when operating on 
one transformer bank, one side of the station can be en- 
tirely disconnected, making safe repairs and adjust- 
ments possible. 

The operating switchboard is in a separate room, and 


[ee 


Fig. 2—5000-K v-a., 66,000 /2200-V oLT, THREE-PHASE TRANS- 
FORMER WITH AIR BRAKE SWITCH AND MAIN LINE OIL SWITCH 


consists of two transformer panels, two totalizing meter 
panels, feeder panels, and a bus tie panel. 

The bus-tie switch is operated by an instantaneous 
overload relay and is used to sectionalize the bus in case 
of a dead short circuit on one of the feeders to reduce the 
rupturing capacity required by the feeder circuit 


Fig. 3—TRANSFORMER HOUSE 


breakers which have d-c. trip coils operated by inverse 
time limit relays. This combination operated success- 
fully on two occasions when short circuits occurred on 
feeder cables during the construction period. 

The totalizing panel is equipped with watthour 
meters, printometers, ammeter, voltmeter, curve draw- 
ing wattmeter, power-factor indicator, and wattless 
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component indicator to be used with watthour meter in 
computing the average power factor. 

The feeder panels are equipped with oil circuit 
breakers, disconnecting switches, ammeter, wattmeter 
and watthour meters, and with a complete set of testing 
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Fig. 4—ScHEMATIC WIRING DIAGRAM OF SYSTEM 


studs on the front of the board for testing meters and 
relays. 

All of the feeder circuits to the various departments 
are of armored lead-covered varnish-cambric-insulated 
cable. These cables are run underground to the various 
departments and when located out of doors are buried 
about three ft. underground and spaced several inches 
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Fig. 5—600-Hp., Toree-PuHase, 2200-VoLT SUPER- 
SYNCHRONOUS Motor Drivina Tupe MILL 


apart. Boards are placed about six in. above the cables 
as a protection against injury by workmen making 
excavations. 

Where the cables are located in buildings having con- 
crete floors, the ditches in which the cables are laid are 
filled with earth and covered with a 2-in. concrete slab 
marked to show location of cables and to allow the con- 
crete to be broken out easily, if necessary. 

The starting equipment for the various motors con- 
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nected to a feeder circuit is in most cases arranged in a 
group at the termination of the feeder. Since 440-volt 
motors are used for all sizes under 50 horsepower, small 
distribution transformers are connected to each feeder 
to take care of these motors. 

The 2300-volt induction motors with few exceptions 
are controlled by manually operated starting compensa- 
tors and the 440-volt induction motors are controlled by 
magnetic starters except in case of variable speed motors 
that have drum controllers and resistors. These start- 
ing switches are mounted on panels containing discon- 
necting switches, fuse blocks, and testing jacks all 
mounted in a single sheet steel box with safety catches. 

The motors for the main grinding units are 600- and 
200-hp. super-synchronous motors controlled by auto- 
matic panels; see Fig. 5. Where necessary, all motors 
driving different units of an elevating and conveying 
system serving a main grinding machine are interlocked 
to prevent choking of materials in case of stoppage of 
one of the units. All automatic starters are equipped 
with but one starting station but many have several 
stop stations. 

With the exception of gasoline locomotives operating 
in the quarries and on the railroad and two gasoline- 
engine-operated well drills used for prospecting at points 
distant from our feeder circuits, all power applications 
in the mill are motor driven. 

The distribution of the motor load may be classified 
as follows: 


Pumps 3 ohh ie oer a Mare ees 260 hp 
Air Compressors..............00008. 170 hp 
BIOWGES: oy sic ascs eae T Aa EENE 315 hp. 
Well Drills......... ann aes wee Gates 50 hp. 
Electric Shovels (M-G Set)........... 240 hp 
Quarry Hoists.................2 cee 125 hp 
Bridge Crane (M-G Sets)............ 200 hp 
Elevators and Conveyors............. 1055 hp 
CrushersS...........0.00 edre renak 615 hp 
Dryers enient aE tees 110 hp 
Kilns...... ee ee ee 240 hp 
Grinding Machinery................. 4950 hp 
Packing Machinery.................. 140 hp 

Machine Tools and Miscellaneous 
Applications.................0085 288 hp 
POUR usienk seu Ge stind ae aes 8758 hp. 


The types of motors used are as follows: 


D-c. Motors, 220-volt................ 374 hp. 
(Electric Shovels, Cranes, Etc.) 
Squirrel-Cage Induction Motors, 440- 

volt..... aa tue aaa E S 1886 hp 
Variable-Speed Induction Motors, 440- 

VOM oder oe cake es 280 hp 
Squirrel-Cage: Induction Motors, 2300- 

VOlGs6 oh otk nesans teua ae 3100 hp 
Hoist Duty Induction Motors, 2300- 

VO toutes Mae oe eee ee 125 hp. 
Synchronous Motors, 2300-volt....... 3340 hp. 

TOA cages ues Sareea ses 9105 hp. 


With the exception of comparatively few motors with 


characteristics suitable for the operation of electric 
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shovels, cranes, and other labor saving machinery, most 
of the motors used in the cement industry are of stand- 
ard design and construction and since the general prac- 
tise in the installation of this equipment is to make the 
starting operation as automatic as practicable, special- 
ized mechanics are not required for the operation of the 
motors and few skilled men are required for their 
maintenance. | 

An installation such as described above would be 
expected to operate 24 hr. a day for 360 days per year, 
and would have a yearly load factor (ratio of average 
demand to maximum demand) of 80 per cent and a 
monthly load factor of 88 per cent with an average 
power factor of 90 per cent, making it a desirable load 
from a power generating standpoint. 

The tendency in cement mill work is toward larger 
grinding units and the most efficient electrical apparatus 
obtainable, standardization in sizes and speeds of the 
general purpose motors, and distribution of the motor 
load into circuit so as to best meet the manufacturing 
requirements of the mill so as to be an aid to more 
efficient operation. 

The recent development of synchronous motors of 
high starting torque, with either mechanical or magnetic 
clutches, has caused the installation of more direct-con- 
nected units, eliminating many expensive belts and 
pulleys and resulting in great saving in space and in 
efficiency and safety of operation. 

In many instances, ball and roller bearings have been 
used in extremely dusty places with good results, but a 
modern cement mill can be made to be so free from dust 
that when proper attention is paid to the condition of 
the equipment, motors with standard babbited bearings 
can be operated with as little trouble as when installed 
on similar machinery in other industries. 

The use of belts and chains on countershafts for speed 
reduction necessary to drive elevators and conveyors 
has been almost universally replaced by the use of gear 
reduction units direct connected to motors through 
flexible couplings mounted on common bases. Re- 
ducers of these types can be built for speed reductions 
ranging from 4 to 1 up to 8000 to 1 when power does not 
exceed 500 hp. and therefore cover the entire range of 
cement making machinery except in case of the larger 
grinding units. Rock crushers and heavy machinery 
subject to severe shock are still usually belt driven to 
provide flexibility and reduce the strains on the motor 
bearings and coils. _ 

In addition to the above described motor applications, 
electricity is used in cement mills for magnetic separa- 
tors, rivet heaters, arc and spot welders, pyrometers, and - 
various other application of electricity, all of which have 
become most satisfactory features in operating cement 
plants, and as is the case in other industries, electric 
power has become one of the greatest factors in produc- 
tion, and from raw material to the finished product the 
responsibility of uninterrupted manufacture rests pri- 
marily upon the electric motor. 
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Discussion 


E. B. Wagner: Mr. North mentions that the main sub- 
station was enclosed in a brick building in order to protect the 
equipment from dust. I should like to ask how he was able to 
keep the dust out of the building. 

He told us that he had provided the super-synchronous motor 
with an automatie starter. I should like to know if this is a full 
automatic starter; that is, does it take care of automatically 
applying the brake on the revolving stator so as to slow that 
down and bring the rotor up to speed? 


W. E. North: The high-tension transformers and switching 
equipment were housed ina building because the combination of 
cement dust and water causes a lot of trouble on 110,000-volt 
insulators that were used for the 66,000-volt service, and although 
it might have heen satisfactory to build an entirely outdoor 
station, with a little less money, we didn’t believe that it was wise 
to take that chance since the main thing we wanted was abso- 
lutely continuous operation. 


A small amount of dust gets into the building but the dry dust 
doesn’t have nearly the same disastrous effect on insulators as 
cement dust coked up with water. 


The automatic starters we have on the synchronous motors do 
not automatically put on the brakes. That has been a later 
development. The motors are not thrown directly across the 
line but are started with an autotransformer with reduced-volt- 
age taps. I don’t know on which taps they were working at 
present but about 40 per cent increase over the normal operating 
current is required for starting and the brake is put on by hand 
after the starter automatically throws on the field. The men 
operating these motors have become fairly skillful in the opera- 
tion of the brake, and we can’t see any rise in the power curve 
when the mill is brought up to speed. We allow from 15 to 20 
seconds for the acceleration of the motors and it is entirely possi- 
ble to operate the brake by hand to get these results. 


F. C. Caldwell: I want to ask if high-tension electric 
precipitation devices for abstracting the dust from the air are in 
use at all in cement mills; also, whether the general tendency to 
extend the use of roller and ball bearings that is going on these 
days is likely to result in their general adoption in the case of the 
cement-mill motors. Mr. Findlay of the Giant Portland Cement 
Company told me that his company has used nothing but ball 
or roller bearings for the last five years and they are thoroughly 
“sold” on the use of that type of bearing for cement-mill work; 
that they have had no necessity for the replacement of the roller 
or ball bearings, and that they would use no other kind. 

. W. E. North: From 1917 to 1919 we had a precipitation 
apparatus at our plant. It will collect the dust. The principal 
reason that we abandoned it is that in our particular ease the 
gain we made was far offset by the cost of operating it. In some 
cases, in a new plant possibly, where the dust collector is built 
with the plant and designed to operate with that particular plant, 
you would probably have much better operating conditions. 
The mill in which we installed an electric precipitation dust 
collector was an old one and we had to put this dust collector 
where we had available space and it was not as efficient as it 
would have been if we had sufficient space to install a system of 
greater capacity. 

In regard to the bearings, the best way, I believe, to protect 
motor bearings, or any other kind of bearings or any other 
machinery around a cement mill is not first to try to make the 
bearings dust-tight but to provide dust-collecting apparatus to 
remove the cause of the trouble. However, if that cannot be 
done without enormous expense, the next step is to protect the 
bearings. With regard to that, however, our mill is not a dust- 
less mill and we have just installed some new 60-cycle motors 
there. The original installation was made in 1913 and 1914, and 
it was taken out the first of January this year, which is 13 years 
of operation. 
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As to the life of the bearings in these motors we would some- 
times lose a bearing in 2 weeks at first but we soon remedied that. 
We have, for instance, one 75-hp. motor that ran 12 years with- 
out a change of bearings. Our tube mills were driven by 150- 
hp. ‘squirrel-cage motors mounted in rather dusty places on the 
second floor because of lack of space on the first floor, and they 
were running with excessive belt tension. The bearings on these 
motors averaged 2 years. The average life of the smaller motor 
bearings; that is 25-, 15-, and 10-hp. motors driving elevators 
and conveyors which are usually mounted in fairly dusty places, 
was 114 years. As to the vertical motors with ball and roller 
bearings driving Fuller mills in a coal mill, one of those never had 
the bearings changed. Our vertical motors with ball bearings 
averaged 4 years. 

As to the effect of dust on the coils, we have 80 motors whose 
coils were never repaired, 70 motors were patched, and 10 of them 
were completely rewound in 13 years’ service. 

As to the ball and roller bearing applications on motors, I have 
personally no data on their life in the cement industry. 


In a properly laid out plant, as a rule, the time required to 
replace babbitted bearings does not often hold up production 
very much because such repairs can be foreseen and may be 
made during regular repair periods. 

D. M. Petty: There seems to be doubt in the minds of some 
people, particularly those who have not been in the steel industry 
to any great extent, as to why some of us in the steel industry 
are particularly interested in ball bearings. We know from 
experience in the steel industry that the babbitted bearings will 
be cheaper than ball bearings, so far as the cost of bearings is 
concerned. The reason we put ball bearings in our motors, 
however, is to eliminate the loss of windings due to the lubricating 
oil getting out of the bearings and into the windings. We found 
by keeping a very careful record in our own plant and by ques- 
tionnaires sent out among all of the other larger steel plants 
where proper records were kept, that at least 75 per cent of all 
motor failures were due to the oil getting out of the bearings into 
the windings, and that is the big reason why I, personally, and 
the committee on which I served came to the conclusion that 
ball and roller bearings would be a good proposition in the steel 
industry. In the cement industry, motor windings are not sub- 
jected to all the hazards that we have in the steel industry. 
Cement itself is a fair insulator. If we could only get our motors 
filled with cement instead of smoke and gasses and carbons and 
other such things, I don’t believe we would have to worry about 
ball bearings in steel mills. I don’t see why ball bearings 
wouldn’t work out in the cement industry, but as in the steel 
industry more for the sake of saving windings than for the 
bearings themselves. 

G. M. Kennedy: I understand Mr. North to say that the 
2300-volt squirrel-cage motors are manually operated and the 
440-volt squirrel-cage motors are automatically controlled. I 
should like to ask why that is the ease. 


W. E. North: The 440-volt motors are thrown directly 
across the line simply by means of an automatic magnetic 
switch. The reason we have manual operation on the 2300-volt 
squirrel-cage motors is that quite a few of these motors were 
put on machines which would probably be replaced soon after 
we finished the reconstruction of the mill and we did not spend 
any more money than necessary on them. 

A. J. Standing: I should like to ask Mr. North, if in the lay- 
out of a new mill today he would use 440 volts or would it be 
possible to go to 2200? What I am getting at is the safety of 
the men around the plant. 

W. E. North: I believe I would put in 440 volts. That, of 
course, is a matter of personal opinion, I believe that 440-volt 
equipment with the proper apparatus can be made safe enough 
not to interfere with safe operation. For 14 years we operated 
at Coplay with 550 volts and we did not have any serious acci- 
dents to our operating force due to the voltage. We have had 
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a few slight accidents due to flashover on opening switches. 
On the 440-volt apparatus that we have now, the starting equip- 
ment is totally enclosed; there is nothing exposed whatever on 
the whole layout. I think I would use 440 volts in preference to 
220 volts for small motors on account of the feeder conditions, 
and 2200 volts for larger motors. 


John Grotzinger: I am particularly interested in the ap- 
plication of the super-synchronous motor to tube-mill drives as 
the application of synchronous motors to heavy mill drives in 
the rubber industry, with which I am connected, has been a 
feature of the past two years. 

Can Mr. North give us the torque characteristics of his super- 
synchronous motor, particularly the pull-out torque? 


Is excitation furnished from a belted exciter or an external 
d-c. system and what method is used to apply the field at the 
proper time during the starting operation? Is a frequency 
relay used for this purpose or current lockout in combination 
with a definite time relay? 


W. E. North: These 600-hp. super-synchronous motors I 
was speaking about drive tube mills which require a running 
load of about 425 to 450 kw. We have never made any tests on 
the starting torque or the pull-out torque on those mills. 
the load is applied by means of a brake the principal starting 
consideration seems to be the period of acceleration. After the 
motor is up to speed we begin to apply a manually operated brake 
and it is possible to hold the current constant at full-load running 
value, if sufficient care is exercised in tightening the brake. We 
never have had any trouble with starting and therefore have 
never made any tests on the starting torque of those motors. 

The excitation is supplied for three of these motors by a motor 
generator or exciter set. I cannot give the exact details of the 
relays used but to the best of my recollection, current-lockout 
in combination with time-limit relays are used. 

F. E. Fairman: In connection with the operation of these 
super-synchronous motors and also the other 2300-volt switching 
equipment, I should like to know just what experience was had 
with the operation of auxiliary devices and auxiliary contacts 
for the field contacts on the synchronous motors, first, with dust 
in the substations, and just what steps were found necessary to 
be taken in maintenance, cleaning, and the like. 

H. H. Leh: We have noticed that when surges occur on the 
line feeding our plant the undervoltage release on our super- 
synchronous motor opens quite frequently, throwing the motor 
off the line, whereas the induction motor in the plant keeps in 
continuous operation without the undervoltage release opening. 
I should like to know, if possible, whether this is an inherent 
characteristic of the motor or if it is only due to the design of the 
undervoltage releases. 

Aubrey Smiths: Relays are available which can be used to 
prevent the disconnection of a synchronous motor from its 
source of power by voltage dips- which are not too great in 
magnitude nor too long in duration. Ordinarily the lower the 
voltage dip, the shorter the time during which synchronous 
operation of the motor may be maintained and vice versa. The 
degree of continuity of service which can be secured in any given 
case by use of such relay equipment depends more upon the 
characteristics of the synchronous apparatus than anything else. 
General-purpose synchronous motors, for instance, are available 
which will carry their load operating as induction motors for 
several minutes, without over-heating, at a slightly reduced 
speed. On the return of voltage to its normal value, these 
machines can be made to come up again to synchronous speed 
and operate as synchronous motors. Of course, in such cases 
control equipment must be provided which will attend to the 
removal and re-application of the field when the proper rotating 
speed of the machine is reached. 

Installations making use of the control principles and equip- 
ments mentioned have been made in various places and in various 
industries. Such relay equipment is effective in increasing the 
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continuity of service, especially if line disturbances are not too 
violent in character. If it is known at the time of planning the 
new installation that the source of power will be subject to 
momentary voltage dips, plans should be made at the outset 
to equip the apparatus with relays designed to sustain synchro- | 
nous operation as long as possible. 


W. H. Lesser: I can give some experience about that, too. 
We have in operation at one of our collieries a new system of 
preparing coal known as the sand-flotation process. Each time 
there is a surge in the voltage or an interruption in the power, 
this apparatus stops and it takes about half an hour to agitate 
the sand again. We have sixteen mptors there and the control 
boards are all in one room, and every time we have a surge on 
the line the whole plant shuts down. Mr. Lloyd looked over the 
proposition and we ordered a master control panel for this instal- 
lation, with a time relay on it. We set the relay for 4 sec. which 
holds the motors on the line during the surges. 

There is another point I should like to ask Mr. North about. 
Do you have any trouble in the operation of the super-synechro- 
nous motor; that is, with flashovers and things similar to that? 

W. E. North: No, these motors have been running con- 
tinuously since they have been putin. The only trouble we have 
had, has been on account of misalinement of a flexible coupling. 
That was not the fault of the motor and it was remedied within 
a few hours. 


W. E. Lloyd: A few years ago when the interconnection 
system in this territory was being built and surges were com- 
paratively new to the customers now on this system, the tripping 
off of apparatus, either synchronous or induction, due to the low- 
voltage release was very common. We advocated either a time 
delay on the low-voltage trip orremoving the low-voltage trip 
entirely, that being dependent upon the particular operation. 
We went through the same conditions in our power stations; 
fans and pumps, and other auxiliary apparatus would trip off 
during these surges, which we could not afford because it meant 
an extended interruption of many minutes rather than one 
minute. So we have taken off the low-voltage releases in our 
power stations; many of our customers have taken them off. 


I feel that the super-synchronous motor is a new piece of equip- 
ment. We, as well as the customers, are feeling our way, but 
actually I think the time will come when we shall treat the 
super-synchronous motor from a low-voltage-release standpoint 
just as we now treat the induction motor; that is, put on an 
adequate time delay to hold that motor on the line during surges, 
allowing it to trip clear if the voltage goes entirely off for, say, 
half a minute or a minute, or else take it off entirely in case 
the power fails and rely upon the operators to clear the switch 
and have it cleared before the power comes back on. 

In connection with the dust problem Mr. North told how he 
housed his equipment in a building. We can’t very well house 
our incoming transmission line in a building and we have to fight 
a problem of dust on the insulators. Of course, we might run 
the incoming line for the last half mile in a 60 kv-a. cable, but it 
has not been done to date. It was our practise several years ago 
to wipe off the insulators every week on the last few towers adja- 
cent to each cement mill. This worked only fairly well. We had 
no definite plan for changing these insulators and after a pro- 
tracted dry spell followed by a light rain or a fog, we invariably 
had a number of insulator failures caused by leakage over the 
surface of the insulator due to cement dust and collection of 
the moisture. If we were fortunate enough to get a real heavy 
rain following a dry period, that heavy rain usually washed off 
the insulator dust sufficiently so that no trouble was encountered. 
Our recent experience has been to change these insulators on the 
last three or four towers of the line going into the cement mill 
every six months. The insulators further back on that line will 
be changed probably in periods from two to five years, depending 
upon just how much precipitation of dust there is on the insu- 
lator. These insulators were>taken down every six months, 


468 


scraped, and then finally scrubbed with a weak solution of 
hydrochloric acid and water, after which they were tested and if 
good were put into service again. It was a rather expensive 
proposition to scrub and clean those insulators. In the last two 
or three years we have been taking hot paraffin and painting the 
insulators with a brush. It does not affect the insulating quality 
at all, and when they are taken down we simply dip them into a 
bucket of boiling water and it melts off the paraffin and along 
with it comes the cement dust, and the insulator is ready to go 
back into service again. 

Mr. North speaks about the 66,000-volt transformers which 
he has installed at his mill. I want to mention the reliability 
of that transformer. We have at least 250,000 kv-a. of this type 
transformer in service on the system, either our own transformer 
or customers’, and to date we have not experienced a single 
failure. When I say that, I want to qualify it in this way: We 
have had bushings fail, but that is an attachment which can be 
replaced promptly and stock units are always available. We 
have had winding failures, where a short circuit occurred on the 
low-voltage side and the switching equipment did not clear the 
trouble, but we don’t consider that an inherent defect in the 
transformer. $o that I believe Mr. North and every one using 
this particular transformer at this particular voltage is going to 
get excellent service from the unit. 

Mr. North, in speaking of his load factor of 88 per cent, 
reminded me of a cement mill which is using rotary converters 
of 4000-kv-a. capacity. They run a load factor for the month 
as high as 96.8 per cent at unity power factor. It was very 
interesting to see the operators in that substation regulate their 
load. They would go to the lighting switchboard and open and 
close a knife-switch and by a series of flashes they would signal 
to a motor tender out in the mill and he would merely drop off 
one motor or two motors, and they would thus maintain a con- 
stant load of 4000 kv-a. hour after hour. 

O. S. Clark: I shonder if Mr. North has found it to be an 
economical proposition to install lead distribution feeder cables 
underground rather than in conduit. Of course, it is cheaper to 
install a cable underground without the conduit, but it is also 
much more expensive to make repairs, and there must be a 
balance some place, depending upon the extent of the distribu- 
tion system. I should like to hear from Mr. North on that. 

W. E. North: Before putting in the armored lead cables, we 
got complete prices and cost data on what the cost would be for 
the installation of lead cables in conduit. Ours is an old mill 
and if we put in conduit we would have a great number of bends 
and in many places we would not have room to put in the conduit. 

To reduce repairs we have been liberal in our selection of 
eables. We use cables with 5000-volt insulation for 2300-volt 
service and the capacities are ample. On lead cables buried in 
the ground we use 70 per cent of the underwriters’ rating in 
calculating the capacity of the cable, because we believe that 
many failures in varnished-cambric-covered cable come from a 
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gradual baking out of vhe varnish which settles to the lower part 
of the cable, and if the cable is never heated failures are not so 
frequent. I don’t know what the economy would be in a plant 
where you had plenty of room to put in the cable ducts but in 
our particular case it would have been rather expensive to at- 
tempt to put in any kind of a duct system on account of the 
numerous manholes we would have to put in. We would have 
had 6 bends in one run of 400 ft. 

Regarding lead cables and open or closed ditches, our experi- 
ence has been just the reverse of the one mentioned, about 
overheating of the cables. Of course, we were fortunate enough 
not to have to run the main feeder lead cables near the kilns. 
All of the cables in the ditches are separated about 6 in. apart 
and clay or sand is put in to keep a cable, if it flashes over, from 
Passing the trouble to the other ones. During our construction 
work some workmen doing concrete work near the cables built a 
fire to thaw a frozen water pipe, not knowing the cables were 
near. The fire was about 2in.fromacable. In very short time 
the cable burned through and although there was another cable 
6 in. away it was not damaged. This, I believe, justifies the use 
of sand between the cables. 

J.T. Waugh: In discussing Mr. North’s paper, I might say 
that the electrical distribution systems in a wet-process mill and 
in a dry-process, are identical. 

One type of construction, for a low-tension transformer station, 
that has successfully coped with the dust problem is based on the 
elimination of exposed leakage surfaces. 

Where radiant heat is exceptionally high, the use of ventilated 
cable trenches with the omission of sand has been found satis- 
factory. 

Both air-break and oil-immersed starters have been used and 
the results are still open to controversy. In a coal mill, however, 
it is important to eliminate all air contacts due to the ever 
prevalent inflammable pulverized coal dust and its potential 
explosive properties, if the proper amount of oxygen is supplied 
by a sudden gust of wind, and proper care has not been exer- 
cised in keeping the place clean. 

In further answer to the question of the gentlemen who asks 
how to take care of dust in a high-tension transformer station 
already built, I believe the permanent sealing of all windows and 
the use of louvers covered with muslin will greatly tend to 
minimize the dust menace. In such a transformer station in the 
heart of a cement mill, where the above ventilation is used, shut 
downs for the purpose of cleaning insulators have been practically 
eliminated. 

F. A. Scheffler: I should like to disabuse the minds of some 
in regard to the statement that there is a possibility of frequent 
explosions in cement plants. That is altogether up to the cement 
operating force and is a question of house cleaning. If the 
cement companies keep their coal mills clean and do not abuse 
the pulverizing equipment, they will have no trouble whatever 
from explosions. l 
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Synopsis.—The application of electric power in the steel industry 
introduced many radical changes and improvements in rolling-mill 
layout and practise. The electric drives, of capacities larger than 
encountered elsewhere, are usually designed to fit individual cases. 


INTRODUCTION 


HE iron and steel industry is the largest single 
consumer of electric power. In 1924 this industry 
used more than _ 6,000,000,000 kw-hr., which 

is about 20 per cent of the total power consumed by all 
industries in the United States. It is of interest to note 
that the combined output of all central stations in the 
country equalled 54,413,403,000 kw-hr. during the 
same year. 

A modern steel plant, starting with an iron ore 
as a raw product, produces at its blast and open hearth 
furnaces and at the coke ovens a large amount of waste 
gas or heat. Electricity gives means of conveniently 
converting and transmitting this potential power to the 
centers of its consumption. This explains the rapid 
growth of power generating plants in the steel mills; 
one steel plant has an installed capacity of over 100,000 
kw.; a number of plants have a demand in excess of 
50,000 kw. In 1926 alone the steel industry purchased 
for its use a 30,000-kw. turbo generator and three others 
each rated at 20,000 kw., not counting many other units 
of 15,000-kw. capacity and less. 

So great is the demand for power in the steel industry 
that even plants having their own blast furnaces often 
purchase additional power from public utilities. Many 
other plants, deprived of the use of blast furnace gas, 
run almost exclusively on purchased power. The 
latter amounted in 1924 to 39 per cent of the total power 
consumed. 

The bulk of this vast amount of energy goes for the 
work of shaping the steel; the rolling mill drives are the 
principal outlets of the generated power. Here the 
electric drive predominates. Hardly any new mills 
are being equipped with anything but electric motors; 
older steam driven mills are being gradually electri- 
fied, for purely economic reasons. 

Many electrical engineers, not connected directly 
with the steel industry, may not fully realize the pro- 
found, almost revolutionary changes which the electric 
drive brought about in the rolling mills. 
merely the question of performing the operations in a 
better, more efficient, or more reliable manner than 
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It is not ` 


Special machines or special combinations of them are frequently 
used. 


Several representative cases are outlined, and some methods of 
solving the encountered problems are analyzed. 


otherwise possible; but the point, which is sometimes 
lost sight of, is that many operations and processes, 
now in wide use, are practically impossible without the 
agency of electric power. Rolling mill designers have 
taken advantage of the possibilities of electric drives 
and have built mills on radically new principles, ex- 
ceptionally advantageous for steel plants, but not 
practical, were it not for the presence of electrical 
motors. On the other hand, the electrical engineers 
have developed new machines, or new combinations 
of machines, primarily, if not exclusively, for rolling 
mill application. Thus the new rolling mill has become 
closely tied to its drive and is unthinkable without it; the 
influence between the electrical and mechanical equip- 
ments is now not only great—it is also mutual. Many 
new problems were brought up and were solved more or 
less successfully. 


There will be outlined in this paper, in a necessarily 
short space, those solutions offered by electrical engi- 
neers for a few of these problems. A brief sketch of the 
types of new rolling mills will give the necessary 
background. 


CONTINUOUS ROLLING AND CONTINUOUS MILLS 


It has been generally recognized that for a large 
tonnage output a continuous rolling mill possesses 
decided advantages. Such a mill, see Fig. 1, consists of 
a number of two-high stands, arranged in tandem and 
conventionally driven through a line shaft and gears 
by a single motor or engine. The hot bloom or bar 
passes in succession through all stands, as indicated by 
the arrow. Each pair of rolls reduces the cross-section 
of the bar until the latter leaves the last stand as a 
finished product of the desired shape. The layout is 
compact; little heat is lost between stands; the metal is 
rolled at a high temperature and with a relatively low 
power consumption; the steel requires little, if any, 
handling; the labor costs per ton are reduced to a 
minimum. 

The bulk of the country’s steel output passes through 
a continuous mill of one kind or another. 

To maintain the high tonnages and to keep the cost 
of handling down, the rolled bars are usually of con- 
siderable length; a finished length of several hundred 
feet is quite common. In order to save floor space the 
stands are located close to each other. This means that 
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the metal is in several stands at the same time. It is 
obvious that with such an arrangement the speed of 
each consecutive pair of rolls is increased in proportion 
to the reduction of the cross-section area. For a given 
mill the speed relation between stands is fixed and is 
determined by ratio of the several gears; hence the 
reductions per pass, or the so-called drafts, are also 
more or less fixed. Thus, a continuous mill of the 
outlined type, capable of producing large tonnages of a 
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Fia. 1—ELEMENTARY DIAGRAM OF A CONTINUOUS MILL WITH 
A SINGLE DRIVE 


certain class of sections, is not quite flexible when it 
comes to rolling of a diversified line of products. 

Individual drives for several stands of a continuous 
mill give it the necessary flexibility, at the same time 
maintaining its inherent advantages. 

For instance, the mill, Fig. 2, has its first three 
roughing stands driven by one motor, the next two 
stands by another motor, and the last three, or finishing, 
stands are each provided with a separate drive. If 
all motors, or several of them, are of the adjustable 
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Fia. 2—ELEMENTARY DIAGRAM OF A MULTI-DRIVE CONTINUOUS 
MILL 


speed type, then the speed.ratio between the stands 
may be readily changed. A wide variety of products 
may be then successfully rolled, each at its proper speed, 
each with the most suitable reductions at the several 
stands. 

Mills, designed and built on this principle, are 
springing up all over the country. Hot strip, rods, 
merchant, and certain structural shapesare being rolled 
on such mills. They are believed to be economical, 
flexible and tonnage producing. In many cases one 
mill of this type takes the place of two or three less 
modern mills. 

Such layouts would be hardly feasible were it not for 
the application of the electric motor. We are usually 
accepting it as a matter of fact, and are apt to forget 
that there is no other device which can concentrate a 
large bulk of power in a limited space, which is efficient 
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even in small units and which is capable of speed 
adjustment, yet will closely maintain its speed, once 
it has been adjusted. 

It is outside the’ scope of the present paper and 
outside the competence of the writer to offer a thorough 
analysis of mill layouts from the standpoint of rolling 
mill operations. It was not intended to convey the 
idea that, for instance, a continuous mill with individual] 
drives is the best combination or layout for all applica- 
tions; such a mill was merely discussed in order to 
illustrate the profound influence of electricity on rolling 
mill engineering and practise. 


TYPES OF ELECTRIC DRIVES 


It will be shown presently how the electrical engi- 
neers are providing suitable drives for mills of the kind 
just described. While no radically new machine was 
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Fie@. 3—Layout or a LARGE ConTinctovus MILL DRIVEN BY 
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invented nor introduced, some new combinations of 
machines were conceived and were successfully applied. 

D-c. Drives. When a mill requires a number of 
adjustable speed drives it is the simplest and, in many 


Fia. 4—GENERAL VIEW OF THE Motor Room aT THE 14-IN. 
MERCHANT MILL OF THE JONES AND LAUGHLIN STEEL COR- 
PORATION, WOODLAWN, Pa. © 


The elementary diagram of connection is shown on Fig. 3 


cases, the best way to make each drive a d-c. motor and 
to furnish power to them from motor-generator sets or 
from synchronous converters. 

Figs. 3 and 4 give the schematic layout and the 
general view of the motor room of one of the most 
modern mills of this type. 

A 3000-hp., 200/360-rev. per min. motor drives 
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the roughing train of three stands; two 1700-hp., 
90/204-rev. per min. motors and two 2100-hp., 150/- 
460-rev. per min. motors are individually driving the 
next four stands; the two finishing stands are each 
driven by double-unit, 2000 hp. motors, consisting of 
two 1000-h. p. armatures which can beconnected either 
in series or in multiple, and operating up to 800 rev. 
per min. Three smaller edging roll stands are also 
electrically driven. 

All motors are 600-volt, d-c. machines and the power 
to them is furnished from three large synchronous 
motor-generator sets, aggregating 12,200 kw. (40 deg. 
cent. continuous capacity). Practically each motor has 
a corresponding generator, as is shown on the diagram. 
Ward-Leonard control is used for starting, and the 
combination of generator voltage and motor field 
control gives a very wide speed range (as wide as 4:1 
and 5:1) to each drive. 

Another interesting example of a modern mill with 
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stands individually driven by d-c. motors is represented 
by the layout in Fig. 5. The capacity of each drive is 
indicated on the diagram. The power to the motors is 
supplied from a 3000-kw., 600-volt. three-unit motor- 
generator set. Ward-Leonard control is used for start- 
ing, and motor field control for speed adjustment. 

D-c. Versus A-c. Drives. When a mill requires a 
number of adjustable speed drives, especially of the 
average or of less than the average capacity, then it is 
usually more economical to make them of the d-c. type, 
as just described. When a speed range larger than 
2:1 is necessary, the use of direct current becomes 
almost imperative. The speed regulating control is 
quite simple, usually consisting of one or several field 
rheostats. The use of direct current may also reduce 
the cost of the high voltage switching equipment. 

On the other hand, the necessity of converting the full 
amount of electrical power three times from the avail- 
able a-c. line to the mill coupling, greatly reduces the 
over-all efficiency of the drive and increases the running 
light losses. Assuming an efficiency of a d-c. motor at 
92 per cent and that of a motor-generator set at 88 per 
cent, the over-all efficiency of the drive at full load is 
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only 81 percent. When the d-c. machines are operating . 
at reduced voltage (t. e., when part of the speed range 
is covered by Ward-Leonard control) their efficiency 
goes down quite appreciably. The actual over-all 
efficiency and the power consumption (in terms of 
kilowatt-hours used per ton of rolled material) are 
still further unfavorably affected by the fact that the 
average mill load is usually much less than the rating 
of the drives. 

Thus, much as a straight d-c. system may seem 
attractive, in many cases, from the operating stand- 
point, it would be a fallacy to consider it as a standard 
for any multi-drive mill. 

With alternating current universally adopted in all 
steel mills for power generation and distribution, the 
engineers should always analyze whether the available 
a-c. power could not be more directly used for driving 
the mills. When large amounts of energy and large 
tonnages are involved, the possible improvement of 
5 or 6 per cent, or more, in over-all efficiency, presents 
an attractive goal worth striving for. Say, a mill rolls 
50,000 tons of steel per month, consuming approxi- 
mately 40 kw-hr. per ton, or 2,000,000 kw-hr. per 
month; a saving of 5 per cent at, say, 0.9 cent per 
kw-hr. will net over $10,000 per year. Such economy 
alone would justify an additional investment as high as 
$50,000 if it were required. But, if it is obtainable 
without any additional outlay, or even with a lower 
first cost than with a d-c. drive, then the application of 
a-c. drives becomes vital and their possibilities should 
be most carefully studied. l 

A-c. Drives. The art of engineering thus far knows 
of but one way to build adjustable speed, a-c. drives, of 
such capacities as are involved in steel mill work. 
This is to use a slip-ring induction motor and to regulate 
its speed by acting on its secondary circuit in one or 
another well known manner. These methods were 
described in great detail, at various times, before this 
Institute or before other engineering societies, and the 
most representative of them are diagrammatically 
shown on Fig. 6. 

Broadly speaking, all these methods have one thing 
in common. An induction motor, running at a sub- 
synchronous speed, delivers at its shaft, as mechanical 
energy, only that portion of the power transmitted to 
the rotor which is proportional to the speed; the 
balance of this power, proportional to the slip, is 
available at the slip-rings and is usually called the 
slip energy; it is of a frequency and voltage proportional 
to the ship. This energy is either converted into 
mechanical power and is returned to the main motor 
shaft, see 6B, 6D, 6F, or is converted into electric power 
of the line frequency and voltage and is returned to the 
a-c. system; see Figs. 6A, 6C, 6E. In the first case the 
drive is of a “constant horse power” type, as approxi- 
mately the same amount of power (neglecting con- 
version losses) 1s available at the motor coupling at all 
operating speeds; in other words, larger torque is 
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. available at the reduced speed. In the second case the 
drive is of “constant torque” type, t.e., the power 
available at the coupling varies in proportion to the 
speed. 

Figs. 6A and 6B represent the Scherbius system 
employing an a-c. polyphase commutator motor R 
to convert the slip energy into mechanical power at its 
shaft; then it is either returned electrically to the line 
through an induction or synchronous generator K, 
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Fia. 6—ELEMENTARY DIAGRAMS OF SEVERAL A-C. ADJUSTABLE 
SPEED DRIVES 


or is utilized directly on the drive shaft. The regulating 
machine R is shunt wound and is excited from the 
slip-rings of the main motor; by controlling the amount 
of excitation the speed of the drive may be adjusted 
suitably, 

In the Kraemer system the slip energy is converted 
into d-c. power by means of a synchronous converter C. 
This d-c. power (of variable voltage) may be also either 
pumped back to the line through a motor-generator set 
D-K, Fig. 6c, or returned mechanically to the main 


motor shaft, Fig. 6D. In either case the speed of the 
drive is adjusted by controlling the excitation of the 
motor D. 

Or, the slip energy may be transformed by means 
of a frequency converter, F, running at the motor speed, 
and a regulating transformer, T, Fig. 6E, into line 
frequency and voltage. Finally, it may be converted 
suitably by a frequency converter, F, Fig. 6F, separately 
driven by a small synchronous motor, A, and is then 
returned as mechanical power to the main shaft by 
means of a synchronous motor, S; its excitation provides 
the speed regulating means. Several other schemes, 
employing a frequency converter, are also conceivable. 

Either scheme is capable of regulating the speed of 
the main motor not only below but also above syn- 
chronism, forming a so-called double range drive. 
Obviously the slip energy is then of a reverse direction; 
it flows from the regulating machines to the slip-rings, 
and not from them; the arrows, see Fig. 6, indicating, 
by dotted lines, the flow of power will have to be re- 
versed. The Scherbius and the frequency converter 
systems are usually of the double range type; on account 
of certain difficulties of operating the Kraemer drives 
close to synchronism (t. e. at a very low frequency at 
the synchronous converter C) and of inability to go 
through synchronism under load, these drivesare usually 
built as single range equipments, for sub-synchronous 
operation only. 

It will be observed that with all of these schemes the 
main part of the a-c. power is converted but once 
until it reaches the mill coupling; only the balance of 
power or the slip. energy goes through more than one 
transformation before it is utilized. Naturally, the 
over-all efficiency is higher than with the d-c. drives 
and is usually around 90 per cent at full load. The 
machines used for speed regulation should have a ca- 
pacity depending on the size of the main motor and on 
the amount of speed range. Therefore, the greater the 
speed range, the more expensive becomes the a-c. 
speed regulating equipment, and the less becomes its 
advantage over a d-c. drive, both from the stand- 
point of first cost and efficiency. Obviously, with a 
double-range drive, the same speed regulating equip- 
ment is utilized to a greater extent than with a single 
range drive. 

New Combination Drives. While some of the out- 
lined a-c. systems were widely used -during the last 
10 or 15 years, their application for multi-drive mills, 
discussed in this paper, gives the engineers an occasional 
opportunity to get off the beaten track, and to group the 
well known machines in some new and more advan- 
tageous arrangement. The underlying principle of 
several new combination drives is this: 

If the slip energy, contingent on speed regulation of one 
or several a-c. drives, need not be returned to the shafts 
of these drives, 1t may be made use of for furnishing, 
completely or in part, the power required to drive some 
other sections of the same mill, or some other mills. 
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This principle was applied for the first time in 1925 
in connection with the equipment shown on Fig. 7, 


__ and, to the best of the author’s knowledge, it had not 
` been suggested nor applied previously. 


This sketch represents a single line diagram of a 


i large continuous rolling mill equipment recently put in 


operation in the Chicago district. For the sake of 
simplicity, the switching and control apparatus are 


’ not shown. The mill consists of several stands ar- 


ranged in tandem. The roughing stands were to be 


driven by one motor 1 M—1 developing 3600 hp. at 290 
” rev. per min. and 1960 hp. at 156 rev. per min.; the 
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intermediate train was to be driven by another motor, 
IM-2, developing 7500 hp. at 250 rev. per min. and 
4040 hp. at 136 rev. per min. The three finishing 
stands were to be each driven by a 2000-hp. motor, 
developing this capacity at any speed from 85 to 165 rev. 
per min. A set of edging rolls required a 250-hp. 
drive. The electric power was available at 2200 volts, 
three-phase, 60-cycle. 

The electrical engineers have solved the problem 


2200 voit - 3 Phase - 60 Cycle 
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D-c. DrIvEs FOR A LARGE ContTINvUOUS MILL 


The total continuous capacity of the equipment is 17,350 hp. 


* of selecting the drives for’ this mill in the following 
* manner. 
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The 3600-hp. and 7500-hp. drives, being large 
units running at reasonably high speeds, could be 
economically designed as induction motors, with 
speed adjusted by the Kraemer method. The finishing 
mill drives, smaller in capacity and much lower in 
speed, could be more advantageously and more com- 
pactly built as 600-volt, d-e. motors, with speed ad- 
justment by motor field control. The power to these 
motors is furnished from three 1700-kw. 600-rev. per 
min.. d-c. generators, G1, G2, and G3, driven by syn- 
chronous motors, S1, S2, and S3. Low-speed, 60- 
cycle induction motors for driving the three finishing 
mills would be expensive machines with a rather poor 
power factor; the use of reduction gears would not be 
very advantageous, nor feasible, due to certain local 
conditions. 

It will be observed that the 3600-hp. induction 
motor, IM-1, when running at 156 rev. per min. (i. e., 
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at 52 per cent synchronous speed), is required to develop 
only 1960 hp. as mechanical power at its shaft; the 
other 48 per cent or 1640 hp. areavailable as slip energy. 
The latter is converted by means of the synchronous 
converter, C1, into d-c. power and drives a d-c. machine, 
D1, asa motor. The excitation of the latter determines 
its voltage and, therefore, the speed of the drive [M-1. 

Likewise, the 7500-hp. motor, running at 136 rev. 
per min. or 52 per cent synchronous speed, delivers 
to the mill 4040 hp., while the available slip energy 
amounts to 3460 hp. It is converted to direct current 
by means of two synchronous converters, C2 and C3, 
duplicates of Cl, and is used for driving the d-c. ma- 
chines, D2 and D3, as motors; by changing simultane- 
ously the excitation of D2 and D3 the speed of the drive 
IM-2 is adjusted. ' 

As the maximum amount of the slip energy to be 
handled by each of the machines D1, D2, and D3 is 
approximately 1750 hp., they are made exact dupli- 
cates of the 1700-kw. generators, G1, G2, and G3. 

Arrows on Fig. 7 indicate the flow of power when the 
entire mill is in operation. It will be seen that the 
machines, D, are running as motors and are assisting the 
synchronous motors, S, in driving the generators, G. 
This assistance is the greater, of course, the lower the 
speed of the drives I M-1 and I M-2; if this speed is 
close to synchronism, or if the load on the drives I M-1 
and I M-2 is relatively light, then the synchronous 
motors are more heavily loaded. In the extreme case 
they should be capable of furnishing the total power 
required by the generators and cover the friction and 
windage of the machines, D. In other words, the syn- 
chronous motors need be only 50 per cent of the ca- 
pacity required for a _ three-unit motor-generator 
set of the same d-c. rating. 

Ordinarily, the motors, S, would be running under- 
loaded, providing an additional amount of leading 
kilovolt-amperes, and compensating for the reactive 
kilovolt-amperes of the large induction motors. The 
power factor of the whole installation is approximately 
97 per cent leading at full load. 

Thus the slip energy of the constant torque drives 
I M-1 and I M-2 is not returned mechanically to the 
shaft of these drives where it was not required in this 
case, nor is it returned electrically to the power bus. 
Instead of this, 1t is made use of in a more direct manner; 
namely, for driving the finishing mills. 
efficiency is improved and the required capacity of the 
regulating apparatus is reduced to a minimum. 

The drive just described possesses a number of 
secondary advantageous points, although these are not 
directly connected with the new principle of utilizing 
the slip energy. For instance, in case of light loads, it 
is possible to operate the drive J M-2 with only one 
synchronous converter and one d-c. motor, say with 
C2 and D2, and to operate the three d-c. motors 
M1, M2, and M3 from only two generators, say 
G1 and G2, by using the paralleling bus. This will 
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permit the shutting down of one motor-generator set, 
thereby reducing the running light losses. Although it 
is hard to estimate with any degree of accuracy the 
resultant saving in power, it is evident that any such 
saving is a net gain. It may be truly said in this con- 
nection that in steel mill drives, which are usually liber- 
ally motored to take care of the maximum load condi- 
tions, the low running light losses are just as big a 
factor in conservation of power as the high efficiency. 


Fia. 8S—GENERAL VIEW OF THE MILL Motor Room Con- 
TAINING THE ELECTRICAL EQUIPMENT ARRANGED AS SHOWN ON 


Fig. 7 


Two out of three synchronous motor generator sets and two synchronous 
converters are seen in the foreground; three 2000-hp., d-c. motors are 
located next to the wall, with the 7500-hp. Kraemer drive seen to the 
right of them. The 3600-hp. Kraemer drive is located back of the gear 
cases and is not shown on the photograph 


The motor room of the mill just described is illus- 
trated by Figs. 8 and 9. 

Another continuous mill, now being built for a large 
eastern steel manufacturer, will be equipped with elec- 
tric drives embodying to a smaller extent the same 


Fig. 9—Ciose-Up View Suowine Turer 2000-Hp., D-c. 
Motors, EacH DrivinG A FINISHING STAND OF A CONTINUOUS 
MILL 


See Figs. 7 and 8 


principle; several new features of a different nature will 
make a brief review of this equipment rather interesting. 

In this case the mill will have a number of stands 
arranged in tandem, as shown diagrammatically on 
Fig. 10. The rolling requirements being different, 
the first several stands will be driven by constant 
speed motors. The power supply is 6600-volt, 25- 
cycle. 
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The roughing train will take a 4000-hp., 83.3-rev. 
per min. motor, A, the intermediate train will be driven 
by a 6500-hp., 187.5-rev. per min. motor, B. The 
following group of stands will be jointly driven through 
a train of gears by an adjustable speed equipment, C, 
developing 6700 hp. at 500 rev. per min. and 3350 
hp. at 250 rev. per min. 

The last finishing stand will take a separate direct- 
connected drive, D, with an output of 2600 hp. ata 
speed of 275 rev. per min.; constant horsepower output 
will be maintained for speeds above 275 rev. per min., 
and reduced output on constant torque basis, for speeds 
below this value. 

These drives will never be required to start their 
respective mills with metal in the rolls. Mill friction 
on a cold winter day, after a prolonged shut-down, 
would be the most severe starting condition. Several 
tests have shown that a torque of about 25 or 30 per 


6600 voit - 3 Prase - 25 Cycle 


Fig. 10—ARRANGEMENT OF ELECTRIC DRIVES FoR A LARGE 
Continuous MILL 


Two synchronous motors, one Scherbius equipment and one d-c. motor 
aggregating approximately 20,000 hp. continuous capacity will be used 
for driving this mill 


cent normal will start a continuous mill under most 
adverse conditions. 

Actual experience with a 9000-hp., 107- rev. per min., 
synchronous motor, driving since the summer of 1926 a 
large continuous rolling mill at the McKinney Steel 
Company, Cleveland, Ohio, has proved conclusively 
that a synchronous drive is quite applicable for mills 
of this nature. This synchronous motor, shown on 
Fig. 11, is capable of developing a starting torque of 
265 per cent normal if started on full voltage; it is — 
usually started on a low voltage tap of an auto-trans- 
former, developing the starting torque actually re- 
quired with considerably less than normal line kilo- 
volt-ampere input. — 

Under circumstances it has been decided to build 
the drives A and B as synchronous motors and to take 
advantage of their leading kilovolt-amperes for power 
factor correction of the steel plant. 

The large adjustable speed drive, C, will consist of a 
5000-hp., 375-rev. per min. slip-ring induction motor, 
the speed of which will be adjusted up to 33 per cent 
avove, and up to 33 per cent below, synchronism 
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(i. e., from 500 rev. per min. to 250 rev. per min.) 
by means of the two Scherbius regulating machines R 1 
and R2. With this constant torque layout, the ca- 
pacity of the drive will be 6700 hp. at 500 rev. per min. 
and 3300 hp. at 250 rev. per min. An a-c. drive of 
such capacity and speed can be built more economically 
and with a much higher efficiency than any combination 
of d-c. machines. The fact that the power supply was 
25-cycle gave the Scherbius system an advantage over 
the Kraemer drive. 

The last finishing mill drive, D, will have a wider 
speed range, is of smaller capacity, and runs at a lower 
speed than the drive C. While a Scherbius equipment 
for the drive, D, would be fully competitive in first 


Min. 6600-Vouit, 25- 


Rev. PER 
CYCLE, SYNCHRONOUS Motor Drivina A LARGE CONTINUOUS 
RoLLIıNG MILL 


Fig. 11—9000-H p.-107, 


cost, the difference between it and that of ad-c. drive was 
not as wide as in the case of the drive C. For the sake 
offgreater flexibility of control it was decided to make 
the drive D of the d-c. type. 

A 500-rev. per min. synchronous motor, S, will drive 
a 2300-kw., d-c. generator G (furnishing power to the 
motor D) and the two 650-kv-a. Scherbius speed regu- 
lating machines R 1 and R 2 used for adjusting the speed 
of the induction motor C. When the motor C runs 
below its synchronous speed, the slip energy flows to 
the machines R 1 and R 2; the latter run as motors and 
assist the synchronous motor S in driving the generator 
G. In other words, the slip energy does not have to be 
returned as electric power to the incoming line; instead 
of this, it may be used for driving, wholly or in part, 
the finishing mill D. The flow of power is indicated 
by arrows. This is another application of the same 
principle which was illustrated on Fig. 7. 

When the drive C is running above synchronism, 
the slip energy becomes negative and arrows shown by 
the dotted lines, see Fig. 11, will be reversed. The 
machines R 1 and R 2 act then as generators, and de- 
rive their power from the synchronous motor S. 

A direct-connected exciter provides the necessary 
250-volt excitation to the synchronous motors A, B, 
and S, and to the d-c. machines G and D. 


UMANSKY: DEVELOPMENTS IN ELECTRIC DRIVES FOR ROLLING MILLS 


475 


The use of two regulating machines R 1 and R 2 for 
controlling the speed of the motor C presents some 
interesting features. The maximum amount of the 
slip energy to be handled by the speed regulating 
equipment is 1700-hp.; it is not practicable to build an 
a-c. commutator machine of such capacity and to run 
at 500 rev. per min.; a lower speed like 375 rev. per min. 
or 300 rev. per min. would be required. With the 
proposed layout such reduced speed would considerably 
increase the cost of the d-c. generator G and of the 
motor S. It would be still more expensive to provide 
a separate low speed drive for the regulating machines 
R1 and R 2, and to drive the generator G by another 
500-rev. per min. motor. It was quite advantageous, 
therefore, to split the capacity of the regulating equip- 
ment in two units and to run them at 500 rev. per min. 

The connections of the regulating machines to the 
secondary winding of the induction motor are shown on 
the Fig. 12. The 5000-hp. motor is equipped with six 
slip-rings, with both ends of each phase of the rotor 
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Fia. 12—ELEMENTARY DIAGRAM OF ELECTRICAL CONNECTIONS 
OF A SCHERBIUS ADJUSTABLE SPEED Drive witH Two REGU- 
LATING MACHINES CONNECTED IN SERIES 


brought out. Each set of three slip-rings is connected 
electrically to the commutator of the regulating ma- 
chines R 1 and R 2, which thus forms the two Y-points 
of the secondary circuit. In other words, the two 
machines R 1 and R 2 act as if they were connected in 
series with each other, their e. m. fs. added together. 
The shunt fields F 1 and F 2 are adjusted simultane- 
ously by a common speed control apparatus. 

By disconnecting one regulating machine and by 
short-circuiting the corresponding set of slip-rings, it 
is still possible to operate the drive with the other 
regulating machine; full torque of the drive will be 
obtainable, but the speed range will be cut in half; 
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t.¢., it will be in this case approximately 312/437 
rev. per min. 


CONCLUSION 


None of the several electrical layouts described on 
the preceding pages should be considered as anything 
more than what they were originally intended for:— 
a good combination of electrical machines to fit a set 
of given requirements. Certain principles may be used 
again in some future drives; the whole combination 
may never be repeated. Electric drives for modern 
large rolling mills can hardly be standardized. They 
rather are and may rightly be called ‘‘custom made.”’ 

Many single mills require up to, or over, 20,000 hp. in 
electric drives; investment runs into several hundred 
thousands of dollars; the cost of power consumed in a 
year may approach the same figure. This alone justi- 
fies a thorough engineering study and a preparation 
of an individual layout for each case. Machines of 
special design need not necessarily be built for any new 
drive, but there is usually a broad field for working up 
a good new combination of apparatus. 

It was the author’s intention to point out, by means of 


the several illustrated schemes, that such an oppor- 


tunity is present in most cases and that the electrical 
engineers seldom let such opportunities slip by. 
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Discussion 


D. M. Petty: In reading the introduction to this paper, I 
noted that there was just one rather important point which Mr. 
Umansky did not cover. I think it is a rather vital point and is 
becoming more vital every day. That is, the relation of the 
power generated in steel plants to that which is purchased. A 
number of steel plants are making it a point to buy a certain 
proportion of their power and with the advent of interconnections 
of large power companies, I think the interchanging of power 
between steel companies and power companies becomes in- 
creasingly important. The power companies themselves, nat- 
urally, having a wider range of load, are now able to absorb 
waste-gas and waste-heat energy better than they otherwise 
could have done had their system been limited to a small terri- 
tory, it being understood, of course, that the steel plant has this 
power available as a by-product. 

Immediately I imagine the problem arises in the minds of a 
good many of the central station men that most steel plants are 
20-eyele and the power companies are 60-eyele. This has for a 


UMANSKY: DEVELOPMENTS IN ELECTRIC DRIVES FOR ROLLING MILLS Transactions A. I. E. E. 


long time apparently offered an almost insurmountable barrier 
to an interchange of power agreement, but I find in talking tosome 
of the power engineers, that as these super-power systems grow 
and their lines extend over greater distances, the use of syn- 
chronous condensers becomes a considerable factor in the regula- 
tion of voltages at different points. 

It has occurred to me that possibly some of these synchronous 
condensers at different points could have a 25-eyele generator 
connected to the big, 60-evcle synchronous condensers. It might 
look, in a good many cases, like an exciter connected to the 
synchronous condenser. However, it might be big enough to 
provide a means of interchange of power in sufficient quantities 
to provide for the needs of the steel plant when it wanted to 
buy power and also to provide an outlet for a maximum amount 
of power which the steel plant might have available at any 
Particular time in its operations. 

The various rolling-mill layouts which Mr. Umansky showed, 
I think, are very typical of the modern trend of steel-mill design 
and rolling-mill design. There is just one thought that I should 
like to mention in this connection, for fear that possibly some 
one who is not a steel-mill engineer might be a little misled. 
The big thing in rolling-mill practise is to obtain tonnage 
from the mill, and, with the various Kraemer and Scherbius 
drives as illustrated, it must always be borne in mind that the 
first consideration is that the particular electrical drive to be 
hooked to the mill must enable the millman to deliver from the 
mill the maximum amount of tonnage at the lowest possible 
cost, and cost in a rolling mill hinges almost always around pro- 
duction more than any other factor. So that when vou think 
of cost in a rolling mill, you are almost saying ‘‘reliability,’’ since 
a drive that is not reliable, either because of complications or 
anything else, would immediately run the cost up by virtue of 
the fact that it would reduce the tonnage. The actual dollars 
and cents expended on labor and material in repairs might be 
negligible but the reduction in tonnage would be a serious matter. 
So that while we like to feel that we are going after all the effi- 
ciency we can get in mill drives, we should not hesitate to 
throw out 3 or 4 per cent of efficiency if there was a thought 
that ad-c. drive might produce more tonnage onamill than eithera 
Kraemer or a Scherbius or any other system of a-c. drive. In 
other words, production is the most important factor. especially 
where the product of the mill is not determined at the time it is 
laid out. 

Of course, if it is known beforehand that the mill is never going 
to roll anything else but a particular product, it is comparatively 
easy to make the layout. So that while we want to do every- 
thing we can to make the drives more efficient, the big point is 
always reliability and flexibility, whenever flexibility means more 
tonnage. That, to my mind, is the big factor in the matter of 
drives. 

I wish also to emphasize further the point that you cannot say 
that one drive, because it has worked out excellently in one mill, 
will always work out so well in the next mill. Each mill must 
necessarily be laid out for itself and for the purposes which the 
product of the mill demands. In some cases two mills may 
look alike in the number of stands, but the product may be 
different and consequently it may be necessary to have anentirely 
different type of drive. I feel that that particular point is one 
of the best points brought out by Mr. Umansky. 


A. J. Standings: The mills should be so designed that the 
mill layout may not be the limiting factor; in other words, the 
mill shall be so laid out from the heating and the furnace end of 
it that steel can be delivered to the drive as fast as the drive 
can roll it, and that, at the other end of the drive, steel can be 
taken care of at the finishing and disposal end fast enough to 
take care of the drive. The reason I mention this is because 
oftentimes the mill is laid out for the production of one product, 
and later we find that the mill has undergone considerable change 
from the time when original product was got out. So that_in 
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putting a drive on a mill, the past experience has a great deal of 
weight due to the fact that information has been obtained as to 
the speed with which we can handle steel both before it enters 
the drive and especially after it leaves the mill. With that in 
view, I think the steel manufacturers each year are gaining more 
experience with various installations so that those who are 
installing electrical drives from now on will be able to profit by 
the actual applications and the improvements which have been 
made in the tonnages, especially from the standpoint of cost per 
ton. 


R. H. Wrights Under present-day business conditions, it is 
essential that any organization, to be successful, must be quick to 
adopt new methods and equipment. Steel plant engineers and 
executives for years have been pioneers in the application of 
electrical equipment to heavy mechanical operations and, through 
continual expansion of their electrical power systems, they have 
effected great economies of operation. 


One of the chief advantages of the electric motor drive in the 
steel industry, in addition to the inherent economy, is the ex- 
treme flexibility and the ease with which it can be applied to new 
processes and labor-saving devices. Through liberal use of 
electric motors and automatic control in the modern steel 
plant, the output per man has been increased many times and the 
accident hazard reduced toa minimum. That the advantages of 
electrification can be obtained without sacrificing plant produc- 
tion during installation of new equipment is illustrated by a 
project recently completed in the Philadelphia district. All the 
steam engines in this plant were replaced by electric drives 
operating on purchased power in less than three years with no 
appreciable loss in production during the change-over period. 
The saving in power cost and operating labor will, in three vears, 
cover the cost of the installation. 

To meet the peculiar needs in the industry, the electrical manu- 
facturers have developed complete lines of equipment for steel 
mill service. One of the first main-roll drives was a reversing 
motor, installed twenty years ago to drivea plate mill. Since the 
initial installation reversing motors have been increasing in size 
until units rated 7000 hp. at 50 rev. per min. are now quite 
common and one motor has been built for 8000 hp. at 40 rev. 
per min. 

Up to a few years ago all reversing motors above 5000-hp. 
rating were built with two armatures on a common shaft. 
Direct-current power was supplied to the motor through a motor- 
generator set having two generators. In order to keep the volt- 
age to ground from exceeding the potential of one generator, 
a sandwich scheme of electrical connections was employed in 
the circuit between the generator armatures and the double- 
armature motor. Motor-generator sets with two generators 
are used with the more recent equipments, but the double-unit 
armature construction of the motors has been abandoned, and 
one §000-np. and six 7000-hp. motors have been built with 
single-unit armatures by the Westinghouse Company. 

It will be obvious that the single-unit motor has one-half the 
armature end windings of a double-unit motor of the same rating 
and diameter and that the number of cross connections for the 
commutating pole and compensating windings is also reduced to 
half that required for a double-unit motor. The copper loss of 
the single-unit motor is therefore about 25 per cent less than the 
copper loss of a double-unit motor of the same rating and the 
efficiency is higher. 

When two generators are used in the motor-generator set they 
are connected in parallel. Equal division of the rapidly varying 
load to which such generators are subjected is obtained by 
means of special field connections. As shown in the accompany- 
ing figure, each generator has a differential series winding and a 
cumulative series winding. These windings are identical and 
under balanced load conditions, they neutralize each other. 
However, if No. 1 generator, for example, should tend to take 
more than its share of the load, the differential series field of the 
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No. 1 generator would be stronger than the cumulative series 
field and the voltage; consequently, the load on the No. 1 genera- 
tor would be reduced. At the same time, the excess of current 
from the No. 1 generator would strengthen the cumulative 
winding of the No. 2 generator, causing it to take more load. 
Any tendency for unequal division of load is therefore corrected 
very quickly. . 

W. E. Lloyd: I should like to include one question. How is it 
controlled? Do you have a dozen men or one man with a push 
button? 


L. A. Umansky: This paper was not intended to cover the 
very interesting point just brought up by Mr. Petty; namely, 


the interchange of power between the steel plants and the public 


utilities. It is very fortunate, however, that this problem has 
been mentioned here as it is a very vital one and will undoubtedly 
grow in importance as time goes on. Whenever the steel 
plant operates at a frequency of 25 cycles, while the purchased 
power is available at 60 cycles, the two systems will be un- 
doubtedly tied-in by means of special frequency-changer sets. 
Their purpose will be not only to convert the 60-cycle to 25-cycle 
power, or vice versa, but also to control the flow of power between 
the two systems. It means that while one unit, presumably 
at the 60-cycle end of the set, will be of a synchronous type, the 
25-cycle unit is likely to be an induction motor with a speed- 
regulating equipment attached to it. The latter may be similar 


Re versing 
Motor 


Diffevent re! 
I a Sevres Freids. Y 


Gumulative Sevies Fraids / 


to the Scherbius, Kraemer, or similar systems outlined in this 
paper. The actual speed of the frequency-changer set is not 
changed as long as the frequencies remain fixed, but, by control- 
ling the frequency applied to the secondary circuit of the induc- 
tion machine, the latter may be given a tendency to operate 
either as a motor or as a generator; in this manner the inter- 
change of power between the two systems may be readily con- 
trolled. The synchronous motor of the set, if suitably designed, 
may also act as a synchronous condenser on the 60-cycle line. 


We all agree with Mr. Petty that the question of reliability and 
flexibility is just as important in selecting electric drives for 
rolling mills as is the question of efficiency. So many of both a-e. 
and d-e. drives are in successful operation for many years that 
their reliability certainly should be considered on a par. 

No reversing drives were mentioned in my discussion as there 
were noradical changes made in this line for the last ten or fifteen 
years. Many details were undoubtedly improved, as pointed 
out by Mr. Wright, but the method of operation of the machines 
remains substantially unchanged. A single-unit armature of a, 
say, 7000-hp. reversing motor, is an improvement of size rather 
than of kind. When two generators are supplying power to a 
single-armature reversing motor, means should be provided, 
of course, to divide the load automatically and evenly between 
the two generators. The scheme mentioned by Mr. Wright is very 
effective for this purpose; as a matter of fact, the same scheme 
is used for a number of years on the double-unit, d-c. motors 
shown on Figs. 3 and 4 of my paper. It should be borne in mind, 
however, that if we equip each of the two machines with two 
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series fields, one cumulative and one differential, then the load 
balance is maintained at the expense of crowding the main poles 
of the machine with a double amount of series field turns; the 
latter carry the full current but, in the ideal case, do not produce 
any flux. In other words, the balance is obtained magnetically 
and not electrically. By causing the current to circulate through 
two series fields, the copper losses are increased and the efficiency 
is, therefore, reduced. 

The reversing drives usually give an excellent opportunity to 
apply a simpler but an equally effective scheme which, at the 
same time, is devoid of the above shortcoming. A relatively 
small potential winding may be mounted on the main poles of 
each generator and these auxiliary fields of the two machines are 
then connected in series with each other. They are so wired that, 
when one of them acts cumulatively with the main field of its 
generator, the other auxiliary winding acts differentially with 
the main field of the second generator. The free ends of the 
auxiliary fields are connected to terminals of the two generators 
of the same polarity. The current of each generator is carried 
separately to the reversing motor, where the two circuits are 
joined together. When the load is evenly divided between the 
two generators the J R drop in each circuit is equal and, therefore, 
no current is flowing through the auxiliary fields. If, for any 
reason, one generator carries less than its proper share of the 
load, the Z R drops in the two circuits will differ and therefore a 
current will flow through the auxiliary fields, strengthening the 
main field of this particular generator and weakening the field of 
the second generator, thereby re-establishing the balance. It 
will be seen that the results are obtained directly by means of an 
electrical balance; in other words, the auxiliary field does not 
carry any current in case the load is evenly divided. The copper 
losses are lower than in the scheme described by Mr. Wright 
and the main poles are less crowded. 

This scheme has been in successful operation for a number of 
years. It will be of interest to note that just a few days ago a 
large rolling mill was started at the Lackawanna Plant of the 
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Bethlehem Steel Company. This mill includes five reversing 
drives, of which three are 7000-hp., single-armature motors, 
each furnished with power from two generators connected in 
multiple. The division of load is load is maintained in a perfect 
manner by means of the scheme just deseribed. 

Once the reversing drives are discussed, I wish to mention one 
other point which may eventually change in one respect the 
conventional form of these equipments. It has been commonly 
understood that any reversing drive requires a motor-generator 
set equipped with a heavy flywheel to equalize the load on the 
incoming line. This is still true for the larger reversing drives, 
but, as the power svstems grow, the question of limiting the 
instantaneous peak load will acquire relatively less importance. 
Just recently, a reversing drive which will include a synchronous 
motor-generator set was ordered. The power in this case was 
purchased from a public utility and the question was put squarely 
before the power company: Did it prefer to take on its system 
a heavier instantaneous peak load, not smoothed out by any 
flywheel, or to reduce this peak load and contend with the lagging 
power factor of the induction-motor-driven set. The answer was 
in favor of the synchronous motor drive. While this particular 
reversing drive is of a moderate size, (4200-kv-a.’ synchronous 
motor), I believe that it is a forerunner of larger equipments 
provided with synchronous motor-generator sets. Maybe in ten 
or fifteen years from now, even the 7000-hp., reversing blooming- 
mill drives will lose one of their typical features,—the flywheel 
set. 

Mr. Lloyd inquired as to how many operators usually control a 
large continuous mill with individual drives. The motors and 
the motor-generator sets are usually fully protected by automatic 
devices, and, strictly speaking, no attendant is required in the 
motor room. The actual starting speed adjustment and stop- 
ping of each drive is controlled by one man in the operating pulpit 
having within his easy reach the necessary master switches, 
push buttons, rheostats, ete. One man is usually sufficient to 
do this work; a second man would be comparatively useless. 


Notes on the Use of a Radio Frequency Voltmeter 


BY W. N. GOODWIN, Jr. 


Fellow, A. I. E. E. 


Synopsis.—A thermovoltmeter having a special form of shielding, 
for use in the accurate measurement of voltage at radio frequencies 
ras described in 1924 in a paper by Mr. Leon T. Wilson. This 
instrument has since been developed into a commercial form, and 

_ this paper describes the technique for using it in a few of its practical 
_ gpplications. 

| The voltmeter correctly indicates the voltage at its terminals 
for any frequency up to about.1500 kilocycles. For low frequencies 


T the Midwinter Convention held in Philadelphia, 
Feb. 1924, Mr. Leon T. Wilson described a 
specially shielded voltmeter designed for the 
measurement of voltages at radio frequencies. A 
detailed description of the instrument will not be 
| repeated at this time, as this was quite fully covered by 
Mr. Wilson in his paper, except to state that it is a 
thermocouple type voltmeter enclosed in a metal shield 
| formed in two halves, insulated from each other. The 
|movement and couple are placed between the two 
shields, symmetrical with them, and the resistor is 
divided in two parts, symmetrically disposed, one on 
each side of the movement. The two terminals are 
‘connected directly to the shields, one to each. 

The complete voltmeter is illustrated in Fig. 1, and 
the arrangement of parts in Fig. 2. Briefly, the 
principle of the shielding is as follows: The thermo- 
couple circuit and d-c. movement, in which it is desired 
that no alternating current shall flow, are placed exactly 
I nidway between the two shields, so that the values of 
‘their electrostatic capacities to both shields are equal. 


Fic. 


1—THERMO-V OLTMETER 


che resistors, in two halves, also have equal electro- 
gatic capacities with their corresponding parts of the 
nield. On account of this symmetry, therefore, there 
u no tendency for the alternating current to pass from 
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the instrument is used exactly as an ordinary voltmeter. For 
high frequencies, it is necessary to pay especial attention to the 
ezternal connections, in order that the voltage desired to be measured 
shall be applied unchanged to the voltmeter binding posts. 

Methods are described for measuring the radio freguency resis- 
tance and inductance of coils, and for establishing a definite voltage 


across a circuit such as the input circuit of an amplifier. 
s + & & + 


the heating wire through the couple into the movable 
coil, which is the cause of errors in voltmeters not pro- 
vided with this form of shield. 


This type of voltmeter is used in a manner very 
similar to the ordinary low-frequency voltmeter, and 
since it requires current for its operation, is subject to 
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the same limitations; that is, it will not give correct 
indications of voltage in a circuit if the current drawn 
from that circuit for the instrument appreciably affects 
the voltage to be measured. The current required 
varies from two to eight milliamperes, depending 
upon the range of the instrument. In addition to 
this operating current, there is also the charging current 
for the shields, which form the plates of a condenser in 
parallel to the instrument circuit. This current, at a 
frequency of 1000 kc., is of the same order of magnitude 
as the current in the instrument circuit, but it is in 
quadrature with it. 


In using the voltmeter for direct current or alternat- 
ing current of low frequencies, it is used in exactly the 
same manner as an ordinary voltmeter. For high- 
frequency measurements, however, while the principle 
of the measurement is the same as for low frequency, 
there is a definite technique which must be followed in 
order that the voltage at the binding posts of the in- 
strument will be the value desired to be measured, 
and not the resultant of this voltage and those of 
mutual and self-inductance in the connections and the 
effects of capacity. A few examples will be given to 
illustrate the technique. 
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To MEASURE THE EFFECTIVE RESISTANCE AND 
INDUCTANCE OF A COIL 

The method used is the usual voltmeter-ammeter 
method in which the resistance is measured by the drop 
across it produced by a measured current. 

The connections are made as shown in Fig. 3. The 
coil D, the resistance of which is to be measured, is 
connected in series with a condenser C, having a 
negligible or known loss and a thermomilliammeter A>. 
The circuit thus formed is connected across the non- 
inductive resistance R at the points E, E The 
point E, should be carefully grounded and the shielded 
side of the condenser C, connected to the milliammeter, 
which is in the grounded side. The resistor R and 
connections should all be short, especially the connec- 
tion between B, and the condenser C», as this is the 
only part of the circuit at relatively high potential. 
This connection should preferably be suspended, 
together with the coil, away from all dielectrics except 
air, in order to prevent any losses being added to those 
of the coil being measured. The voltmeter Vu 
must be connected with short leads directly at the points 


E, E, where the measuring circuit is connected to the 


resistance F. 
Current is supplied at the frequency desired from an 
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oscillator, either shielded or placed at a considerable 
distance from the measuring circuit and connected by 
leads placed close together, to avoid mutual inductance 
effects in the measuring circuit. The coil L, is loosely 
coupled to the oscillator coil L, and has a tuning con- 
denser C, in series with it to adjust the current J, in 
the circuit. The frequency of the oscillator is adjusted 
by the use of the wavemeter W. 

The current I, should be 10 or more times greater 
than J., so that the tuning of the two circuits will not 
materially affect each other. The drop across R then 
becomes practically equivalent to a non-inductive 
source of high-frequency voltage for use in the mea- 
suring circuit. 

To measure the resistance of a coil D, for example, 
such as is used as a tuning coil for ordinary broadcasting 
frequencies, the condenser C should have a maximum 
capacity of about 500 yw. u.f., the milhammeter A, 
a range of about 100 milliamperes, the voltmeter Vu 
a full scale value of about three volts, and the resistor 
R a resistance of about 1.2 ohms. A very desirable 
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resistor for the purpose may consist of about two inches 
of manganin, constantan, or other high-resistance wire 
about 0.0065 in. in diameter. 

It is desirable to have a thermoammeter A, in the 
high current circuit, having a range of two or three 
amperes. An oscillator having two five-watt tubes in 
parallel will supply sufficient power for this purpose. 
The oscillator is adjusted to the proper frequency, and 
then the current J, adjusted to one or two amperes by 
means of the condenser C, to give a readable indication 
on the voltmeter scale. The condenser C, is then 
adjusted until the current I, indicated by the milliam- 
meter A», is a maximum. It is desirable to use a ver- 
nier condenser or vernier attachment on condenser C», 
as the tuning is exceedingly sharp. Under this con- 
dition, all self-inductance in the measuring circuit 
has been neutralized and the resulting current is due . 
solely to the voltage V indicated by the voltmeter and 
the resistance of the circuit, which is computed in the 
usual manner by Ohm’s law. The coil resistance is 
then obtained by subtracting from the computed resis- 
tance of the entire circuit the known resistance of the 
milliammeter, and the resistance of the condenser if . 
it is not negligible. It is obvious, of course, that the 
resistance RF is not included in this circuit. 

The same setting may be also used to measure the 
effective inductance of the coil, if the condenser C>: is 
a calibrated one. The condenser capacity to give the 
maximum current I, is noted, together with the fre- 
quency. Since the inductive and capacity reactances | 
are equal, the inductance is then | 


20.39 X 108 
fC 


where f = frequency in kilocycles, and C is the capacity 
of C: in M. M. f. | 


L= millihenrys, 


It has been found, in using the voltmeter for the mea- 
surement of resistance, that whereas the voltmeter 
measures the voltage at its terminals with highaccuracy, 
the final accuracy of the resistance measurement almost 
wholly depends upon the set-up of the measuring | 
circuit. It must not be concluded that this method or 
any other method for measuring resistances at radio 
frequencies is as simple or as accurate as low-frequency ` 
measurements, for experience has shown that the best 
arrangement of circuit is often difficult to determine, 
and considerable experimental work is necessary to, 
obtain the best results. 

The general rules referred to above may be followed 
but the actual circuit and location of measuring ap- 
paratus will depend in each case upon the particular 
apparatus used. It is advisable to make the “set-up”’ 
permanent when the best arrangement has been found. 
The chief advantage of the voltmeter method is the 
rapidity with which coils of various types can be 
compared. 
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ESTABLISHING A VOLTAGE 


It is often desired to apply a definite measured high- 
frequency voltage to the grid circuit of an amplifier or 
to the primary of a transformer or to some other device. 
The voltmeter operates very satisfactory for this pur- 
pose by simply connecting it across the input circuit 
between the points where the voltage is to be 
established. 


LIMITATIONS OF USE AND ACCURACY 


The voltmeter is limited at high frequencies to mea- 
surements of voltage in continuous wave circuits and 
to frequencies up to about 1500 kc., and where the 
current required to operate the instrument and its 
electrostatic capacity do not materially alter the value 
of the voltage to be measured, which is similar to the 
limitation under which the ordinary low-frequency 
voltmeter operates. 

It cannot be used, for example, to measure voltages 
from spark generators, or in continuous wave circuits 
having large harmonics greatly exceeding 1500 kce., 
nor can it be used to measure the output voltage of a 
radio frequency transformer, or coupling coil, or, which 
is often the same thing, the grid input voltage to an 
interstage tube of an amplifier, on account of the dis- 
turbing effects of operating current and the capacity 
of the instrument. 

The error in the voltmeter due to frequency from 60 
cycles to 1000 ke. averages about 0.5 per cent, and to 
1500 ke., about one per cent. 


Discussion 


L. T. Wilsons It has been mentioned that this meter takes 
from 2 to 8 milliamperes, and that a displacement current flows 
between the shields of the same order of magnitude. It was not 
specified in that statement that charging current is of the 
same order of magnitude as this 2 to 8 milliamperes only at 
1,000,000 cycles. Of course, at any frequency lower than that, 
the charging current is proportionately lower, and down at 
very low frequencies, it is entirely negligible. 

P. A. Borden: Mr. Goodwin states that in using the instru- 
ment he has described, it becomes necessary to get the voltage 
at the terminals of the instrument to be the voltage which it is 
desired to measure; and in this regard its application does not 
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differ from that of any other voltmeter. To obtain this object 
he suggests what he has styled a “point source” of voltage, which 
is very nicely worked out on high frequency circuits. Without 
having had the opportunity to fully study the circuit, my ques- 
tion in this regard is,—can that arrangement be applied to com- 
mercial frequencies? If so, it would be very useful in measuring 
small voltages, and potential differences across circuits where a 
very small amount of power is available. I refer to circuits 
where the power consumption of the instrument compared with 
the power available in the circuit is so great that the ordinary 
instrument would disturb the value of the quantity under 
measurement. For example, in the determination of the volt- 
ampere consumption of the voltage coil of a watthour meter, 
current and voltage being measured simultaneously, it would 
be very valuable if the “point source” of voltage could be ap- 
plied in the measurement. 

H. M. Turner: Mr. Goodwin mentioned the fact that it is 
desirable to have a fairly large ratio between the currents J; and 
I, of say 10tol. Theadvantagesare that the current amplitudes 
may be easily controlled by adjusting C, (Fig. 3 of the paper) 
without changing the oscillator coupling and that when tuning 
the measuring circuit to resonance the reaction on the oscillator 
is usually negligible. 

I have used this method in the laboratory and find it con- 
venient and satisfactory for measuring circuit constants. 


W. N. Goodwin, Jr: Mr. Borden asks whether the “point 
source” of electromotive force could not also be applied ad- 
vantageously to low-frequency measurements. What I termed a 
“point source” of electromotive force was provided as a means 
for obtaining a source of electromotive force which for all practi- 
cal purposes was free from inductance. To obtain this at radio 
frequencies, it was found that the voltage drop across a high- 
resistance wire of very small dimensions gave the desired results. 


On low-frequency circuits a somewhat similar method is often 
used in practise in which a low voltage is obtained from a higher 
one by means of the well-known voltage divider. In this case, 
however, there is no advantage in using what I have termed a 
“point source,” since the ratio of reactance to resistance can 
readily be made negligible without special reduction in 
dimensions. 

The method described, either for low or for radio frequencies 
is not intended for the measurement of unknown voltages, but 
for establishing a voltage for use in measurements. The voltage 
can, of course, be adjusted to a definite value by knowing the 
value of the resistance and that of the current passing through it. 

I wish to thank Mr. Wilson for calling attention to the fact 
that the value of the charging current given for the shields is for 
frequencies of the order of 1,000,000 cycles. This was inadver- 
tently omitted from the text. 


Substitution Method for the Determination 


of Resistance of Inductors and Capacitors at Radio Frequencies 
BY C. T. BURKE! 


Associate, A. I. E. E. 


Synopsis.— The use of a series resonant circuit for the measure- 
ment of the resistance of coils and capacitors at high frequencies is 
discussed. The circuit is tuned with the unknown in circuit and 
with it removed, introducing sufficient resistance to keep the current 
constant. From the condition of constant current, and the circuit 
constants, the constants of the unknown are derived. The derivation 
of the expression for the resistance of a capacitor involves certain 


HE measurement at radio frequency of the resis- 
tance of coils and capacities has presented some 
difficulty. A number of methods has been pro- 

posed, but most of them have been rather elaborate 
and some have involved quite formidable complica- 
tions. The method to be described does not involve 
any new principle, and is, in fact, rather obvious. It 
possesses a simplicity which makes it compare most 
favorably with many of the schemes heretofore pro- 
posed, and renders it deserving of more attention than 
it has received. While it does not pretend to hair- 
splitting exactitude, its precision, if the system is 
constructed with reasonable care, is equal to the 
requirements of a vast number of factory and research 
requirements. It also possesses the advantage that 
the sources of error are known, and most of them can 
be reduced to almost any degree required for precision 
work if the necessary precautions are taken. 


The measuring circuit consists of a simple series 
circuit containing inductance, capacitance, and resis- 
tance, and a current indicator. This circuit is coupled 
to the output coil of a radio frequency oscillator of 
suitable frequency range. Provision is made for con- 
necting the inductor to be measured in series in this 
circuit. Capacitors under measurement are connected 
in parallel with the test capacitor. While the absolute 
value of the measurement may be questioned, the 
method is of great value in determining the relative 
efficiency of coils and condensers, which is in many 
cases of more interest than the actual resistance. 
Using the set-up described, changes in circuit resistance 
of the order of 0.02 ohm can be detected. This permits 
the measurement of coil resistance of the order of one 
ohm with fair accuracy, and of resistances of two ohms 
and over to one per cent. 


HIGH FREGUENCY MEASUREMENT OF INDUCTORS 


In the measurement of inductors, the unknown 
inductor is connected at L, and the variable resistance 
set at zero. The measuring circuit is tuned to resonance 
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assumptions which are shown to be justified for frequencies at which 
coils and capacitors are now generally used. Sources of error are 
pointed out and discussed. In the measurement of resistances of 
the order of two ohms and larger, the precision of the method is of 
the order of one per cent. A change of circuit resistance of approzi- 


mately 0.02 ohm can be measured. 
s s * ¢ s 


with the oscillator, adjusting the coupling to give a 


convenient reading on the current-indicating device. 
Then 


L, is removed, a short-circuiting plug substituted, and 
the circuit retuned to resonance. Adjusting R until 
the current is reduced to its former value, it follows that 

Zi = VA 

This assumes: (1) the current in the oscillator is 

constant; (2) the coupling between the circuits is not 
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changed. The first of these conditions is readily 
obtainable. The realization of the second requires 
sufficient spacing between the coil under measurement 
and the oscillator to prevent appreciable coupling 


between them. Stray coupling between the oscillator 


and the load coil is of no consequence, as no change is 
made in this portion of the circuit during the measure- 
ment. All question on this point can be removed, 
where the precision required justifies it, by means of 
suitable shielding. 


1 
Z: = R+ R+ Ra tjo (La + Lot Le- g) 
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1 
La + Lo- “3G, = 
Hence 
1 
La + Li+ L,— a C, = Li+ Lo— v C, 
and 
1 1 1 
Le = 2, ~— WG, ~ OG, (- &) 
Likewise 
Rt+k.+tRka =R+R+R 2 
and — 


R: = R + Re. — Ra 

This assumes the variable resistance to be non- 
reactive. 

If the capacitor used for tuning the circuit to reso- 
nance has a series resistance which is appreciable in 
comparison with the coil resistance, a calibration of the 
equivalent series resistance as a function of the capaci- 
tance will be required. A capacitor designed so as to 
eliminate this complication should be used, however. 
This is readily accomplished, as the loading coil is so 
chosen that the capacitor is used near the maximum 
capacitance where the equivalent series resistance is 
small. It is possible by means of proper design to 
reduce the capacitor resistance to the vanishing point. 
Using a capacitor of such design, it is obvious that the 
change in resistance disappears. 


Therefore: 
| R,=R 

Summary of Procedure for Inductance Measurements. 
With the unknown coil in the circuit, and the loading 
coil of such inductance as to give a capacitor setting 
near the maximum capacitance, the circuit 1s tuned to 
resonance as indicated by maximum galvanometer 
reading. The coupling coil is moved so as to give a 
convenient galvanometer deflection. Removing the 
unknown coil, the coil mounting is short-circuited and 
the circuit retuned to resonance and R adjusted until 
the current equals that obtained on the first reading. 
Then 
R, = R (Equivalent series resistance = 

standard resistance.) 


reading of 


and 
— t 
a? Gi Cz 


The loading coil should be so chosen as to give a high 
capacitor reading without the test coil, for two reasons. 
Not only is the capacitor resistance less at high capaci- 
tance settings but the potential of the coil under test 
with respect to ground is determined principally by the 
inductance of the loading coil. As the potential of the 
coil with respect to earth affects its resistance some- 
what, it is desirable to have the test coil as near ground 
potential as possible. 


L, = (C: = Cı) 
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HIGH FREQUENCY MEASUREMENT OF CAPACITORS 


In the measurement of capacitors, the unknown is 
connected in parallel with the capacitor of the test set. 
Sufficient inductance is connected in circuit to give 
resonance at a rather low value of capacitance. The 
procedure in measuring is the same as that employed 
with inductors. The circuit is adjusted to resonance: 
with the unknown connected across the test capacitor, 
the unknown removed, and the circuit retuned, intro- 
ducing sufficient resistance after the second tuning to 
bring the current to its former value. 

Again the condition of constant current in the 
measuring circuit requires constant impedance in the 
circuit. As all other portions of the circuit are un- 
changed, it is necessary to consider only the measuring 
condenser, the unknown condenser, and the variable 
resistance. | 

When the test circuit is first adjusted to resonance, 
this portion of the circuit consists of the standard 
capacitor, shunted by the capacitor under measurement. 
After the second adjustment, the impedance consists 
of the standards capacitor in series with a resistance. 
Equating the impedances of these two circuits, the 


relation between the resistance added to reduce the 
current to its first value and the equivalent series resis- 
tance of the unknown capacitor may be derived. 


In a properly designed capacitor, the dielectric is 
placed in a constant field, so that the dielectric loss 
does not vary with setting. It is convenient to repre- 
sent such a capacitor as a fixed capacitance in series 
with a fixed resistance, the whole shunted by a perfect 
variable capacitor; see Fig. 2. 

In this circuit, the customary equation for parallel 
circuits (resultant impedance equals the reciprocal 
of the sum of the reciprocals) reduces to: 


Z=- Zı Zp 
č Ze+ Zp 
where 
Z = resultant impedance, 


Zı = impedance of “loss” circuit, 
Ze = impedance of perfect capacitor. 


1 1 
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= — (1 +j wR Cı) -i 
~ Re w? Ce Ce — J U) (Cr + C) 
Rationalizing and reducing: 
Z= Rı w? Ce- j Q) [(Cr + C) + w? R: Cre C17] 
7 (Ri w? Cr C)? + w? (Cr + C.)? 


The order of magnitude of the second term of the 
reactance under test conditions is 10-*°; that of the first 
term, 10-'*. The second term is therefore negligible 
for values of w up to 10°. 

Taking out w?, the first term of the denominator is of 
the order of 10-*° w?, while the second is of the order of 


; 1 

10-2. The first term of the denominator is therefore 
also negligible for values of w less than 10-°, and the 
expression reduces to 


en en N 
7 “(Ce + C)? 7 u) (Ce + C) 

(Ce + C1) is the total capacitance of the capacitor; 
therefore, the system is equivalent to a capacitor of 
capacitance C = (Cr + Cı), and equivalent series resis- 


C:? 
tance R = Ri: 


Making use of this convention, Figs. 3A and 3B 
represent the variable portion of the test circuit at the 
first and second stages of the measurement. The 
solution will be simplified by considering the admit- 
tances rather than the impedances of these circuits. 
In the figure: 

Cı = imperfect “loss” capacitance of the standard 
capacitor, 

Ri = imperfect “loss” 
capacitor, 

Cr, and Cr. = settings of perfect capacitor, 

C, = unknown capacitance, 


resistance of the standard 


R, = equivalent series resistance of the unknown 


capacitor. 
Then 
Z.= VF 2 + l 6. = tan- oe 
a ; w C? = RwCe 
Ze = = p = tan-! 
— u)? Cr E n a 
1 _ 1 
Z. = 4| R? +— c 0. = tan "Ro. 
Zi = Zu 7% Ze = Ze Pahl Z: = Z: e 
The resultant admittance of circuit A is 
YV, = — JL OP _ 40x 
Pa Zu j TZ, 7 aA 


Ze Z, e” + Zi Z, e" + Ze Ze e 
Zı Zr Z: 


1 
Z.Z. Z. [Ze Z- (cos 6. — 3 sin 01) 


+ Z.Z, (cos 6p — 7 sin Or) 
+ Z.Z> (cos 6, — j sin 0,)] 
As the J terms disappear at resonance: 


_ 1 Ri R: 
Ya = RET 22g +Z Zr | 


R | R, 


Ri R, 


= + —— 
1 1 

Re + —— Rè 

+ + -C 


w? C L? 
As the capacitances are of the order of 10-, and the 
resistance of the order of unity, the first term of the 
denominator may be neglected for values of w up to the 
order of 10°. | 
Therefore: 

= Ya = Re wl +R. wC? 

In the circuit of Fig. 3B, 
for the parallel portion as previously developed: 


C2 j 
eae C. w Cr 
where 
C. = C. + Cr: = total capacitance of standard 
capacitor. 
For the complete circuit: 
a + g Cir 7 U) C. 
Ci 
wCa[R +R. (3y ]-s1 
82 
W Cie 
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1 2 w C., 
Ze Cn [R+ R(E )]-31 


L 


Ci \e 
w? C. [z + Ri (=) +7 wC., 
Ci NTE 
Ca ) ] i 
The first term of the denominator is of the order of 


10-*, when w is less than 10°. 
Therefore: 


Ys = oC [z +R (S) ] irat: 


Ys = 


w? C, [R + R: ( 


At resonance the) term disappears. 
For constant current, equal admittances are required. 
Therefore 
Ri w Ce + R: 8C = R wo? 
or 


C, + Ri u)? C? 


C: 


The capacitance of the unknown is equal, of course, to 
the change in capacitance, 1. e., 

C: = C.: z- Ci: 

It will be noted that the resistance measurement of 
capacitors involves the assumption that the field 
through the solid dielectric does not change with the 
position of the capacitor plates, a requirement met by 
any properly designed capacitor for laboratory use, and 
that the conductive resistance of the capacitor is 
negligible. The latter requirement may require special 
construction, especially as the higher frequencies are 
approached. 

As the sensitivity of the measurement depends to a 


Fic. 4 


considerable degree upon the sharpness of resonance of 
the circuit, a current-indicating device of low resistance 
is required. A sensitive current indicator is of value 
as it permits the use of an oscillator of low power, and 
consequently reduced stray field. Since sensitive a-c. 
meters have a relatively high resistance, the arrange- 
ment on Fig. 4 was resorted to as a current indicator. 
The drop across a small coil is used to actuate a micro- 
ammeter through a crystal detector. There is no 
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difficulty in keeping the detector sensitivity constant 
for the short time required; in fact, the sensitivity of the . 
fixed crystal used is constant over a long period of time. 

The actual layout of apparatus used is shown in the 
reproduction of the photograph. Plug mountings for 
the loading coil and the unknown inductor were mounted 
on insulators to reduce the capacitance between the 
coils and earth. As it is desirable to keep the circuit 
resistance as low as possible, the jacks were mounted on 
hard rubber, and the dielectric directly between the 
jacks was cut away to lengthen the path. The mount- 
ings for the two coils were permanently secured about 


two feet apart. This distance seems sufficient to 
eliminate coupling between the coil under measurement 
and the loading coil or oscillator. The pick-up coil was 
mounted on a wooden block and connected to the rest 


of the circuit by means of flexible leads so that the 


coupling to the oscillator could be conveniently altered. 
The drop coil and detector were mounted on the side 
of the galvanometer. The galvanometer used had full 
scale deflection on’50 microamperes. The pick-up 
coil was so wound as to have little external field. 

The resistance used was one of the standard decade 
type, using the Ayrtron-Perry type of non-reactive 
winding. It is probable that this resistance has a 
slight reactance at the higher radio frequencies and 
would not be proper for extremely precise work. There 
is undoubtedly a change in the resistance of these units 
with frequency. Where the requirements of the work 
warrant it, the resistance standard should be cali- 
brated at the frequency used. 


A special type of capacitor was used. The capacitor 
was designed so as to permit a very fine adjustment of 
the capacitance and to have a very low equivalent 
series resistance. 


The main scale in the capacitor is fitted with a 
vernier, making possible readings to one-tenth of the 
smallest scale division. A small uncalibrated capacitor 
is placed across the main capacitor in order to permit 
setting exactly to resonance. The error of calibration 
on the main scale due to this capacitor is ordinarily 
negligible. 
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A shield was used under the galvanometer and 
associated apparatus, the resistance, and the standard 
-eapacitor. The junction of the standard capacitor and 
the standard resistor was selected for grounding. It 
is desirable that one side of the standard and also of 
the unknown capacitor be grounded. If the junction 
-of the coil and capacitor were grounded, the resistor 
and meter would be at high potential. As the potential 
‘drop through the resistance is small, the junction of the 
resistor and current indicator could have been grounded 
with practically identical results. The oscillator is of 
standard type, using a U V 199 tube and plug-in coils 
to cover a wide frequency range. 

Summary of Procedure for Condenser Measurements. 
The unknown capacitor is connected in parallel with 
the standard capacitor, loading coils being used in one 
or both mountings, and the circuit is tuned to resonance, 
adjusting the coupling for a convenient galvanometer 
reading. The unknown capacitor is removed and the 
circuit is again tuned to resonance, adding resistance 
to bring the current to its former value. 


Then C: = C—C, 
R, = ps = Roe 
: (C: — C,)? CL 
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Discussion 


T. E. Shea: This paper offers an opportunity to call attention 
to certain equivalent networks, due to Dr. O. J. Zobel, which do 
not seem to have become generally absorbed into the literature to 
the extent that they deserve. l 

In the design of wave filters, of equalizers, or of balancing 
networks for simulating telephone lines, these equivalents have 
two values. In the first place, they simplify a great many 
formulas and give a better picture of what is going on in the 
circuit. In the second place, more desirable inductance, capacity 
and resistance values are often obtainable. 

Now consider the network represented in Fig. 2 of the present 
paper. We are all familiar with the various relationships of 
equivalent T and m networks (for example, those made up of 
capacities) where there are three terminals for each network. 
Nobody would ever question, if he had one mesh and it were more 
convenient to substitute another in a circuit and get a better 
picture of what was going on or get a more easily calculated 
circuit, the validity of using the second mesh. If he obtained 
more desirable capacity values, or a more convenient arrange- 
ment of capacities, he might even substitute the one mesh 
physically in place of the other. 

In the case of two-terminal networks, that is, impedances 
in which there is only one main current path, there is a large 
number of similar equivalents. In the case of Fig. 2, the 
corresponding equivalent two-terminal network is in the form of 
capacity in series with a parallel combination of resistance and 
capacity. Likewise there are equivalent two-terminal meshes 
using inductance and resistance, and inductance and capacity, 
respectively, and for any number of component impedance 


‘elements. 


If in this present case, for example, one wishes to investigate 
the matter of selectivity—the change in sensitivity of the device 
as the frequency is slightly changed—I suggest that it can be 
done very much more readily by means of equivalent networks, 
although, of course, the formulas in the paper ultimately simplify 
down to give the same results. 

Two-terminal equivalent networks are discussed in many 
places in the literature; for example, in Zobel’s papers on “Wave 
Filters,” R. S. Hoyt’s paper on ‘‘Design of Networks to Simulate 
Smooth Lines, ” and R. M. Foster’s paper on “A Reactance 
Theorem,” and in K. S. Johnson’s book "Transmission Circuits 
for Telephonic Communication.” 
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J. G. Ferguson: I should like to point out the small modifi- 
cation necessary in a circuit of this type to transform it into a 
bridge network and thus eliminate the necessity of measuring 
the current in the circuit in order to determine the point of 
resonance. 

In Fig. 1 of the paper, we have a resonant circuit consisting of 
the three inductances, the variable capacitance, and the variable 
resistance, all connected in series. In order to measure resis- 
tance, as described in the paper, it is necessary to adjust the cir- 
cuit for resonance. The resistance is determined by adjusting R 
to give the same current reading with the test coil or condenser in 
and out of the circuit. The difference in the reading of R then 
gives the value of resistance required. 


Now the e. m. f. applied to this circuit is induced in Coil D,. 
If we place across this coil in series, two equal resistances, we do 
not change the circuit in any way except to introduce a shunt 
across the generator coil. By connecting a detector from the 
midpoint of the two added resistances to ground, we transform 
the circuit into a bridge network, having two equal resistance 
arms, a third arm containing the resistance R, and a fourth arm 
containing Lo, Lz, and C in series. If we balance this bridge by 
adjusting R and C to give zero current through the detector, then 
Lo and L, in series must be in resonance with C, and the total 
resistance of this arm must be equal to R. 


This method is practically identical with the method de- 
scribed, except that it is unnecessary to measure the current, 
or even to hold it constant. Consequently, we do not have the 
same requirement of stability in the oscillator. 

The general method described is really a substitution one, the 
‘assumption being made that the change in the capacitance of 
C may be made without changing the loss in the circuit. The 
usual assumption made is that if the dielectric loss is known or 
negligible, there are no other losses to be considered. However, 


at radio frequencies this is by no means the case, as in certain - 


designs of capacitors we may have considerable eddy-current 
loss. Consequently one of the chief limitations of the method is 
in the determination of the loss in the standard capacitor. 
Knowing the loss in the standard, the method consists simply of 
substituting the unknown for the known, keeping other condi- 
ditions the same and reading the change in the setting of the 
variable resistor R. 

Probably the only absolute way of determining the loss 
in a standard capacitor is the calorimeter method, and there are 
so many difficulties to be overcome in a measurement of that 
type, that a high degree of accuracy can be obtained only by use 
of extraordinary precautions. 

In conclusion, there is just one other point which makes a 
bridge method preferable to an indicating method. If the 
detector is a heterodyne type or some type which allows us to 
discriminate between the frequency at which we wish to make the 
measurement and other frequencies, it is possible to balance the 
bridge for one frequency only, that is, for the fundamental. 
Any indicating method such as described in the paper which is 
dependent on a current measurement, measures the total current 
in the circuit including all of the harmonics, and the result 
obtained becomes a function of wave shape. 

A. Nyman: I was rather amused on the question of nomen- 
clature and particularly as applied to condensers. The company 
I am connected with is making millions of condensers every 
year, and I believe if we started changing the name to capacitor 
we would find ourselves in difficulty; people wouldn’t know what 
we were talking about. 

In connection with the measurement of condensers in Mr. 
Burke's paper, particularly at radio frequency, we worked out a 
method of measuring condensers at radio frequency which I 
believe is very accurate and quite simple. 

The accompanying figure shows the construction of this test 
set. It consists of two independent oscillating circuits both with 
adjustable capacities. By arranging the capacities close to the 
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same values, a beat note is formed between the two oscillating 
circuits, and this beat note can be brought very close to 1000 
cycles by introducing in the circuit a 1000-cycle note from a 
tuning fork. Thus, on the left-hand side of the diagram, a 
standard condenser is adjusted alone until the 1000-cycle beat 
note tunes in with the 1000-cycle note from the tuning fork. 
Then a condenser to he measured is inserted in parallel with the 
standard and the standard readjusted to get the same condition. 

It is of course necessary to watch that this beat note is always 
on the same side of the resonance curve. This will be the con- 
dition if the resonance is always approached from the same side, 
say, reducing the condenser in each case. Since the frequency 
of the circuit is now the same as it was before, the total capacity 
is the same as it was originally. 

It has been found that it is possible to gage the ieuenéy of the 
beat between the two 1000-cycle notes to within one cycle every 
two or three sec. With a million cycles on each oscillating 
circuit, this would give an accuracy of comparison of condensers 
of one in a million. Of course, this accuracy is a good deal higher 
than is required under any practical circumstances. Moreover, 
the actual accuracy is limited by the construction of the standard 


Definite A 


Fig. 1—PRECcCIsION CAPACITY MEASUREMENT 


condenser. With a General Radio type 222 standard condenser, 
this accuracy is not more than one in 25,000. 

This method of measurement has been found quite reliable and 
is not affected by any outside circumstances. Since the two 
Measurements are made on the same oscillating circuit, and the 
Measured condenser is generally considerably smaller than the 
standard, the load conditions on each tube are practically identi- 
cal and there is no tendency to upset the frequency relations 
of the two circuits. Moreover, the coupling between these two 
circuits is so loose that any change in one circuit does not affect 
the oscillation in the other circuit until approximate resonance 
(beat note of about 25 to 60 cycles) is reached. Thus, at the 
1000-cycle beat note, the effect of one circuit on the other is 
entirely negligible. 

C. T. Burke: In regard to the points raised by Mr. Ferguson, 
the condenser is the weakest link in the circuit. We have found 
in fact that on very high frequencies of the order of 50,000 kilo- 
cycles or thereabouts, the use of a condenser of the soldered- 
plate type does show a noticeable improvement over the usual 
stacked-plate type. 

In connection with the other question as to the effect of 
harmonics, since this circuit is tuned to the fundamental of the 
oscillator, the magnitude of harmonics in the circuit should be 
rather small, and as the actual value of current is not used in the 
computation but is only used to reset the circuit, harmonics in 
the circuit should not affect the accuracy of the method unless 
the magnitude of the harmonic differs between the two tunings, 
and there does not seem to be any reason for expecting this to 
occur. 

As to the other point raised in the matter of nomenclature, 
the terms “capacitor” and ‘‘condenser’’ do refer to the same 
thing. 


Condenser Shunt 


for Measurement 


of High-Frequency Currents of Large Magnitude 
BY ALEXANDER NYMAN: 


Member, A. I. E. E. 


Synopsis.— The necessity for an accurate ammeter for large 
high-frequency currents is pointed out. A new device consisting 
of a large condenser in parallel with a small condenser, and the 
latter carrying the current to a small thermocouple ammeter, is 
described. 

A device of this nature can be made very accurate; in fact, com- 
parable in accuracy to any available standards. 


HE use of large broadcasting stations and other 
continuous-wave, high-power installations has 
created a demand for accurate means of measuring 

high-frequency current of large magnitude. 

The methods so far in use are all limited in one partic- 
ular or another. The use of the hot-wire expansion 
type instruments is not feasible for values above 10 
amperes, as the size of heating element becomes exces- 
sively large and the skin effect does not allow the sub- 
division of hot wire into parallel elements. 

The direct thermocouple type has been used with 
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satisfactory results up to currents over 100 amperes, 
but the heating element of the higher ranges becomes 
bulky and expensive to build on account of the large- 
sized conductors and careful workmanship required. 
Also the skin effect kecomes appreciable at the higher 
frequencies. 

An iron core transformer for reducing the high- 
frequency current so that it can be applied directly toa 
small instrument gives satisfactory results for fre- 
quencies up to 500 ke. For higher frequencies, the 
heating of the iron parts of the transformer becomes 
quite appreciable and is the greatest drawback. At 
2000 ke. and above, it is difficult to use such a trans- 
former; the heating of parts, the influence of stray 
fields, and the distributed capacity of windings become 
quite objectionable. 

This article describes a novel arrangement which will 
permit the limits of operation to be extended as far as 
the present art of radio transmission requires. 

The advantage of the new condenser type of am- 
meter for large currents lies in its accuracy and sim- 
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The construction of the device includes provisions Jor restricting 
the electrostatic and electromagnetic field, due to large current, the 
reduction of distributed inductance and capacity, and a provision 
to prevent the resonance effect of high harmonics of the operating 
current. Provisions are also made for locating the measuring 
instrument at a distance from the circuit. Large ratings are 
possible by connecting a number of condenser blocks tn parallel. 


plicity, combined with its comparatively low cost, even 
for the highest of frequencies. 

Fig. 1 illustrates the method by which currents of 
large magnitude and high frequency can be satis- 
factorily measured. It consists in general of two 
condensers in parallel: a large one which carries the 
greater portion of the current to be measured, without 
appreciable voltage drop, and so constructed that it 
can pass large current at high frequency without appre- 
ciable losses; and one considerably smaller, designed 
to shunt off a predetermined fraction of the total 
current through a small ammeter, either of the hot-wire 
or the thermocouple type. In the latter case, the 
meter may be located at a distance from the main 
circuit, as illustrated in Fig. 2. 

A device of this nature, if properly designed, will give 
satisfactory measurements of current at frequencies as 
high as 60,000 kc., which is practically the limit of the 
present-day operations of radio stations. It can be 
designed for higher frequencies. The error due to the 
resistance of the thermocouple element is practically 
negligible, even at the highest frequencies used. Thus, 


if the condenser has a capacity of 0.001 uf. and the 
thermocouple element has a resistance of 2.6 ohms, the 
error becomes one-half of one per cent at 6000 kce. 
(50-meter wavelength). For shorter waves, smaller 
capacity would be used. 


The only source of error actually found in operation 
is due to the fact that the two condensers and the 
thermocouple form a closed circuit which has a resonant 
frequency that sometimes comes within the range of 
some harmonic of the frequency of operation of the 
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instrument. The presence of such a condition becomes 
apparent in an obvious irregularity of the meter reading. 
Fig. 3 shows a very evident method to avoid this error 
at the resonant frequency. An auxiliary circuit which 
is tuned to the resonant frequency of the closed circuit 
referred to is connected to some point of the condenser 
shunt and actually absorbs the power of the harmonic 
from this circuit and in this way eliminates this error, 


Fia. 3 


Since this tuned circuit is connected only at one point, 
its effect at all other frequencies is entirely negligible. 
It is worthy of notice that the accuracy of this 
instrument cannot really be checked by any available 
standards of high-frequency current. Probably the 
most accurate fundamental method of measuring high- 
frequency current is by means of the calorimeter 
ammeter in which the heating due to the current 
registers the value of that current in terms of the 
resistance of the heating element. Even this method, 
however, is subject to two errors which are difficult 
to eliminate. One is the actual value of resistance at 
the high frequency and the second is the distributed 


capacity of the heating elements and the calorimeter 
apparatus. 

If it is remembered that the capacity values used in 
condenser shunt are considerably in excess of any 
distributed capacity, and moreover, with a properly 
constructed mica condenser, these values are constant 
at all frequencies, and if it is further realized that the 
distributed inductance and resistance of leads are really 
negligible, the accuracy of this method becomes self- 
evident; it establishes a standard of large high-frequency 
current determined only by the accuracy of the meter 
element in series with the small condenser. 

Fig. 4 illustrates the construction of the condenser 
element suitable for this apparatus, It shows a unitary 
structure with a powerful clamp and two capacity 
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elements, both within this clamp. One element con- 
sisting of a number of metal foils in parallel gives the 
large capacity, while one extra foil brought out as a 
separate lead gives the small capacity. It is evident 
that the construction is made so symmetrical that there 
is no chance of one capacity changing relatively to the 
other. It will also be seen that the incoming and the 
outgoing leads of this condenser are on the same side 
of the clamp. There is no magnetic loop around the 
condenser element, therefore, and the losses are reduced 
to a minimum. 

It is a well-known fact that for high-frequency opera- 
tion, the presence of iron near the conductors results in 


= considerable losses and consequent heating which may 


become prohibitive. In the improved construction of 
this element, although a steel clamp is used to hold 
together the condenser under a high pressure, the 


Fig. 5 


arrangement of conductors is such that with a current 
of 50 amperes the losses are negligible. 

A typical example for a condenser to operate at 50 
amperes is as follows: The shunt element is 0.199 u f. 
and the part constituting the small condenser is 0.001 
uf. The shunt element consists of a large number of 
metal foils, and therefore each foil will carry only a 
fraction of an ampere; also each one of these foils will 
be of a very short length. For this reason, the resis- 
tance losses in the foils will be quite small and it will 
carry a total current of 50 amperes, without appreciable - 
heating. 

At 6000 kc., the potential across this condenser 
would be only 6.6 volts. Although the clamp is of 
the same potential as the condenser, it is separated from 
it by a space of almost half an inch, which is sufficient 
to avoid the losses in the steel clamp due to the spread- 
ing electromagnetic and electrostatic field of the con- 
denser element. 

Fig. 5 is an illustration of a meter of this type con- 
structed for operating with a current of 100 amperes. 
It will be seen that there are two leads coming out 
through the cover which can be connected in parallel 
or individually, depending on the current to be 
measured. There are two condenser elements corre- 
sponding to these leads. Only one of these condenser 
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elements contains a small capacity in series with the 
meter, that is, the element closest to the meter end. 
If this element alone is used, the reading is 50 amperes. 
If the second element is also connected, the reading 
becomes 100 amperes, and the meter readings must be 
multiplied by 2 without affecting the calibration of the 
instrument. 

Fig. 6 shows this condenser viewed from the bottom, 
with the base removed. The two condenser elements 
will be seen inside a perforated aluminum container 
with the thermocouple and instrument mounted on 
one side. A small adjustable condenser and spool 


Fic. 6 


next to the meter are for the purpose described in 
connection with Fig. 3, to eliminate the effect of the 
higher harmonics. 

Q Fig. 7 illustrates the arrangement of parts in this 
instrument. It shows a small resistance element R 
connected in the output leads of the thermocouple. 
This is a small spool of resistance wire which is equiva- 
lent in resistance to a certain length of lead so that 
when it is desirable to use the meter at a distance from 


the circuit this can be done without any change in the 
calibration by leaving out the spool and substituting the 
resistance of a standard length of leads. Fig. 7 also 
shows that the leads from the condenser element to the 
heater are arranged to have the minimum effect from 
stray fields and a minimum induction. These leads 
are seen to be made of two twisted wires, see Fig. 6, 
placed together closely, and brought to the thermo- 
couple. Fig. 7 shows the terminals located at the end 
opposite to the meter, and when connected to the 
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circuit, the leads would be going in a direction away 
from the meter. 

If the meter is used at a distance from the thermo- 
couple, the leads from the latter to the meter are 
brought through a metal shield casing which is grounded 
to prevent any radio frequency from affecting the 
circuit. 

Fig. 8 shows the mounting of the condenser element 
inside the casing. It is seen to be held by two metal 
plates which act as ground leads of the condenser 
element. Thus the two ground leads are parallel to 
each other and almost completely enclose the condenser 
element and the incoming lead. It will be observed 
from Fig. 6 that the condenser element is connected to 
these metal plates by means of several thin, wide metal 
leads. It can be seen readily, by observing Fig. 8, 
that the electrostatic field is confined within the ground 
leads and its influence on the meter and the thermal 
element is thereby minimized. 

For high current ratings, the principle of block 
additions of condenser elements is utilized. Thus for 
50 amperes, one block is used; for 100 amperes, two 
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are used; for 150 amperes, three blocks are used; ete. 
The same thermocouple and meter are used in each case 
and the scale need only be multiplied by the number of 
blocks connected. 


With the arrangement described, the ratio of capacity 
is 200 to 1; therefore, the thermocouple will carry only 
a quarter of an ampere while 50 amperes are flowing in 
the radio frequency circuit. A quarter of an ampere is 
quite practical for a sensitive and accurate thermal 
instrument. With 100, 150, or 200 amperes, the ther- 
mocouple will receive the same current, but the 
ratio will have changed in accordance with the capacity, 
that is, the number of blocks. 


A meter as described above has been in continual use 
for over two years on a testing set where the frequencies 
have ranged from 100 kc. to 6000 kc., and the current 
values have ranged up to 120 amperes. It has been 
found that the meter indications are consistent and 
reliable at all these values. In fact, its accuracy has 
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been such that it was possible to measure the voltage 
in a circuit by connecting such an ammeter in series 
with a known condenser, and determining the voltage 
drop in the condenser by calculation. 


For developing a special thermocouple ammeter used 
in connection with the condenser shunt, an acknowl- 
edgment is due the Weston Electrical Instrument Cor- 
poration of Newark, N. J. 


Discussion 


B. E. Lenehan: It is not apparent why the capacity of a 
condenser can be assumed to be constant up to frequencies as 
high as 6000 kilocycles. Two conductors spaced approximately 
10 times their diameter will have an inductive drop at 50 amperes 
6000 ke. of about 345 volts per ft. The mutual inductance 
between the meter and shunt circuit can hardly be disregarded 
as only 1 per cent coupling would introduce errors of around 50 
per cent. 


The method is a very good practical way of making high- 
frequency measurements after its accuracy has been established, 
but it can hardly be classed as a standard. The well known 
difficulties of shielding high-frequency circuits are evidently due 
to the high resistance of all materials. This effect accounts for 
the use of only moderately high frequencies in induction furnaces. 

We must remember that no method of demonstrated accuracy 
exists for measurement of currents above 1000 ke. Resistances 
and inductances are all affected by the proximity of the return 


NYMAN: MEASUREMENT OF HIGH-FREQUENCY CURRENTS 


491 


conductor of a circuit if any exists and the usual effects by which 
one makes measurements are complicated by the fact that the 
usual ‘‘constants’’ of a circuit are not constant. 

Alexander Nyman: Concerning the statements of Mr. 
Lenehan, with regard to the voltage drop on leads at 6000 ke. 
and 50 amperes, it is not clear what size of lead he is contem- 
plating, as of course the bigger the lead the less would be the 
drop per unit length. It is of course also true that the leads to 
condenser shunt are short from the junction point of the small 
condenser and these leads are so arranged as to confine the 
magnetic field to a small space and for this season the voltage 
drop is practically negligible. 

The inductive effect of these leads is again reduced by their 
mutual shielding arrangement, and by the fact that the leads 
to the thermo-couple are very short. This inductive effect 
can of course be determined by connecting the small condenser 
element to the large, in which case it will be found that nu 
current passes through the thermo-couple. In other words, 
the mutual inductance which Mr. Lenehan mentions is much 
less than 1 percent and probably could not be readily determined. 

With regard to the second paragraph, the writer is fully aware 
of the difficulties of shielding as this factor had been carefully 
studied in the design of the condenser shunt. The shortness of 
leads, the construction which encloses the incoming lead by 
outgoing leads, and a complete separation in a metallic container 
are the essential features which were found necessary for 
shielding. In other words, if the construction is such that there 
is no external field except in close proximity to the conductors, 
then the magnetic effect evidently is much easier to shield than 
than for an exposed conductor. 


Methods for the Measurement of Radio Field 
Strengths 


BY C. R. ENGLUND: 


Non-member 


Synopsis.—This paper presents a review of successful methods 
of measuring several classes of radio waves, (a) sinusoidal waves 
of frequencies below 1000 kilocycles and (b) sinusoidal waves of 


R several reasons the radio art was well advanced 

before the most fundamental measurements, 

those of the signal strength in free space, were 
undertaken. Chief among these reasons, perhaps, was 
the fact that the damped spark transmitter was the 
most common generator. Such a radiator has so many 
variables that accuracy in measurement is difficult. 
The simultaneous advent of the vacuum tube generator 
and amplifier furnished the sinusoidal radiation and the 
sensitive receiving set,so that anexact knowledge of the 
field strength became a matter of greater engineering 
moment and at the same time more accurate and 
sensitive means of measurement became available. 

The earliest transmission measurements were made 
by inserting sensitive a-c. ammeters in the receiving 
antenna. Later the coupled circuit with crystal 
rectifier and d-c. instrument was used. Here the 
coupling allowed a matching of circuits and the high 
sensitivity of the d-c. instrument made it a moderately 
sensitive method. Still later the telephone and audi- 


bility meter were added, increasing the sensitivity and 


making the measurement one differing only slightly 
from the normal operating technique, a desirable 
feature. The advent of the vacuum tube amplifier and 
detector enormously increased the intensity range of 
- the signal which could be received and estimated as a 
unit of audibility. 

There were serious deficiencies,’ however. The 
measuring unit was too far away electrically from the 
antenna, the step from free space to antenna was not 
bridged, and the threshold of audibility which furnished 
the basis of measurement was not an accurately re- 
producible standard. One of us, therefore, in 1917? 
proposed the idea of introducing a local measurable 
signal into the antenna and turning the measurement 
setting into a comparison between local and distant 
signals. The advantages would be that the type of 
receiving set would become immaterial, since this set 
serves merely as a comparator, and the comparison 
would become one of equal voltages impressed in the 
antenna, the only antenna constant required being the 
so called effective height. This method has now be- 


1. Both of the Bell Telephone Laboratories, Inc., 463 West 
St., New York, N. Y. 

2. Englund, Proc. 1. R. E., §, p. 248, 1917, Discussion. 

Presented at the Regional Meeting of District No. 1 of the 
A., 1. E. E., at Pittsfield, Mass., May 25-28, 1927. 
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frequencies above 1000 kilocycles, (c) telegraph dots and dashes and 
(d) static. 
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come standard for frequencies below 10® cycles,? 
(300 meters, ) and while it has been found inapplicable at 
higher frequencies, due to technical difficulties,* some 
of its features are retained. Its chief disadvantages are 
the physical difficulties of generating and controlling 
the local signal and the increased cost of apparatus. 
The limiting signal which can be measured, in the 
absence of static, is fixed by the leakage through the 
comparison oscillator shielding and it is the control 
of this that has made the method feasible. 

From the theoretical viewpoint, there is no question 
as to what should be measured, and granting that tech- 
nical troubles do not intervene, the same holds for the 
practical viewpoint. This is to measure the electro- 
magnetic condition at the receiving antenna, or rather 
the condition as it would be if the antenna were not 
there. Whether the unit should be that of energy 
density, electric field, or magnetic displacement may be 
debatable; it has been chosen as a practical matter, and 
by common consent, as the electric field expressed in 
microvolts per meter. This gives a convenient unit, 
the range of from 0.1 to 500,000 microvolts per meter 
representing the present reception levels. Since the 
energy density in free space of an electromagnetic 
disturbance 1s 


E? + H? 
iea 
8 7 
and for pure radiation fields | E&E | = | H |, in absolute 


electrostatic and electromagnetic units respectively, 
it is immaterial which is chosen. For very short 
transmission distances, the second equation does not 
obtain as the fields are not pure radiation fields‘. 

When a fine wire conductor, where eddy currents may 


be neglected, is exposed to an electromagnetic radiation, 


3. Englund, Proc. I. R. E., 11, p. 26, 1923, ‘‘Note on the 
Measurement of Radio Signals’’; Bown, Englund, & Friis, 
Proc. I. R. E., 11, p. 115, 1923, “Radio Transmission Measure- 
ments”; Jensen, Proc. I. R. E., 14, p. 333, 1926, ‘*Portable Re- 
ceiving Sets for Measuring Field Strengths at Broadcast Fre- 
quencies”; Jensen, Phy. Rev., 26, p. 118, 1925, “Potentiometer 
Arrangement for Measuring Micro-Voltages at Radio Fre- 
quencies.” 

4. Friis & Bruce, Proc. I. R. E., 14, p. 507, 1926, “A Radio 
Field-Strength Measuring System for Frequencies up to 40 
Megacycles.”’ 

5. See Appendix I. 
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a total electromotive force is developed along the wire an effective height or height of equivalent open antenna 


length which is equal to 
b 


f E.da 


where E, is the component of electric field parallel to 
the wire and a and b are the coordinates of the 
wire ends. If a x b we have the ordinary “open” 
or “marconi” antenna; if a = b we have the closed or 
“loop” antenna. In the latter case, the line integral 
around the closed curve always gives the same value 
as the surface integral of the rate of change of magnetic 
displacement through the closed curve. This is the 
origin of the inexact notion that the open antenna 
operates from the electric field and the closed antenna 
from the magnetic field. 

When either of the antennas mentioned is exposed 
to electromagnetic fields, currents flow in it. In 
the general case the relation between current and 
driving field at any point on the conductor is a very 
complicated one and while an equivalent lumped 
electromotive force can always be found to replace the 
distributed electromotive force in a single given 
connection of input and indicating apparatus, the 
most desirable state of affairs is that when the integral 
of the wire component of the electric field can be re- 
placed by an equal total lumped electromotive force. 
This condition can be met for an open antenna by 
making it short and adding large capacity areas at the 
end; for a loop antenna we need only make the dimen- 
sions small and wind to such an inductance that the 
tuning capacity greatly exceeds the natural or “shunt” 
capacity of the conductor. A comparison in the an- 
tenna itself of a locally generated electromotive force 
and the signal electromotive force, both of the same 
frequency, does not require an antenna tune. It is 
advisable to tune, however, because of the sensitivity 
and selectivity resulting. The free space field can 
then be determined in terms of what may be termed the 
“effective height” of the receiving antenna. For the 
open antenna, the effective height is the physical 
length and the resultant voltage in the antenna Vo 
is related to the electric field E by the condition 
Vo = hE. For the closed antenna of N turns, the 
resultant voltage is | 


which is to be evaluated for any given field and loop 
area. If the loop is in free space and is so small that 
the field is sensibly constant over its area A and if 


the field is sinusoidal of frequency 3 then 


NAH 
we, 


Now for pure radiation | H | = | E | and accordingly 


hı can be defined as 


wNAE wAN 


c 


Vi=E hi = or hı = 
and is convenient as long as the transmission distance 
is great enough to assure only a radiation field. The 
tacit assumption is of course made that the fields are 
rectilinear and the antennas oriented for maximum 
pick-up. 

As a practical fact, we have had little success in 
using an open antenna as an antenna for which the 
effective height is determined from physical dimen- 
sions. We have always had to rely on the loop as the 
absolute antenna type. In the last analysis, then, all 
transmission measurements and formulas are based on 
a computed loop effective height which it is impossible 
to check by direct measurement. We have had no 


COMPARISON 
OSCILLATOR 
ATTENUATOR 


Fig. 1—MEASURING METHODS OF LONG WAVE FIELD STRENGTH 


indirect evidence to date showing that the effective 
height computed in this manner is incorrect. 

The method of introducing the sinusoidal comparison 
voltage into the antenna is at the disposal of the opera- 
tor. Two which have been commonly used are the 
resistance drop and the mutual inductance voltage‘. 
Figs. 1-A and 1-B are schematic of these. 

If K be the current attenuation ratio, (K > 1), then 
the voltage introduced into the antenna is, in the two 
cases, 

RI, iwMI 
K ’ K 
and the currents resulting in the antennas, (we actually 
indirectly compare voltages through the resulting cur- 
rents), are | 
6. Vallauri, Proc. I. R. E., 8, p. 286, 1920; Lunnon, Inst. El. 


Eng. Jl., 59, 1921, p. 685; Beverage and Peterson, Proc. I. R. E., 
11, 1923, p. 661; Hollingsworth, Inst. El. Eng. Jl., 61, 1923, p. 501. 
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RI, 1wMT, 
K(R+Z) K(twl:+ R:+2) 


where Z is the antenna impedance beyond the local input 
terminals. Now the currents produced in the antennas 
by the radiation fields are 
hE 
Rr 
r+ R 


, and 
+Z 


hE 
2 M? 
RG Lg ee 
° r+ R, +w Ly 
where r is the impedance of the attenuator looking 
backwards into it. The condition of equality means 


that 
RI, E h E 
K (R + 2) Rr zZ 
r+ R 
~wMT, _ 
K (Rk, t+iwl, +Z ~ 
hE 
joe i a 


R,+i0eL¢4+r 


in the two cases. Now itis very easy to maker >> R, 


EL ioe 
Kh or the first 


For the second, it is equally simple to make 
w? M? 
R, + a U) Li: +r 


and, this achieved, 


and, this done, RI = KhEorE = 


equation. 


< <|R:+iwL:+Z 


1w MI, 


KhE =iwMI,orE = Kh 


In case a loop is used, the last equation further simpli- 


fies. For substituting the effective height of the loop 
gives 
w M |, | Me 
E| = — kha =“ KAN 


and the frequency has cancelled out which is an ad- 
vantage. The relative availability of these two methods 
will depend somewhat on the occasion. A workable 
mutual inductance unit may be purchased in the 
open market while a resistance unit cannot be so bought. 
On the other hand, it is our experience that a resistance 
can be made without a-c. calibration which will function 
more accurately than a small mutual inductance can be 
calibrated, particularly when shielding is necessary to 
prevent antenna pick-up. Another point in favor of 
the resistance input is that the reactance of the unit 
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can be as much as 14 per cent of the resistance before 
the impedance drop across it increases 1 per cent. 
Moreover, the constant impedance attenuation network 
of resistances is the first that comes to mind because of 
its independence of frequency and a resistance termina- 
tion is then the logical one. No question of efficiency 
is involved since rejection and not conservation is 
aimed at. 


We have used two types of resistance attenuator’ 
and have found that below 1000 kc., safe resistance 
units can be made and used. Even if reactive units 
should result, a reasonable agreement of phase angle 
among them will maintain the high accuracy of the 
resulting attenuator and the utility of the resulting 
instrument exceeds that of similar apparatus made up 
of inductances or capacities. For example, the shield- 
ing of a resistance attenuator is very easy, a statement 
not valid for an inductance attenuator. At high fre- 
quencies, the unavoidable inductance of leads ruins the 
operation of a capacity attenuator. 

The theory of the measurement by means of a com- 
parison signal in the antenna has been sketched above; 
it was also stated that a different method was forced 
upon us at the higher frequencies by reason of the 
impossibility of constructing predeterminate attenuat- 
ing networks. Several suggestions have been investi- 
gated but at these frequencies the dimensions of con- 
ductors having negligibly small impedances become 
unworkable and it is necessary to make a radical move. 
The resulting method’, requiring a double detection 
type of receiver, may be sketched as follows. 


The loop signal and beating oscillator voltages are 
applied to the first detector grid. (The beating oscilla- 
tor input may also be introduced into the detector 
plate circuit.) The detector output passes through a 
controllable attenuation element and a selective inter- 
mediate frequency amplifier, the amplified intermediate 
frequency being applied to the last or low-frequency 
detector grid. A meter in this detector plate circuit 
serves as an indicator and by adjusting the attenuation 
unit a convenient deflection is obtained from the signal, 
Fig. 2A. Let this attenuation ratio be K,. The 
beating oscillator is now disconnected and a comparison 
oscillator input introduced into the loop and increased 
until a readable deflection is obtained in a meter 
in the first detector plate circuit, Fig. 2B. This detector 
having been calibrated as a vacuum tube voltmeter, the 
voltage is read directly from the calibration curve, say 
V. Next the beating oscillator is reconnected and 
the attenuation increased until the output meter gives 
the original deflection. The attenuation is now K., 
and it is evident that the original signal voltage applied 


r 


K 
to the first detector grid was k 


1 


V. Finally, the 


2 


7. Englund, loc. cit; Jensen, loc. cit. 
8. Friis and Bruce, loc. cit. 
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loop tune is short-circuited so that the unchanged 
comparison oscillator output is applied directly to the 
first detector grid. A reduction in the attenuation to a 
third setting K; brings the output up to its original 


value. The signal voltage picked up by the loop is 
thus, 
K, K; 
Kz V 


and equating this to the product of field strength times 

loop effective height gives 

K, K, V 
Kè >` h, 

As practical procedure, V is conveniently chosen as 

one volt. The necessary condition is that the inter- 


E = 


DOUBLE 
DETECTION 
RECEIVER 


DOUBLE 
DETECTION 
RECEIVER 


mediate frequency output of the first detector be pro- 
portional to the product of the two inputs over the wide 
range from signal voltage up to unit voltage, a condition 
which is found to be satisfied. The attenuation unit, 
being in the intermediate frequency circuit, operates 
accurately as in the direct use for lower frequencies. 
It may be added that when consideration is taken of the 
extraordinary variability of short wave transmission, 
both in amplitude and polarization angle, the accuracy 
of measurement required is not great and is amply met 
by the apparatus described above. In fact, we believe 
that the significant type of measurement for short wave 
signals is a continuous record over extended periods, 
such as would be obtained by an automatic recorder 
operating out of a receiving set. It will be necessary, 
at any rate, to record both the amplitude and the polar- 
ization angle. 

Another type of signal comparison measurement, 
very easy of execution, is that of erecting a local trans- 
mitting antenna of low effective height and comparing 
its radiation with that of the signal. It is not possible 
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to make this an accurate method as a little consideration 
will show. A method of determining the effective 
height of an antenna by a set of interconnected 
measurements on three antennas has been proposed? 
but it is difficult to see how it can compare with a loop 
measurement inaccuracy. Naturally, an open antenna 
has a great effective height compared to that of a usable 
loop and the problems of comparison oscillator shielding, 
high current attenuations, and high amplification at a 
low noise level, in great measure fade out. 


The discussion so far has assumed a simple sinusoidal 
signal but this is not the only type awaiting measure- 
ment. The major applications of radio are for com- 
munication purposes and such applications require a 
modulation of the simple sinusoid. To mention only 
two such, we have the broadcast transmitter and the 
radio telegraph sender. The former carries a dominant 
unmodulated carrier and measurements are simply 
made on this carrier frequency using a meter in the final 
detector plate circuit for comparison. Normal signal 
strengths for broadcast purposes make a meter reading 
simple. To measure the dot and dash amplitudes of 
telegraphy requires something of the nature of an 
oscillograph, and the cathode ray oscillograph using a 
neon tube discharger’* to spread the beam has proved 
serviceable as a visual comparator. The signal in- 
tensities are here likely to be small and static inter- 
ference marked. It has been shown that static inter- 
ference is proportional to the width of the resonance 
band! of the receiver and for telegraph signals a sharp 
low-frequency tune will reduce the interference so 
greatly that it has usually been found possible to 
measure with the cathode ray tube if the signals can be 
read!? in the phones. 

Static is another signal type awaiting measurement. 
The rather intangible ‘‘noise value” of the static is what 
it is desired to measure in radio telephony and for 
rectifying systems such as telegraph recorders and 
printers the total static energy is of greatest importance. 
The first static measurements were obtained by mea- 
suring the intensity of the telegraph signal which was 
just masked or rendered unintelligible by the static. 
Consistent results can be obtained on continuous 
static by this method. For telephony, the same con- 
siderations demand a signal representative of speech 
and the so called “warbler”! was chosen for this. 
This signal is produced by varying the frequency of a 
continuous-wave oscillator, over the range covered by 
the transmission band of the receiver, at a slow rate— 
5 to 10 times per sec. But the great variability of 
static, in direction as well as in amplitude and type, 
makes isolated observations of limited value and an 
automatic static recorder appears to be the logical 


9. Pession, Rad. Rev., 2, 1921, p. 228. 

10. Bailey, Phy. Rev., 25, p. 585, 1925. 

11. Carson, Bell System Tech. JL, 4, p. 265, 1925. 

12. Espenschied, Anderson, & Bailey, Bell System Tech. Jl. ,4, 
p. 499, 1925. 
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attack upon the static measurement problem. Because 
of the extreme ranges of received energy which occur, 
it is necessary to invert such a measurement and in- 
stead of recording the static itself, record the gain of 


Fig. 3—FIELD STRENGTH MEASUREMENT APPARATUS, 
15-500 Ke. 


a. Attenuator; b. Comparison oscillator; c. Intermediate frequency 
amplifier and low frequency detector; d. Intermediate frequency filter; 
e. Intermediate frequency detector and beating oscillator: f. Loop; g. Loop 
input resistance 


the receiving set necessary to maintain the static output 


constant; and this has been the method chosen. The 
particular output metering sytem which seems to have 


Fic. 4—FIELD STRENGTH MEASUREMENT APPARATUS, 
500-3000 Ke. 


a. Loop; b. Double detection receiver; c. Attenuator; d. Batteries; 
e. Output meter; f. Comparison oscillator 


the greater number of advantages is one employing a 
“fluxmeter” or non-restoring type of deflection instru- 


13. Bown, Englund, and Friis, loc. cit. 
14. Friis, Bell System Tech. Jl., 5, p. 282, 1926. 
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ment to add up the energy received for a definite inter- 
val. This is not a “lagging” type of average such as a 
sluggish thermocouple would give and is yet immune 
from the wild fluctuations of set gain which result when 
a “rapid” thermocouple is used. 3 

The static measurement desired is naturally a mea- 
surement of the interfering effect or signal destructive- 
ness of the static. This is exactly the property of 
greatest interest since the signal to static ratio thus 
defined is the engineering factor of safety for continuous 
transmission of the desired intelligence. 

In closing this resume of radio field measurement 
methods of today, a few observations from the practical 
side may be welcome. We have had occasion to make 


Fig. 5—FIELD STRENGTH MEASUREMENT APPARATUS, 
1-40-MEGACYCLES 


a. Loop; b. Antenna circuits; c. Comparison oscillator; d. Intermediate 
frequency detector meter; e. Attenuator; f. Intermediate frequency 
amplifier and low frequency detector; g. Intermediate frequency detector 
and beating oscillator; h. Output meter 


measurements of field strengths from 15 ke. to 25 
megacycles and from 0.1 to 500,000 microvolts per 
meter. Itisastriking fact that for the entire frequency 
range a measuring set sensitivity of 0.1 microvolt per 
meter reaches the weakest usable signals. From a 
radio telephone point of view the most important fre- 
quency ranges at present are 40-70 ke., 550-1500 kce., 
and 3 to25 megacycles. In Figs. 3, 4,and 5, reproductions 
of photographs of measuring apparatus for each of 
these ranges are given. This apparatus possesses 
enough flexibility to bridge the frequency gaps and 
cover the 15-ke. to 25-megacycle range already men- 
tioned. The measuring sets of Figs. 3 and 4 measure 
by means of local comparison signals in the loops; 
the apparatus of Fig. 5 uses a calibrated intermediate 
frequency detector with an attenuator in its output 
circuit as already described. All three sets are double 
detection receivers and are intended to be portable. 


—— Te Er, ee * 


pe -r oo -e am 


May 1927 


Appendix I 
The “Hertzian doublet” is essentially a rectilinear 
antenna with such large capacity areas at its ends that 
the current in the linear portion is everywhere the same. 
If we now assume such an antenna in free space with a 
capacity area separation of h and carrying a current 
ZI, sin w t, then ata distance d such that d > > h, 
the fields, in cylindrical coordinates, are given by the 
following expressions, where the center of the antenna 
has been chosen as the zero of the coordinate system 

and the antenna along the Z axis: 


H _ hIyr [ U) ( £) 
E 2 oa cos w4 t— F 
d 
sin w(t—-~ ) ] 
c 
= d 
h Irz. d 3c d 
-E, = ; [ (== - <5 ) cos w(1- =) 
d c u) c 
; d 
+ 8sinw(¢-—) | 
c 
rut ‘l (= sery ( 2) 
E ee LT COS w a 


4+ (22-12) sin w(t- 


d 
7) 
where d = Vr + z. 


Obviously, the magnetic field lies in circles about the 
z axis and the electric field in the plane containing 
d and the z axis. As before, the units are absolute 
electromagnetic and e'ectrostatic, respectively. 

For distances where d is not great compared with 
h, these formulas must be integrated over the 
antenna. Thus, for the magnetic field, 


cari) 


I cos w (1 — ¢ 
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With similar expressions for the electric field, (r, 2’) 
are the coordinates of the point of observation and 
the symmetry makes a 0 coordinate unnecessary. In 
the formula J;, the current function is arbitrary and 
may be any given function of 1. Until this is speci- 
fied, the integrations cannot be carried out. 


For the equatorial plane, z = 0, the simple doublet 
equations reduce to 
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Notice that the first two terms in He and Ez are 
separately equal. At great distances, all but the first 
terms in He and Ez become negligible, these two 
terms being the radiation fields. It is easily seen that 
the radiation components |E:|, |H«|, and r form, in 
the order named, a right hand screw system. 


To pass from the antenna in space to a grounded 
antenna we need only notice that if the grounded 
antenna is half the length of the free antenna, the fields 
in free space are the same. We assume, of course, that 
the ground conductivity is great enough to produce a 
true antenna image. 

In amperes, volts, and meters the electric field in 
the meridian plane of the doublet becomes, at great 
distances, 
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Quantitative Determination of Radio Receiver 


Performance 
BY H. D. OAKLEY: 


Associate, A. I. E. E. 


Synopsis.—The practise of making quantitative measurements on 
the individual units of radio receivers is guite general, but seldom are 
such measurements made on receivers as a whole because of certain 
difficulties encountered in this type of measurement. This paper 
describes apparatus developed to overcome these difficulties and to 


INTRODUCTION 


N the development and design of a device consisting 
of more than a single unit, it is advantageous to 
subject it to a series of tests to determine its operat- 

ing characteristics as a whole, as well as the character- 
istics of the individual units alone. A radio receiver 
is comprised of apparatus performing, as a rule, five 
main functions: (1) Selecting a voltage of a particular 
radio frequency from among several co-existing volt- 
ages, the frequency of each one being different from 
that of the desired voltage; (2) amplifying the selected 
voltage; (3) deriving from this amplified voltage an 
audio-frequency voltage; (4) amplifying the audio- 
frequency voltage; (5) converting it into sound energy. 
Present day receivers perform functions (1) and (2) 
simultaneously in the radio-frequency selector amplifier, 
function (3) in the detector, (4) in the audio frequency 
amplifier, and (5) in the loud speaker. Testing the 
apparatus performing any one of these five functions is 
relatively easy but to make measurements of the whole 
assemblage is rather difficult. 

It is the purpose of this paper to describe briefly the 
test apparatus used by the General Electric Company, 
to explain the quantities measured, and the method of 
test, and to present some results obtained from over-all 
tests on receivers. 

To obtain satisfactory results from over-all tests, 
three main conditions must be satisfied. 1. To the 
input terminals of the receiver must be supplied a radio- 
frequency voltage of a character and magnitude com- 
parable with normal operating conditions. 2. The 
testing apparatus must be so constructed and arranged 
that the receiver is subjected to the signal in a known 
manner and is not affected by unknown stray signal 
effects. 3. The test conditions must be so controlled 
that the receiver is not influenced by electrical distur- 
bances other than the test signal. 

DESCRIPTION OF TEST APPARATUS 

The apparatus developed to meet these conditions 
consists of a signal generator, a current-controlling and 
measuring device, a voltage attenuator, a dummy 

1. General Engg. Laboratory, General Electrice Co., Schenec- 
tady, N. Y. 


Presented at the Regional Meeting of District No. 1 of 
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make possible a study of the performance of receivers as such. The 
over-all characteristics of receivers are classified and described, the 
method of tests for obtaining measurements on them explained, with 


some curves shown to illustrate the results obtained from these tests. 
s + + s + 


antenna, and an output voltmeter. The first two units 
are in a shielded room and in another are the last three, 
as is also the receiver to be tested. The signal genera- 
tor is a miniature broadcast transmitter employing the 
Heising system of modulation, and is composed of five 
main units: (1) An audio-frequency oscillator with a 
range of 40 to 10,000 cycles; (2) a radio-frequency 
oscillator, having a range of from 550 to 1500 kilocycles; 


(3) a modulator, with its grid controlled by the audio- 


frequency oscillator and its plate controlling the plate 
voltage of the modulated radio-frequency amplifier; 
(4) a modulated radio-frequency amplifier the grid of 
which is excited by the radio-frequency oscillator and 
whose output is varied at an audio-frequency rate 
by the modulator; (5) a power amplifier (provided with 
a modulation indicator), excited by the radio-frequency 
amplifier. The power amplifier supplies current to the 
current controlling and measuring device. This is a 
variable mutual inductor with its primary connected 
to the signal generator and in its secondary circuit a 
tuning condenser, a thermoammeter, and a voltage 
attenuator. The value of the current flowing in the 
voltage attenuator is measured by the thermoammeter, 
and is controlled by varying the mutual inductance. 
The attenuator is a special form of self inductor, first 
proposed and used by Dr. N. H. Williams of the 
University of Michigan. It consists of a coaxial metal 
shell and rod, which terminate at one end in a metal 
plate perpendicular to their axes. At the point where 
the rod meets the plate it is connected to ground. 
The design of this inductor is such that its inductance 
per unit length is easily calculated. This particular 
inductor has three taps providing inductances of 
approximately 0.001, 0.0055, and 0.02 microhenrys. 
With these taps and an input current, range of from 
0.5 to 350.0 milliamperes, a voltage range of from 1.5 to 
22,000 microvolts may be obtained at the lower fre 
quency end of the broadcast range, (550 to 1500 
kilocycles), and three times these values at the higher 
end. The dummy antenna is a circuit so designed that 
its characteristics are representative of those of the 
average broadcast receiver antenna. An arbitrary 
value of ten meters is given as its effective height, 
because it is believed that this is the average value of 
antennas commonly used. The output voltmeter 
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measures the effective value of audio-frequency voltage 
existing across the output of the receiver. It has a 
range of 0.2 to 250 volts and its indications are inde- 
pendent of frequency. The impedance (160,000 ohms) 
of the voltmeter is so great compared with that of the 
loud speaker that the extra load imposed upon the 
circuit by the voltmeter is negligible. 

This concludes a description of the apparatus used 
in making the usual over-all characteristic tests. The 
quantitites measured will be explained now; then the 
test procedure for obtaining them. 


QUANTITIES MEASURED 


The characteristics commonly measured are 
sensitivity, selectivity, and quality. In some special 
cases, the radiation from the set is also measured. 
Sensitivity is defined as the degree to which a radio 
receiving set responds to signals of the frequency to 
which it is tuned. The output of a receiver is not 
directly proportional to the input field strength. 
Therefore, sensitivity cannot be expressed by a single 
figure, but takes the form of a curve. Sensitivity can 
be expressed by an input-output curve; i.e., a curve 
showing the relation between the potential induced in 
the antenna circuit and the voltage existing across the 
loud speaker. It is convenient, however, to express 
sensitivity as the ratio of output voltage to input field 
strength at various output voltages. This method is 
somewhat analogous to transformer practise wherein 
relations are found between the transformer ratio and 
the voltage supplied to the load at various loads, rather 
than between impressed primary voltage and voltage 
supplied to the load. The ratio of output voltage to 
input field strength, expressed by a dimensional formula, 
reduces toa length. Since this is so and since the field 
strength is expressed as a certain potential per meter, 
the unit of sensitivity has been called the meter. A 
receiver is said to have a sensitivity of one meter when a 
field with strength of one volt per meter acting upon the 
antenna circuit causes a potential of one volt to exist 
across the loud speaker. 


Selectivity is the degree to which a receiving set is 
capable of differentiating between signals of different 
frequencies. As measured, selectivity is a curve 
showing the input field strength required to maintain a 
constant signal voltage in the output as the frequency of 
the field is changed. Of course, the field strength is 
lowest at the frequency of the desired signal, and in- 
creases in value as the frequency becomes greater 
or less than that of the desired signal. 


The definition of quality is the degree to which sound 
is faithfully reproduced. To be strictly in accord with 
this definition, quality measurements made on receivers 
should be such that the sound wave modulating the 
radio wave actuating the receiver can be compared with 
the sound wave generated by the loudspeaker of the 
receiver. ‘Then the results of these measurements 
should be expressed in such a way that the nature and 
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magnitude of the discrepancies between the original and 
the reproduced sound waves can be shown. The 
measurements as actually made are not so rigid. The 
assumption is made that the radio-frequency voltage 
induced in the antenna circuit is of such a nature that, 
were the receiver and sound reproducing apparatus 
perfect, the reproduced sound would be identical with 
that which acted upon the microphone of the trans- 
mitter. The measurements as made furnish data 
showing the relation between the receiver output 
voltage and the modulation frequency, as this frequency 
is varied from 40 to 10,000 cycles, without changing 
either the voltage induced in the antenna or the degree 
of modulation. A perfect receiver subjected to this 
test would maintain a constant value of voltage across 
its output and therefore its quality curve would be a 
straight line parallel to the modulation frequency axis. 
In order to compare the quality of different receivers, it 
has been the practise to plot these curves as output 
voltage in percentage of output voltage at some one 
frequency (usually 1000 cycles), against frequency. 
The more nearly the output voltage remains constant, 
the better is the quality. 

The last receiver characteristic to be considered is 
radiation. Radiation is defined as the process of 
emitting electromagnetic waves into space. Obviously 
it is impossible to measure a process, so that when 
radiation measurements are discussed, the act in mind 
is not that of measuring the process but rather that of 
measuring the quantities causing the phenomenon of 
radiation. Therelative distances to which transmitters 
can maintain communication depend upon their 
antenna height and the current flowing in the antenna. 
The antenna height is expressed ordinarily in meters 
and the current in amperes, so that it is customary to 
express the radiating power of a transmitter in meter 
amperes—the product of the antenna height and the 
current. Some receivers contain an oscillating tube 
and it is possible to so adjust the controls of certain 
others that one or more tubes will oscillate. In both 
cases disturbances are sent out which seriously interfere 
with the operation of neighboring receiver sets. Tests 
are made to determine both the magnitude and fre- 
quency of this disturbance. The results are expressed 
in meter amperes, since, in this case, the receiver is 
considered as a transmitter and the strength of its field 
at various distant points can be determined if the 
equivalent meter amperes and the distances are known. 


METHOD OF TEST 


Sensitivity, selectivity, and quality are more or less 
inter-related so that, in general, it is impossible to 
adjust a receiver to obtain a maximum of one of these 
quantities without a decrease in one or both of the 
other two. In making tests on a receiver an attempt 
is made to so adjust it that a satisfactory compromise 
among the three is reached. This condition 1s con- 
sidered as the average normal operating one. Fig. 1 is 
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a schematic layout of the test apparatus and an antenna 
type receiver which is undergoing test. An RCA 
model-100 loud speaker is used as the output load, and 
across it is measured the output voltage. 

Sensitivity. To determine sensitivity, the signal 
generator is set to some desired carrier frequency and 
adjustments are made so that the current is modulated 
50 per cent at 1000 cycles. Thecurrent flowing through 
the voltage attenuator is adjusted to some convenient 
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value and the receiver antenna circuit is connected to 
one of the attenuator taps. The receiver is then tuned 
to the signal and other adjustments made so that the 
receiver is operating normally. The test is then 
begun by adjusting the input to the receiver, (input 
current to the attenuator or changing taps), so that 
some low value of output voltage is obtained. The 
input is increased in steps and at each step the corre- 
sponding output voltage is recorded. The test is 
continued until the grid of one of the receiver tubes 
becomes positive during a part of the cycle (this 
usually occurs first in the tube located in the last stage 
of the audio frequency amplifier). This point is 
considered the operating limit of the set, since any 
further increase in input will result in a distorted output. 
During this test the following data were recorded: 
carrier frequency, current flowing through attenuator, 
attenuator tap used, and output voltage. To plot 
sensitivity curves the field strength for the different 
output voltages must be known. It is found in this 
way: knowing the current flowing through the attenua- 
tor and its frequency, and the inductance corresponding 
with the tap used, the voltage induced in the antenna 
circuit can be calculated. This voltage, divided by the 
height of the antenna in meters, (in this case 10 meters), 
is considered as the field strength of the signal. The 
sensitivity of the receiver in meters is then found 
by dividing a given output expressed in microvolts 
by the corresponding field strength expressed in micro- 
volts per meter. 

The test just described is made with the receiver 
tuned to 560 kilocycles. The signal generator is then 
reset to give the same sort of signal as before except 
that the frequency is now 1000 kilocycles. The 
receiver is tuned to this new frequency and the test 
repeated. A third setting of the generator and retuning 
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of the receiver to 1300 kilocycles completes the sensi- 
tivity tests. The complete test then shows not only 
how the sensitivity varies for different input field 
strengths but also gives an idea of how it varies for 
different carrier frequencies. Tests to determine the 
other receiver characteristics are also made at these 
same three carrier frequencies so the whole set of 
curves obtained furnishes a very good picture of the 
behavior of the receiver over the entire broadcast 
range. 

Selectivity. With the receiver tuned to 560 kilocycles, 
the frequency of the signal generator is set to a value 
such that with the receiver connected to the highest tap 
of the attenuator and the maximum obtainable current 
flowing through it, no signal exists in the receiver out- 
put. The frequency is brought nearer and nearer to 
the tuning frequency of the receiver until a point is 
reached where some low value of signal (0.5 volt) 
exists in the output. From this point on, through 


' resonance and beyond as far as it is possible to go, 


the frequency is changed in steps, and at each step, 
the current through the attenuator and the attenuator 
tap is chosen so that the voltage in the output remains 
constant. As the frequency of the signal generator is 
changed, its modulation frequency and degree of 
modulation remains unchanged. These data are re- 
corded: frequency, value of current flowing through 
attenuator, attenuator tap used, and the value at which 
the output voltage was maintained. The field strength 
corresponding with the several frequencies is then 
calculated in the manner explained under sensitivity 
tests. The curve obtained by plotting field strength 
required to maintain a constant output voltage against 
carrier frequency is the selectivity curve for this 
particular tuning point. After this test, another is 
made with the receiver tuned to 1000 kilocycles and 
after that a third test is made with the tuning point at 
1300 kilocycles. 

Quality. A preliminary test is made to determine at 
what audio frequency the maximum output voltage is 
obtained. After finding this point the input to the 
receiver is adjusted so that at this frequency the grid of 
the last tube does not at any time become positive. 
The input is then maintained at this value while the 
modulation frequency is varied from 40 to 10,000 
cycles and the degree of modulation is held constant at 
50 per cent. At each frequency, the output voltage is 
recorded. A plot is then made of output voltage in 
per cent of output voltage at some one frequency 
(usually 1000 cycles), against modulation frequency 
and the quality can then be judged by the amount the 
curve deviates from a horizontal straight line—the 
greater the deviation, the poorer the quality. 

Radiation. These measurements fall into two classes: 
(1) Measurement of radiation from loop or antenna 
alone; (2) measurement of radiation from receiver and 
loop or antenna combined. In the case of sets operating 
with an antenna, the amount of radiation from the set 
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itself as compared with that from the antenna is usually 
small, so that on this type of set measurements are 
confined to radiation from the antenna itself. But 
in the case of sets operating with loops, the electrical 
dimensions of them and of the receiver circuits are 
comparable, so that quite a large part of the radiation 
may originate in the receiver. Thus, measurements on 
this type of set include both loop and set radiation. 

The first mentioned type of measurement is made in 
this manner. The receiver to be tested is set up in the 
same room with the signal generator and in the other 
room is another receiver which will be designated as the 
indicator. The two current leads of the attenuator 
are disconnected from the current controlling and 
measuring unit and are connected to the antenna circuit 
of the receiver. The indicator is connected to the 
highest tap of the attenuator. Tests are made to be 
certain the receiver is tuned to some carrier frequency, 
and then if it is radiating it will be sending current 
through its antenna circuit, which consists of the 
dummy antenna and the attenuator. This current 
flowing through the attenuator will set up a voltage 
across the input of the indicator resulting in a certain 
value of output voltage. The current leads of the 
attenuator are then removed from the antenna circuit 
and returned to their normal connection. The indicator 
is connected to the lowest tap on the attenuator and the 
signal generator supplies current (of the same frequency 
as that generated by the receiver) the value of which is 
so adjusted that the output voltage of the indicator is 
the same as before. This current, multiplied by the 
ratio of the inductance of the lowest tap to that of 
the highest, gives the value of current that was in 
the receiver antenna circuit. This current, in amperes, 
multiplied by the height of the antenna in meters, 
(in this case 10 meters), expresses the radiation of 
the receiver in meter amperes. 

To measure the combined radiation from a receiver 
and a loop, they are set up near the attenuator; and in 
the same room, but at a distance from them, is another 
receiver called the indicator. The receiver is properly 
tuned to receive some carrier frequency. If the receiver 
is radiating it will cause a voltage to exist in the indica- 
tor. The value of this voltage is noted, the receiver 
and its loop removed, and in their stead is set up a loop 
circuit whose effective height and resistance are known. 
With the aid of the attenuator and signal generator a 
current is set up in the loop circuit, of such a value that 
the voltage in the indicator is the same as before. 
Multiplying this current in amperes by the effective 
height of the loop in meters—(not the receiver loop)— 
the combined radiation of the receiver circuits and its 
loop is expressed in meter amperes. 


EFFECTIVE HEIGHT OF RECEIVER LOOPS 
The sensitivity, selectivity, and quality testsd escribed 
were for the antenna type of receiver. These tests are 
the same for loop receivers, but the method of deter- 
mining field strength needs an explanation. When 
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_ testing this type of receiver, the dummy antenna, of 


course, is not used but the attenuator is connected 
directly in the low side of the loop circuit. The 
connections are as shown in Fig. 2. The voltage 
induced in the loop circuit is found in exactly 
the same manner as it was in the case of the 
antenna circuit. The same dummy antenna is used 
for all antenna receivers and its height is always 
considered to be 10 meters; but when testing loop 
receivers, the loop belonging to the particular set 
undergoing tests is used. It is therefore necessary to 
determine the effective height of this loop in order to 
find the input field strength. The effective height of a 
loop is simply a figure which, multiplied by the field . 
strength of the electric component ofan electromagnetic 
wave, gives the value of the voltage induced in the loop. 
In other words, if a loop and an antenna were simul- 
taneously subjected to the influence of a moving 
electromagnetic field, and the height of the antenna 
happened to be such that the voltage induced in the 
antenna was equal to that induced in the loop, then 
the effective height of the loop would be considered 


2—DIAGRAM OF CONNECTIONS FOR TESTING A Loop TYPE 
RECEIVER 


Fia. 


equal to the height of the antenna. It can be shown 
that the effective height of a loop is dependent upon 
the frequency of the field, the area of the plane enclosed 
by the loop winding, and the number of turns in the 
loop. The relation is: 


H„ = 0.66 N A F 10> 
where 
H ,= Loop height in meters 
N = Number of turns in loop 
A = Area in sq. cm. enclosed by loop winding 
F = Frequency of the field in kilocycles 


CURVES OBTAINED FROM TEST DATA 


A number of different types and makes of receivers 
have been tested, but for purposes of illustration, the 
curves plotted from data obtained from tests on one 
well-known make of receiver are shown here (see 
Figs. 3 to 6). These curves are typical of those obtained 
for other receivers and show up the faults of present 
day sets. The sensitivity is different at different 
carrier frequencies within the broadcast range. This 
is not a desirable characteristic, and receivers are 
now being designed so that the sensitivity will be more 
nearly uniform. Another bad feature is that a weak 
input signal produces an output voltage that is pro- 
portionately very much smaller than that produced by 
a stronger input signal. This condition is due to the 
type of detector in use today. There exist special 
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forms of detectors which overcome this difficulty, but - 


they are not generally used because of their lack of 
simplicity as compared with the usual form. 

The selectivity of a receiver should be such that there 
is very little discrimination among frequencies over a 
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range of from 10 kilocycles below to 10 kilocycles above 
the resonant frequency and outside the band the 
receiver should be unresponsive. The first condition 
is set down so that there will be no impairment in 
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Fic. 4—CURVES SHOWING THE RELATION BETWEEN THE 
SENSITIVITY OF A RECEIVER AND THE VOLTAGE EXISTING ACROSS 
Irs Loup SPEAKER | 
quality of the audio output of the receiver and the 
second condition so that undesired signals can not 
affect the receiver and thus also impair the quality. 
Fig. 5 shows the selectivity curves. At 560 kilocycles 
the selectivity is very good with respect to eliminating 
undesired signals, but is too selective for good quality. 
At 1000 and 1300 kilocycles the selectivity is not so 
good so far as eliminating interference is concerned but 
is good from the standpoint of quality. Selectivity is 
then another characteristic that may be improved upon, 
and the ideal to be reached is constant selectivity 
throughout the broadcast range, complete suppression 
of all undesired signals, and non-discrimination among 
frequencies over a limited range both sides of the 
resonant one. 


Fig. 6 is an example of how far the quality of modern 
receivers departs from the ideal. The falling off of the 
low frequency part of the characteristic can be attrib- 
uted to faults in the audio-frequency amplifier and 
loud speaker circuits. The drooping of the high- 
frequency end is due partly to these faults, partly to too 
great selectivity, and a great deal to the characteristics 
of the detector. 


SUMMARY 


Over-all measurements supply the means for ob- 
taining first, a picture of the performance of a 
receiver as a whole and, with such pictures, the per- 
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formance of various receivers may be easily compared; 
and second, quantitative data which are particularly 
valuable in development work because they enable 
one to determine accurately the degree and manner 
in which improvements in individual units affect 
the characteristics of the receiver as a whole. 
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Discussion 


A. L. Cook: I think it is a decided indication of progress 
in the development of sets when the manufacturers begin to 
test their complete sets and publish results of these tests. 


I wish to ask particularly about the curves on the fifth page 
of the paper showing the quality of reproduction of a certain 
receiver. J wish to ask does the method of testing used really 
tell whether or not the set has good quality of repro- 
duction? 


As I understand it, the method is based upon the measure- 
ment of voltage amplification at different audio frequencies 
and I wish to ask if this is a true measure of the quality? That 
is, if this were a straight line parallel to the horizontal axis, 
would this represent a perfect set? 

I believe that most of the energy in a complex note is in the 
lower frequencies, and it would seem to me that the energy 
amplification would be more important than the voltage ampli- 
fication. I should like to ask Mr. Oakley, therefore, if an in- 
dication of the relative energy amplification at different fre- 
quencies would not be a more exact representation of the quality 
than is the voltage amplification? 

B. V. K. French: l should like to ask Mr. Oakley about 
the amount of error in the attenuator used. The attenuator 
was described, | believe, by A. W. Hull, in the Physical Review 
of 1925, and I wonder if any errors have been calculated? 

Another question I should like to ask is, how is the percentage 
modulation measured on the oscillator defined, and how can 
we all reach the same agreement on the necessary percentage 
modulation to simulate broadcast reception conditions? 

H. D. Oakley: The point about the quality curves of re- 
ceivers is at present quite a disputed one. It has already been 
proposed to measure the power delivered to a loudspeaker 
rather than the voltage across it. But even in this case, the 
designers of loudspeakers are not prepared to say whether a 
definite relation exists between the power supplied to a loud- 
speaker and the sound received by the ear of the listener. Varia- 
tions in room conditions cause variation in the sound received 

by the ear. If we could measure the sound pressure at the micro- 
phone of the transmitter and the sound pressure at the ear of the 
listener, then a true representation of quality for a particular 
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set of conditions could be made. Because so many variables do 
exist, and because it is more convenient to measure voltage than 
power delivered to a loudspeaker, our quality curves are plotted 
in terms of voltage against frequency. We depend a great deal 
upon past experience in interpreting the picture presented to us 
by the quality curves. 

The other point brought up was concerning the type of inductor 
used in making the measurements. Calculation of inductance 
involves a term which is the log of the ratio of the radius of the 
cylindrical shell to the radius of the rod inside the shell. Slight 
errors in determining the magnitudes of these two radii will cause 
a very slight error in the calculated value of inductance. There 
are two other sources of error. (1) The point at which the 
rod enters the end plate is grounded. Consequently there may 
be some current flowing from the point through ground and 
back into the circuit again. So calculations based upon the 
assumption that all the current flowing in the rod return through 
the shell may be slightly in error. And (2) the electric field 
about the shell will induce voltages in the receiver in addition to 
those obtained from the tap to which the receiver is connected. 
This error has been eliminated by enclosing the inductor in a 
shield. Measurements on the inductance show that it is within 
4 per cent of calculated values. 


The degree of modulation of the current supplied by the 
oscillator is expressed by the ratio 


where A is the maximum and B the minimum amplitude of the 
modulated current. For 50 per cent modulation, A would be 
three times B. No single value of percentage modulation can 
simulate broadcast-reception conditions, since the percentage 
modulation of a broadcast transmitter is continually changing 
and may be any value from zero to distressing over-modulation. 
But the audio-frequency output of a properly designed receiver 
should vary directly with the degree of modulation and for 
measurement purposes & reasonable value should be satisfactory; 
50 per cent modulation was used by us, but there is at least a 
tentative agreement now to use 30 percent for all receiver 
measurements. 
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Synopsis.—This paper describes briefly a testing technique 
which has been developed for making line measurements at high 
frequencies in connection with the application of carrier telephone 
and telegraph systems in the Bell System. The measurement of 
line altenualion, impedance, and cross-talk up to frequencies as high 
as 50,000 cycles is described, using a number of specially developed 


RIOR to the introduction of multiplex carrier tele- 
phone and telegraph systems, the operating 
telephone plant was concerned only with the 

transmission of frequencies in the voice range. The 
considerable application of carrier communication sys- 
tems to long distance open-wire circuits, whereby a 
pair of such open wires carries several messages simul- 
taneously by the employment of higher frequencies, has 
however greatly raised the upper limit of the frequency 
range used in the telephone plant. Among other 
things, this has required the development of a special 
technique suitable for the testing at these frequencies 
of the line circuits over which the various types of 
carrier systems are operated. l 

A brief description of this technique was included in 
a paper delivered before the Institute by Messrs. 
Colpitts and Blackwell.? It is the purpose of the 
present paper to describe these high-frequency measur- 
ing methods in greater detail and as they are now 
applied with recently improved apparatus. 

The high-frequency line characteristics of chief 
interest are attenuation, impedance, and cross-talk for 
frequencies up to about 50,000 cycles. It is thought 
that the interest of others in the measuring methods 
employed may, perhaps, reside not so much in their 
novelty, but rather in that they represent a solution of 
the problem of standardizing the technique of high- 
frequency measurements for use under practical tele- 
phone plant conditions and of a relatively wide-spread 
application. The apparatus with which the measure- 
ments are made has been standardized and is in general 
use by the operating telephone companies of the Bell 
System. 

Consideration may conveniently be given to the 
subject matter under two general headings: First, a 
brief description of the different apparatus units which 
serve as “tools” for the work; and secondly, the com- 
bination of these units in ways needed to effect partic- 


1. Both of the American Tel. & Tel. Co., 195 Broadway, 
New York. 

2. See Carrier Current Telephony and Telegraphy, by E. H. 
Colpitts and O. B. Blackwell, A. I. E. E., Trans., 1921. Vol. 
40, p. 205. 

Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 25-28, 1927. 
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and standardized high-frequency apparatus units. These include 
an oscillator, a detector-amplifier, an impedance bridge, a thermo- 
milliammeter set, a variable attenuator, a cross-talk set, and a 
frequency meter. A brief description of the individual units ts 


given, as well as their coordinated use in complete testing circuits. 
s s s s $ $ 


ular measurements. Simple illustrations of the results 
attained in the work have been included. 


APPARATUS UNITS EMPLOYED 


The several individual types of apparatus which 
have been made available are as follows: 

1. An oscillator providing a source of high-frequency 
current adjustable to any frequency between 100 and 
50,000 cycles and having an output of a high degree of 
constancy and purity of wave form. 

2. A detector-amplifier which provides a visual or, 
by heterodyne action, an audible indicator of high- 
frequency currents. 

3. An impedance bridge suitable for measurements 
within the above mentioned frequency range. 

4. A thermomilliammeter set which provides for the 
absolute measurement of relatively weak high-frequency 
currents and which also incorporates means for cali- 
brating the thermocouples. 

5. A variable attenuator or resistance artificial line. 

6. A cross-talk set or variable attenuator of special 
type used for measuring cross-talk between mutually 
interfering circuits. 

T. A frequency meter capable of measuring fre- 
quencies between 3000 and 50,000 cycles. 

These units are all designed to meet relatively severe 
requirements of sturdiness, stability, and reasonable 
simplicity of operation in order that they may be 
employed generally in the field under conditions of 
use demanding portability. l 

Oscillator. Practically all measurements require a 
source of current variable in frequency, and a satis- 
factory generator has been made available to meet this 
need. This unit is a portable vacuum tube oscillator. 
It supplies current of frequencies variable from 100 to 
50,000 cycles. The output is under the control of a 
potentiometer and provides a maximum power of from 
0.4 to 0.7 watt, the exact value depending upon the 
frequency. The frequency is varied in the usual way 
by changing the constants of the feed-back circuit. 
Different values of inductance and resistance, as well as 
capacitance, are provided in order to insure that the 
instrument may have a good wave form and stability of 
frequency. The wave form is such that in the range 
from 3000 to 50,000 cycles the harmonics do not exceed 
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10 per cent. r. m. s. value as compared with the funda- 
mental under the conditions of maximum output. 

It is arranged to be supplied by power from the usual 
telephone office battery sources, plate potential at 130 
volts and filament current at 24 volts. Its stability is 


The simplified circuit of the oscillator is shown in Fig. 
1. It will be noted that the circuit consists of an 
oscillating tube and two stages of amplification, the 
second stage of which is formed by the use of two tubes 
in parallel in order to meet the necessary output require- — 


A. Frequency Meter; B. ATTENUATOR; 
CROSSTALK SET; F. IMPEDANCE BRIDGE; G. DETECTOR AMPLIFIER 


such that for a temperature range of from 60 deg. to 
80 deg. fahr., and battery voltage changes such as are 
Ordinarily experienced the frequency variation does not 
exceed 0.5 per cent. The maximum variation occurs 
for the relatively high frequencies, and below 20,000 
cycles its temperature stability is considerably better. 


C. THERMOMILLIAMMETER Ser; D. OSCILLATOR; 


ments. The various switches and controls will be noted 
on the face of the panel. 

Detector-Amplifier. The detector-amplifier is a sensi- 
tive device for detecting visually or by ear high-fre- 
quency currents from about 3000 to 50,000 cycles 
Since it is designed to be employed only in compariso- 
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measuring circuits or in null measurements, as in con- 
junction with the impedance bridge, only a limited 
degree of stability is necessary. When used for aural 
reception, the apparatus functions as a heterodyne 
detector, giving an audible note in the telephone 
receiver by beating the incoming current with a high- 


- 24s * tgv eh Gnd 


Fie. 1— SCHEMATIC CIRCUIT or OBCILLATOR 


frequency current generated by an adjustable frequency 
local oscillator. 

When the detector-amplifier serves as a visual 
indicator, the high-frequency current causes a deflec- 
tion on a meter in the plate circuit of a rectifier tube. 
In the case of both the aural and visual indicator con- 
nections, other vacuum tubes in the circuit provide for 
substantial amplification. 

The simplified circuit diagrams of the instrument, 
when used as a heterodyne detector and as a rectifier, 
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amplification and a final “rectifier” stage, using a three- 


. element tube with high C potential. The fourth tube, 


otherwise employed as an oscillator in the heterodyne 
circuit, is not operated. The rectifier circuit provides 
for the indication on a milliammeter circuit noted at 
the extreme right of the diagram. 

The circuit in its rectifying connection requires 
into its impedance of 600 ohms, a current of from 50 to 
300 microamperes, depending upon the frequency, for a 
fair scale deflection of the meter. In the case of the 
operation of the circuit as a heterodyne detector, the 
amplification provided is such that an input of only 
about 0.5 microampere gives a usefully audible note 
in the telephone receiver. 

For many measuring purposes, it is desirable to 
employ some degree of high-frequency selectivity at the 
input of the device, and for this purpose a continuously 
variable tuned circuit is included in the circuit. A 
potentiometer adjustment at the input is also embodied 
in the instrument. This has been found to be partic- 
ularly useful where the input to the circuit may vary 
in magnitude over a large range, such as in bridge 
measurements. It is characteristic of devices provid- 
ing such a high degree of amplification that unless the 
input is controllable in this manner, an overloading 
in the rectifier or output stages may result with con- 
siderable possibility of confusion and inaccuracy in 
measurement. 


AS HETERODYNE DETECTOR 
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are given in Fig. 2. It will be noted that four vacuum 
tubes are available. When used as a heterodyne 
detector, the first tube provides a stage of high-fre- 
quency amplification, the second tube operates as an 
oscillator to supply the local beating frequency, the 
third tube is the beat modulator or detector, and the 
fourth tube operates as an audio amplifier of the beat 
or tone frequency. The latter is usually adjusted to 
the order of 1000 cycles. A cam switch affords means 
for changing the circuit connections so that when em- 
ployed as a rectifier for visual indication, the tubes 
provide in sequence two stages of high-frequency 
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Impedance Bridge. The impedance bridge provides a 
means for measuring impedances in the frequency range 
from 3000 to 50,000 cycles. Its greatest accuracy lies 
in the impedance range from approximately 50 to 10,000 
ohms. Itis of the balancing or differential coil type, or 
what, in telephone language, might be termed the 
“hybrid coil” type of bridge. The balancing coil is a 
four-terminal type of network, as noted in Fig. 8, 
having an input circuit to which is applied the source . 
of high-frequency current, a detector circuit, and two 
balancing arms. When impedances applied to the two 
balancing arms are adjusted equally, the loss between 
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the input and detector circuit terminals is infinite; 
that is, the bridge is balanced as in the case of the 
ordinary Wheatstone bridge. The balancing coil type 
of structure offers for this purpose a constructional 
symmetry and convenient possibility of shielding. 

The rheostat arm or adjustable impedance provided 
consists of a resistance variable from 0 to 10,000 ohms 
in steps of one ohm, and a capacitance continuously 


3—ScHEMATIC CIRCUITS OF IMPEDANCE BRIDGE FOR 
DIFFERENT KINDS oF UNKNOWN IMPEDANCES 
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variable from 300 micro-microfarads to 11 microfarads. 
Each of these known impedances is controlled by a 
separate switch so that it may be conveniently con- 
nected into different parts of the bridge circuit. 
Optional connections permit the variable resistance 
and capacitance to be connected in series in the balanc- 
ing arm, or one in series with the line or apparatus to 
be measured and the other in the balancing arm, or the 
entire elimination of one or the other. 
Thermomilliammeter Set. In measuring the currents 
which are higher in frequency than the usual power 
frequencies, the dynamometer types of measuring 
instruments are not generally satisfactory, and the 
thermocouple meter circuit has found extensive appli- 
cation. The thermocouple meter circuit is perhaps too 
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well known to warrant any detailed explanations. 


Such an arrangement using independent thermocouples 


and meters has been employed extensively in laboratory 


and field measurements of high-frequency currents. 


There are cases where greater accuracy is desired than 
can be insured by relying upon calibrations made at 


infrequent intervals. For this purpose the portable 


thermomilliammeter set shown on Fig. 4 was designed. 
In one unit ìt provides not only a sensitive meter and 


AFFEL AND O'LEARY: HIGH-FREQUENCY MEASUREMENTS 


507 


several thermocouples, but also a complete calibrating 
circuit consisting of d-c. power source, rheostat, and 
d-c. calibrating meter. 

The instrument provides for the optional use of one of 
three thermocouples of different characteristics. The 
thermocouples are constructed for insertion in bayonet- 
type sockets, and are thus easily replaced if damaged. 
The three available couples have the following 
characteristics: 

Approximate Useful 
Sensitivity Range 


Approximate 
Heater Resistance 


1. 600 ohms 0.2to 2.0 milliamperes 


2. 45 ohms 2.0 to 10.0 milliamperes 
3. 5 ohms 10.0 to 50.0 milliamperes 


These sensitivities and resistances cover the range 
ordinarily required in the measuring work on carrier 
systems in the field. 

The instrument is so arranged that the meter, which 
in its function as a sensitive microammeter is used in 
the couple circuit of the thermocouple, may be switched 


Protective 
Reaistance 


Rheostet 
1 Calibrating Circuit 


Thermocouple Microsmeter 
2. Measuring Circuit 
5—SCHEMATIC CIRCUITS oF THERMOMILLIAMMETER SET 
FOR CALIBRATING AND MEASURING 


Fra. 


and shunted to provide the calibrating milliammeter 
circuit. These calibrating and measuring circuits are 
shown schematically in Fig. 5. The various thermo- 
couples and the meter which make up the instrument 
are under control of a number of switches which may 
be noted on the photograph showing the face appear- 
ance of the set. Incidentally each thermocouple has 
its own terminals, and if necessary they may be used 
independently in the same or different measuring cir- 
cuits if it is not necessary to read them simultaneously. 

Attenuator. The attenuator or resistance artificial 
line provides a simple type of network of calibrated 
loss and definite terminal impedances. Schematically, 
it comprises several sections of H type resistance 
networks as shown in Fig. 6. Since its application is 
largely concerned with the approximate simulation of 
open-wire line circuits over which carrier systems are 
operated and which have a characteristic impedance 
in the neighborhood of 600 ohms, the attenuator 
has been designed accordingly to have such terminal 
impedance. 
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It covers a range of attenuation extending from 0 
to 75 transmission units? in steps of 0.5 T. U. The 
maximum of 75 T. U. is made up in three sections, two 
of these being controlled by dial switches, one graduated 
in 5 T. U. steps up to 50 T. U. and the other in 0.5 
T. U. steps up to 5 T. U. The third section, consisting 
of a fixed attenuator of 20 T. U., is controlled by a 
single key switch. Each of the sections making up the 
attenuator is shielded to prevent mutual as well as 
external interference. The resistances making up the 
network are wound to a high degree of accuracy, and 
the attenuation derived is substantially independent of 
frequency in the range up to 50,000 cycles. 

Cross-Talk Set. A schematic circuit of the cross- 
talk set is shown on Fig. 7. This is also a variable 
attenuator but it has certain circuit differences and 
includes several switches and provisions for terminating 
lines which adapt it particularly for cross-talk measure- 
ments. The variable attenuator feature consists of five 
fixed resistances associated with two slide wires which 
are mounted and controlled simultaneously by a single- 
handle and dial. Such an arrangement gives an 
approximate squared relation between input-output 
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current ratio and dial motion which makes it possible 
to cover a wide range of attenuation with reasonable 
accuracy in reading the scales at all points. The scale 
associated with the dial is calibrated in transmission 
units as well as so-called cross-talk units; 2. e., millionths 
of the transmitted current. The setting of the slide 
wire affects the impedance slightly. For ordinary 


values of cross-talk the impedance is close to 600 ohms, 


and for extreme values it rises as high as 640 ohms. 
The attenuator proper is well balanced to ground. This 
is. necessary since it may be connected directly to an 
Open-wire pair. 

Switches for connecting the oscillator, detector, and 
thermocouple meter to various parts of the testing 
circuits, as required by the different measurements, are 
included in the instrument. 

Frequency Meter. For the purpose of checking the 
calibration of the oscillator circuit, and for other 
uses in the telephone plant in connection with adjusting 
the carrier frequencies of the various systems, a fre- 
quency meter has been designed. This is shown in 

3. The Transmission Unit and Telephone Transmission 


Reference Systems, W. H. Martin, Trans., A. I. E. E., 1924, 
pp. 797-801 
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Fig. 8. It provides a means for checking to an accuracy 
of about 0.1 per cent frequencies in the range from 3000 
to about 50,000 cycles. 

A null method is employed using a Wheatstone bridge 
type circuit as shown in Fig. 9. The unknown fre- 
quency source is applied to the input of the bridge 
circuit, and certain known variable elements are 
adjusted until a balance is obtained, as evidenced by the 
null deflection or silence in the detector circuit. The 
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Fie. 7—ScHEMATIC CIRCUIT OF CROSS-TALK SET 

bridge includes equal ratio arms and two sets of variable 
One of the variable arms includes series induc- 
tance and capacitance, the other a pure variable resis- 
tance. The null point indication is obviously the reso- 
nance condition of the series inductance-capacitance 
circuit, the variable resistance being employed to 
establish the resistance balance and to compensate for 
the variation of loss with frequency in the inductance 
and capacitance. The settings of the different variable 
elements are of course calibrated with respect to fre- 
quency and, in practical use, reference is made to the 
calibration chart furnished with the meter. The 
variable elements include two inductance coils of 


Fic. 8—FREQUENCY METER 

optional use depending upon the range of operation, the 
selection being made by means of a key switch. The 
condenser includes fixed mica condensers with switch- 
ing means and a precision continuously variable 
condenser. 


MEASUREMENTS 


The most important field use of these several appar- 
atus units is in connection with the following 
measurement: 


= 
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1. Line attenuation. 

2. Line impedance. 

3. Cross-talk between different lines or pairs. 

Attenuation. The general magnitude of the high- 
frequency attenuation of a circuit for carrier trans- 
mission is, of course, predeterminable, but there often 
exist specific sources of loss which may not be evident 
until actual measurements of attenuation are made. 
In a practical case, the carrier system may be applied 
for operation over a line of perhaps 600 to 1000 mi. in 
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length. Before the system is installed it is customary 
to measure the attenuation of this circuit for all fre- 
quencies which are employed in the carrier transmission, 
so that if unusual effects are present, they may be 


_ satisfactorily remedied and a minimum attenuation 


= achieved. A long carrier circuit of course, 


ee nce —— = om 


is 
usually divided into sections joined by high-fre- 
quency repeaters or amplifiers, so that the currents as 
they are attenuated receive renewed energy at intervals. 
These intervals may range from 150 to 300 miles, 
depending upon the type of system employed and the 
frequencies involved. It is common practise to mea- 
sure each repeater section separately, chiefly because the 
measurement of transmission over several repeater 
sections in tandem, by virtue of the very high attenua- 
tion, presents a more difficult problem. 


10—MEASUREMENT OF ATTENUATION BY CURRENT 
TRANSMITTED—RECEIVED METHOD 


The attenuation measurements are made by either of 
two methods; the first, a transmitted-received current 
comparison; and the second, a substitution method 
involving the use of a variable attenuator. 

In the current transmitted-received method the 
apparatus connections employed are of the simplest type 
is noted in Fig. 10. At one end of the line, the oscilla- 
tor supplies high-frequency currents to the pair of wires 
under test. The magnitude of this current is deter- 
mined by the use of the thermomilliammeter set. It is 
common practise to transmit something of the order of 
90 to 40 milliamperes and to employ the 5-ohm 
thermocouple. At the remote terminal of the line 
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under test a thermomilliammeter set is similarly 
employed to measure received current. The impedance 
of the receiving thermocouple circuit is chosen to match 
closely the characteristic impedance of the line in order 
to simulate the conditions under which the carrier 
system apparatus is connected to the line circuit in 
practise. Ordinarily this condition is simply to 
attain to the required degree of accuracy, since the open- 
wire line circuits have a characteristic impedance which 
is close to 600 ohms with no appreciable reactance 
component. The 600-ohm thermocouple of the thermo- 
milliammeter set used directly, or either of the other 
thermocouples in that set with the proper amount of 
resistance in series, provides this termination. 

The results of a series of measurements using this 
type of circuit are usually tabulated or plotted in T. U. 
attenuation; 7. e., the current ratio is converted into the 
corresponding logarithmic or T. U. equivalent. From 
these data, it is simple, if desired, to compute the T. U. 
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METHOD 


attenuation per unit length and a comparison can thus 
be made with the similar characteristics of other line 
circuits or theoretical data. 

The alternative or substitution method is perhaps 
more useful under conditions in which both the trans- 
mitting and the receiving terminal of the circuit under 
test are at the same point as, for example, in the case of 
a test involving the attenuation of a piece of apparatus 
such as a filter instead of a line circuit. It may also, 
however, be employed for the measurement of attenua- 
tion between two remote points, in which case a second 
oscillator is needed at the receiving terminal. A 
variable attenuator is also required. The method has 
an advantage over the transmitted-received current 
method, in that the attenuation of the line under 
measurement is determined by the reading of the 
variable attenuator and the results are available in 
transmission units directly for each reading without 
further computation. 

The circuit arrangement is as shown in Fig. 11. It 
will be noted that the transmitting end involves an 
oscillator and thermocouple set for measuring the 
output to the line as in the case of the direct measure- 
ment noted above. At the receiving terminal, the 
oscillator provided is similarly connected with a 
thermocouple circuit to transmit measured current into 
a variable artificial line. A double-pole, double-throw 
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switch is provided to connect another thermocouple 
circuit either to the second terminal of the variable 
artificial line or to the real line under test. Under 
conditions in which the current from the transmitting 
terminal oscillator is adjusted to be the same as that of 
the oscillator provided at the receiving terminal and 
transmitting into the artificial line, if the variable 
artificial line is so adjusted that the received current in 
the thermomilliammeter set, R, when connected to the 
artificial line is equal to that received when connected to 
the real line under test, the reading of the artificial line 
attenuation is obviously equal to that of the real line 
under test. Of course this is true only under conditions 
of exact similarity of impedance in the real line and 
artificial line circuits, and for most line measurements a 
simple circuit of this type suffices to measure the line 
attenuation with sufficient accuracy. 

It is to be noted that this method requires no calibra- 
tion of the final receiving thermomilliammeter set. 
For this reason, where the current received is extremely 
small, as would be the case in a line electrically very 
long, it may be more practicable to employ a more 
sensitive receiver such as the detector-amplifier. 

Using the current transmitted-received method and 
calibrated thermocouples at the two terminals, it is 
practicable to measure with the apparatus, which has 
been described, attenuations as high as from 30 to 40 
T. U., which is sufficient for most of the needs in the use 
of carrier systems in the Bell System. In the substitu- 
tion method last described and the use of the detector- 
amplifier circuit as a detector, attenuations up to the 
limit of the attenuator, which is 75 T. U., may fairly 
readily be measured. In the latter case this means an 
energy ratio of about 30 Xx 10%. The accuracy afforded 
by either of the methods is approximately + 0.25 T. U. 
or abour 3 per cent in current ratio. 

The scope of this paper does not permit an extensive 
discussion of the specific results obtained by the use of 
measuring methods of this type. It may be of interest, 
however, to present an example of the results of some 
attenuation measurements. Fig. 12 is a sample of the 
results of two sets of measurements on a particular line. 
In this case it will be noted that the attenuation of the 
circuit as measured initially presented two substantial 
absorption points which manifested themselves by 
“humps” of increased attenuation in the transmission 
frequency curve. Absorptions of the magnitude of 
those shown on Fig. 12 are rather extreme and are found 
only occasionally in practise. Remedial measures in 
the form of special transpositions made it possible later 
to remove these absorption humps entirely as shown by 
the subsequent measurement and thus to present a 
substantially smooth attenuation for the operation of a 
carrier telephone system. 

Impedance. A line circuit of uniform constants and 
not subject to any substantial degree to the mutual 
effect of adjacent circuits such as, for example, occa- 
sionally results in absorption points as noted above, has 
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a substantially uniform impedance. In particular, for 
frequencies above about 5000 cycles, this characteristic 
impedance is practically uniform resistance with little 
or no reactance component. This condition, of course, 
implies a theoretically infinite line or, what is its equiva- 
lent, a line terminated in its characteristic impedance. 
Where the line circuit loses this uniformity—for 
example, by the insertion of short sections of cable 
at intermediate points,—the impedance takes on certain 
characteristic irregularities. In the case of the loading 
of a cable circuit, if the loading sections are of irregular 
length by virtue of the non-uniform capacitance of the 
cable, the non-uniform spacing of the loading coils or 
the constants of the loading coils, the impedance 
obviously also loses its uniformity. For many reasons, 
such uniformity of impedance is ordinarily desirable 
in the application of carrier systems on the wires, and 
impedance measurements by the use of the bridge are 
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12—ATTENUATION OF LINE CIRCUIT BEFORE AND AFTER 
SPECIAL TRANSPOSITION WORK 
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commonly carried out in order that where the depar- 
tures from uniform impedance are such as to exceed 
reasonable limits, remedial steps may be taken. 

In making these high-frequency impedance measure- 
ments, the apparatus arrangement shown in Fig. 13 is 
employed. It involves ordinarily the oscillator, the 
impedance bridge, and the detector-amplifier. It is 
also common practise in most measurements to termi- 
nate the line circuit under measurement at its farther 
end in approximately its characteristic impedance. 
This would generally consist of a resistance of about 
600 ohms. 

In the operation of the bridge circuit, the manipula- 
tions required include first an adjustment of the fre 
quency of the oscillator, then the adjustment of the 
detector-amplifier circuit for required sensitivity, selec- 
tivity, and beating frequency, if the heterodyne method 
is employed, and finally the adjustment of the balancing 
arms of the bridge. The heterodyne oscillator of the 
detector is ordinarily adjusted to provide a note o 
approximately 1000 cycles. The adjustment of the 
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balancing condenser and resistance of the bridge results, 
if properly made, in entire extinction of the received 
detector note. Under these conditions of course the 
impedance of the circuit under test is made known. 

In the description of the impedance bridge previously 
given, it has been noted that the connections of the 
variable resistance and capacitance permit measure- 
ments of impedance having either positive or negative 
reactance or resistance alone. Some experience is 
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13—MEASUREMENT OF IMPEDANCE 


obviously required in the manipulation of the circuit, 
in particular in the case where the reactance component 
of the unknown circuit is positive instead of negative, 
in which case it is necessary to switch the variable 
capacitance to the “unknown” side of the balancing 
coil. This is not infrequently the situation when 
' measuring a line over an extended frequency range. 
In obtaining a balance, it is found extremely important 
to adjust the detector-amplifier circuit in sensitivity 
so that it is not overloaded, in which case, under some 
conditions, an increase in input current may actually 
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Fic. 14—IMPEDANCE or CABLE CIRCUIT 


cause a decrease in the output tone or current. This 
gives a false impression that the bridge is approaching a 
point of balance when, as a matter of fact, it is doing 
just the opposite. The potentiometer must, therefore, 
be carefully adjusted so that the minimum gain in the 
apparatus, consistent with reasonable response in the 
output of the circuit, is required. 

The results of a typical set of impedance measure- 
ments are shown in Fig. 14. In this case, the measure- 
ments were made for the purpose of establishing the 
accuracy with which high-frequency loading’ had been 
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applied to a short section of cable. It will be noted 
that the measurements show considerable irregularity 
in impedance, illustrating the presence of perhaps an 
imperfectly spaced loading coil, a condition which would 
have to be remedied before the line would be considered 
entirely satisfactory for carrier service. 

Cross-talk. Carrier systems of similar type are not 
infrequently operated over nearby pairs on the same 
pole line. Satisfactory operation of the systems in 
that case depends upon the degree to which the “‘cross- 
talk” between the pairs concerned has been reduced. 
The problem of rendering circuit combinations free or 
reasonably free from mutual cross-talk at the fre- 
quencies employed for carrier systems is one which 
presents many difficulties. Its solution involves the 
application of very refined methods of transposing the 
wires concerned in order to balance out the mutual 
inductive and capacitive effects. It is common prac- 
tise, therefore, to make measurements before and 
after the application of the special transposing work 
designed to reduce the high-frequency cross-talk. 

The measuring of cross-talk is obviously but a 
specialized form of attenuation measurement. In the 
case of line transmission, it is desired, of course, that the 
attenuation of the line circuit be as low as possible so 
as to permit the ready flow of energy from one terminal 
to the other. In the case of cross-talk, however, it is" 
desired that the attenuation be as high as possible. 
The measurement of cross-talk, therefore, involves the 
reception of extremely weak currents. Whereas, in 
the case of line attenuation measurements, a thermo- 
couple circuit may be employed at the receiving termi- 
nal, in the case of cross-talk measurements, the sensiti- 
vity required makes it necessary to provide relatively 
high gain at the receiving terminal or apparatus of the 
type of the detector-amplifier. 

Measurements of cross-talk involve a transmitting or 
disturbing line and a paralleling receiving or disturbed 
line. Where cross-talk is heard on the disturbed circuit 
at the terminal at which the disturbing current enters 
its circuit, it is termed ‘‘near-end cross-talk.” The 
cross-talk heard at the further end of the circuit is 
termed “‘far-end cross-talk.” In most cases of carrier 
system operation, separate measurements are desired 
to determine the extent of the cross-talk of both types. 

In general, cross-talk measuring methods follow in 
principle the attenuation measurements by the substitu- 
tion method which has been previously described. 
For this reason, near-end cross-talk measurements are 
somewhat simpler than far-end cross-talk measurements. 
Fig. 15 shows the connections of the cross-talk set 
when employed for near-end cross-talk measurements. 
As noted previously, the cross-talk set, itself, provides 
not only an attenuator circuit but certain switching 
means indicated schematically by the pair of double- 

4. Development and Application of Loading for Telephone 


Circuits, T. Shaw and W. Fondiller, Trans., A. I. E. E., 
1926, p. 268. 
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pole, double-throw switches A. The cross-talk set 
is employed in conjunction with an oscillator and a 
detector such as those previously described. For the 
right-hand position of switch A, the circuit provides 
for switching the oscillator output to the cross-talking 
or disturbing circuit. At the same time, the detector 
is switching to the disturbed circuit. Upon throwing 
the switch to the left, the disturbing and disturbed 
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Fic. 15—MEASUREMENT OF NEAR-END CROSS-TALK 


circuit connections are removed and there is substituted 
the attenuator portion of the cross-talk set. Carrying 
out a measurement involves the adjustment of the 
attenuator dial to such a position that when the switch 
is thrown alternately left and right, approximately equal 
deflections or sounds are obtained in the detector 
circuit. The reading of the cross-talk meter dial then 
_ indicates directly the attenuation or cross-talk between 
the circuits under test. This may be read in T. U. 
or in cross-talk units. 

Where far-end cross-talk is being measured and the 
disturbing and disturbed terminals are at remote points, 
a more complex circuit arrangement is employed. If 
attenuation is also to be measured means, such as the 
thermomilliammeter set, are required for adjusting 
the output of the oscillator at the sending terminal and 
for noting the received current at the receiving terminal 
of the disturbing circuit. The circuit connections are 
shown in Fig. 16. At the sending end or disturbing 
end, the oscillator 1s adjusted to the frequency at which 
the measurement is desired and connected to the dis- 


16—MEASUREMENT OF FAR-END CROSSTALK 
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turbing circuit through the thermomilliammeter set. 
The disturbed circuit at this point is terminated in its 
characteristic impedance. The amount of current 
flowing into the disturbing circuit is recorded. At the 
receiving end, through the double-pole, double-throw 
switch B, a similar thermocouple set i$ connected to 
the disturbing circuit and the current reading there is 
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also noted. A comparison of the current readings at 
the two terminals obviously measured the attenuation 
of that circuit in a manner similar to that described 
under ‘‘Attenuation.” 

The switching key B is then thrown to a position 
which disconnects the receiving circuit thermomilliam- 
meter set and connects the receiving end of the dis- 
turbing circuit to the switching key A. Under these 
conditions, when the switching key A is thrown to the 
left, the cross-talk received in the disturbed circuit is 
led to the detector-amplifier where it produces a meter 
deflection or an audible tone. At the same time, the 
disturbing circuit is properly terminated. When the 
switching key A is thrown to the right, however, the 
current at the receiving terminal from the disturbing 
circuit is led through the variable attenuator and 
thence into the detector. Here again, by throwing 
the key A back and forth, an adjustment can be 
made in the attenuator circuit so that approximately 
equal deflections or tones are noted in the detector for 
the two positions of the key. Under these conditions, 
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the reading of the cross-talk set dial is a measure of the 
far-end cross-talk; 2. e., it is a measure of the com- 
parative current received from the disturbing and 
disturbed circuits. It is sometimes useful to obtain an 
equivalent comparison of received current as noted on 
the disturbed circuit with the transmitted current as it 
enters the disturbing circuit, and it is obviously neces- 
sary to multiply the measured cross-talk by a factor 
which is the attenuation ratio of the disturbing circuit 
as measured Initially. 

The results of a typical set of cross-talk measurements 
at high frequencies are shown plotted in Fig. 17. The 
circuits involved pairs of wires in close proximity and 
these wires had been previously transposed for the 
distance of approximately 85 mi. in a special manner 
to reduce the cross-talk for carrier system operation. 
It will be noted that as might be expected, the cross- 
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talk increased rapidly with frequency, and it presents 
irregularities with frequency which are the result of the 
phase and magnitude reactions in a relatively complex 
electrical circuit. 


CONCLUSION 


The various measurements which have been described 
give a representative picture of the testing work which 
may be done in preparing a wire circuit for the installa- 
tion of a carrier system. Such tests are also occasionally 
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made in clearing troubles which may appear from time 
to time. 

The measuring methods and apparatus employed are 
the results of the coordinated efforts of numerous 
engineers in the Department of Development and 
Research of the American Telephone and Telegraph 
Company and the Bell Telephone Laboratories. Par- 
ticular credit is due those at the last mentioned institu- 
tion who are responsible for the design of the individual 
testing units. 


Methods of Measuring the Insulation 


of Telephone Lines at High Frequencies 
BY E. I. GREEN! 


Associate 


Synopsis-—This paper outlines the problem of measuring the 
tnsulation of open-wire telephone circuits in the frequency range 
from 8000 to 50,000 cycles, and discusses a method which has been 
used in the experimental study of insulator losses at these frequencies. 


EASUREMENTS involving the transmission of 
high-frequency currents over open-wire tele- 
phone lines began in the Bell System about 10 

' years ago, as a preliminary to the application of the 
first carrier telephone and telegraph systems.? Since 
that time, more or less continuous study has been given 
to the different problems involved in the transmission 
over line circuits. of carrier frequencies ranging from 
about 3000 to 50,000 cycles. From the beginning it was 
apparent that the attenuation of open-wire line circuits 
at these higher frequencies is very much greater than in 
the voice range of frequencies, and undergoes wide 
variations due to changing weather conditions. Inas- 
much as the attenuation is one of the most important 
factors in high-frequency transmission, its investigation 
has been very actively prosecuted along both theoretical 
and experimental lines. 

The fundamental problem which originally presented 
itself was that of segregating the different losses which 
are experienced by the high-frequency energy trans- 
mitted over an open-wire circuit. It was obvious that a 
substantial part of the increased attenuation at high 
frequencies resulted from the increase in wire resistance 
due to skin effect, but it was equally obvious that other 
sources of loss were also contributing in large measure 
to the attenuation. It was known that radiation was a 
negligible factor in the line losses. It was known also 
that the “leakage” of the insulators increased rapidly 
with frequency, and that there was no direct relation 
between the high-frequency leakage and the d-c. 
leakage, which had previously been used as the principal 
criterion of the condition of the insulation of circuits, 
but information regarding the precise nature of the 
leakage losses at high frequencies was lacking. 

The theory underlying computations of the skin 
effect resistance of conductors was well established at 
that time, and the effective resistance of the wires could 
be readily determined. In order to study the other 
losses properly, however, it was necessary to develop 
methods and apparatus for more accurately measuring 

l. American Tel. and Tel. Co., 195 Broadway, New York, 
N.Y. 

2. See Carrier-Current Telephony and Telegraphy, E. H. 
Colpitts and O. B. Blackwell, Transactions A. I. E. E., Vol. 
XL, pp. 205-300, 1921. 

Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 26-27, 1927. 


, A. I. E. E. 


The paper includes a description of a special line which has been 
constructed for the testing of insulators, an explanation of the essen- 
tials of the measuring technique, and a brief summary of the results 
which have been obtained. 


their magnitude. These methods and apparatus, and 
their application in practise, form the subject of this 
paper. 

THEORY OF LEAKAGE MEASUREMENT 


Transmission over wires at high frequencies is 
accomplished in precisely the same manner as trans- 
mission at low frequencies, the wires acting as the 
guiding medium for the energy in both cases, and the 
same fundamental equations may be applied to both. 
The rate of attenuation for a uniform line circuit 
which is terminated so as to avoid reflection effectsmay, 
therefore, be determined by means of familiar trans- 
mission formulas. The attenuation constant a deter- 
mines the decrease in magnitude of the voltage and 
current transmitted over the circuit, according to the 
equations 


E 2 (1) 


where E, and I, are the voltage and current at the . 


sending end of a section of the circuit, and E» and J; are 
the voltage and current at a point distant / units from 
the sending end. 

The value of the attenuation constant at any fre- 
quency may be derived from the so called “primary 
constants” of the circuit, which are as follows: 


R = series resistance in ohms per unit length, 

L = series inductance in henrys per unit length, 

C = shunt capacitance in farads per unit length, 

G = equivalent shunt leakage conductance in mhos 


per unit length. 
These constants determine the value of the well-known 
expression 


yY=atjp=V(R+j wl) G+jwl) 
of which the attenuation constant is the real part. 

The symbol G in the above equation represents the 
“equivalent” leakage conductance. It is convenient to 
make this equivalent value of G include all of the a-c. 
losses suffered by the energy transmitted over the pair 
except the actual J? R loss in the wires themselves. 

An obvious method of finding the value of G under 
such conditions is that of measuring the attenuation of a 
section of line and computing G by means of the 
attenuation formula, using known values of k, L, and C. 
This method has been used quite extensively, and is of 


(2) 
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considerable value. Unfortunately, however, its use 
requires, for accurate results, a section of line of the 
order of at least 100 miles in length. Any important 
changes in a line of such length are quite expensive, 
and this method is consequently not well adapted to the 
experimental study of the equivalent leakage conduc- 
tance obtained for different line arrangements and 
different conditions of insulation. 

A much more satisfactory method for this purpose is 
to measure the leakage conductance on a short line. 
If the line is short enough to make propagation effects 
negligible, its impedance measured with the far end 
open will be 


1 
‘“G4j0e @) 
and the value of the leakage conductance may be 
obtained directly. 


The determination of the maximum length of line for 
which propagation effects are negligible is comparatively 


Z 


Fig. 1—Insvutator Test LINE ar PHOENIXVILLE, PA. 


simple. The problem is merely that of making the 


length of the test line a small enough fraction of a 


wavelength to produce only a small phase change in the 
current or voltage transmitted over the line. It can be 
shown that when the total phase shift on the line does 
not exceed five degrees it may be neglected without 
appreciable error. Now the phase shift for an open- 
wire pair is approximately two deg. per kc. per mi. 
Hence, if the phase shift which is allowed is not to 
exceed five deg., and the measurements are to cover 
the frequency range up to 50 kce., the maximum length 
of line which can be measured is evidently 0.05 mi., 
or about 250 ft. It has been found that the use of lines 
whose length does not exceed this value gives quite 
satisfactory results. 

It should not escape attention that the use of a short 
line for measurements of the equivalent leakage conduc- 
tance also involves the assumption that the short line 
provides all the sources of loss which are present on a 
longer line of, say, 100 mi. in length. The validity of this 
assumption has been tested by comparing the results 
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obtained on a short line with those for a long line, and 
the comparison has shown that, whereas if the long line 
is infrequently transposed there may be some absorption 
of energy due to currents induced in the other circuits on 
the lead, the installation of transpositions required for 
minimizing high-frequency cross-talk ordinarily reduces 
such losses to a negligible value. This is only another 
way of saying that the shunt losses on a well transposed 
open-wire line occur almost entirely at the insulator 
points. This fact is one of outstanding importance, 
since it means that the insulation losses may be deter- 
mined on a short line on which a considerable departure 
from the spacing of the insulators and the wires on a 
standard long line is permitted. The method of deter- 
mining the leakage conductance on a short line is, 
therefore, extremely advantageous in the study of the 
effectiveness of different types of insulators at various 
frequencies and under various weather conditions. 


INSULATOR TEST LINE 


There is illustrated in Fig. 1 a short line which has 
been byilt near Phoenixville, Pennsylvania, for use in 
comparing the effectiveness of different types of insula- 
tors at high frequencies. This line includes about 25 
poles spaced about seven ft. apart. A six-in. spacing 
between wires is used in order to make provision for the 
installation of a larger number of different types of 
insulators than could be obtained with standard wire 
spacing. About 40 different types of insulators are 
actually installed on the line in the picture. 


In constructing this line, it was found convenient to 
make the length and spacing of the wires such that the 
value of the wire capacitance obtained was less than 
the minimum value desired for measuring purposes. 
With this arrangement, the capacitance may be in- 
creased to any desired value by shunting a condenser 
across the wires. The number of insulators installed 
on the wires was made slightly greater than the mini- ` 
mum value which was deemed essential for accurate 
measurements. 


For a line only 175 ft. long, on which problems of 
external interference or interference between circuits 
do not exist, it might be supposed that the installation of 
transpositions would be useless. Upon investigation, 
however, it was found that an unbalanced relation 
between the two wires of a pair and the adjacent wires 
might produce appreciable loss at high frequencies. 
Accordingly, a simple transposition scheme for bal- 
ancing the different capacitances between wires was 
devised and installed. 


Owing to the comparatively small number of insula- 
tors employed on the line, it was necessary, in bringing 
the wires into the test station, to use every possible 
precaution in order to avoid having the entrance losses 
comparable in magnitude with some of the insulator 
losses which it was desired to measure. This difficulty 
has been obviated by the use of several interesting 
expedients which are illustrated in Figs. 2 and 3. 
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Fig. 2 shows the pole at the entrance to the test station, 
while Fig. 3 shows the entrance arrangements at 
close range. Each wire is brought into the test station 
through a glass tube. A special arrangement of glass 
shields or baffles is built over the entrance, the three 
narrow panes used for this purpose being barely 


Fic. 2—ENTRANCE POLE ON INSULATOR Test LINE 


discernible in the picture. In order to prevent rain 
from running down the wire to the glass tube, each wire 
is equipped with a drip washer. Springs are used to 
keep the wires taut. 


TESTING TECHNIQUE 


For a test line short enough to avoid propagation 
effects, the impedance which is to be measured may be 
considered as a single conductance shunted by a given 
value of capacitance. This is equivalent, of course, toa 
leaky condenser, and a bridge method similar to those 


__ 


Fic. 3—DeETAILS OF ENTRANCE TO TEST STATION 


which have been employed for the determination of the 
loss angle or power factor of a condenser may be used 
in this case. Since the line wires have a large capaci- 
tance to ground, however, it is important that the 
bridge should be well balanced to ground. 

The general arrangement of the bridge and associated 
apparatus used in a typical measurement of carrier- 
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frequency leakage conductance on the test line at 
Phoenixville is shown in schematic form in Fig. 4. 
An illustration of the physical disposition of the appara- 
tus is found in Fig. 5. 

The salient feature of this bridge arrangement is a 
specially designed transformer consisting of three air- 
core coils mounted in a shielded container. In accor- 
dance with telephone parlance, this three-winding 
transformer is ordinarily termed a “hybrid coil.” The 
hybrid coil type of bridge is well adapted for use in 
measuring impedances whose center is at ground 


Air Cored 
Hybrid Coil 
c----- fo 


Fig. 4—ScHematTic CIRCUIT FOR MEASUREMENT OF CARRIER 


FREQUENCY LEAKAGE CONDUCTANCE 


potential since the capacitances of the windings to 
ground can be balanced. The details of the design of 
the air-cored hybrid coil are illustrated in Fig. 6, the 
most important feature being the use of bifilar wire for 
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Fic. 5—ARRANGEMENT OF APPARATUS FOR MEASUREMENT OF 
CARRIER FREQUENCY LEAKAGE CONDUCTANCE 


the two windings to which the oscillator terminals are 
connected. 

The source of high-frequency current for the bridge 
is a vacuum tube oscillator, and the detecting means isa 
detector-amplifier, both being of the types which are 
described in a parallel paper.? It is ordinarily assumed 
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that the loss in the air condensers used in the measure- 
ment is negligible. In order to justify this assumption, 
considerable care must be exercised in the selection of 
the condensers. 

In the frequency range under consideration, the 
equivalent resistance of a small number of insulators in 
parallel is quite high and is therefore difficult to dupli- 
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in center of 
shielded box. 
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Fic. G—CONSTRUCTION or Arr-Corep Hysrip Cort USED IN 
LEAKAGE TESTS AT PHOENIXVILLE, Pa. 


cate on the standard side of the bridge. It is well 
known, however, that a condenser having some dissipa- 
tion of energy may be considered, at a given frequency, 
as equivalent to a hypothetical resistance either in series 
or in parallel with a perfect condenser. Hence the line 
impedance, which resembles that of a condenser and 
resistance in parallel, may be simulated on the standard 
side of the bridge by a resistance and condenser in series. 
The range of values of standard resistance required 
with this arrangement can be physically realized with- 
out difficulty. 

Instead of employing the obvious method of adjusting 


the capacitance on the standard side of the bridge to. 


equal that on the line side, use is made of a method 
which is much more convenient for the computation of 
results. With this method the capacitance on the line 
side of the bridge is adjusted to the capacitance on the 
standard side. Thus condenser C, is kept at a fixed 
value, and the capacitance balance is obtained by 
varying the setting of condenser C2 which is shunted 
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across the line. The resistance balance is obtained by 
adjusting R, Only the frequency and the value of Rı 
need be recorded for any measurement. 

The theory by which the recorded values of R, and 
frequency in combination with the known value of C, 
may be converted into the desired value of leakage 
conductance is outlined in the Appendix, where it is 
shown that the unknown leakage conductance G, is 
given by: 

G. = R, a)? C, (4) 

This equation shows why it is unnecessary to read the 
value of condenser C, used on the unknown side of the 
bridge. It also indicates the dependence of the value 
of the balancing resistance R, upon the total capacitance 
on the unknown side of the bridge. 

The balancing of the bridge is a rather delicate 
matter and extreme care is required in order to secure 
accurate results. The reason for this will be apparent 
when it is noted that the reactance represented by C, 
may be, in dry weather, several hundred times the 
value of the resistance R,. The difficulty of attaining 


Measured on Short Line at Phoenixville, Pa 
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a high degree of accuracy in the reading of R, when the 
voltage across it is only a few thousandths of that 
applied to the bridge, scarcely needs to be pointed out. 

In setting up the apparatus, every precaution is 
taken to avoid any stray pick-up of the oscillator output 
in the bridge or detector circuits. Such a mischance is 
ordinarily obviated by keeping the various pieces of 
apparatus well separated. 

The results of a typical set of measurements of leakage 
conductance at different frequencies are plotted ‘in 
Fig. 7. As indicated in the figure, it is ordinarily 
desirable to record in some detail the weather condi- 
tions which prevail at the time when the measurements 
are made. In the correlation of the measured values of 
leakage conductance with the weather variations, a 
recording rain gage has been found very useful for 
Indicating the total precipitation and the rate of 
precipitation throughout any testing period. 

The record of the a-c. leakage conductance is gen- 


erally supplemented by a record of the d-c. leakage 
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under the same conditions. This latter may be readily 
obtained with a source of direct voltage and a micro- 
ammeter or a high-resistance voltmeter. It has also 
been found desirable to secure continuous records of the 
d-c. leakage over fairly long periods of time, and for this 
purpose a recording microammeter has been used with 
satisfactory results. By means of a multi-record 
instrument, simultaneous records may be obtained on as 


Pair 5 ` 


Fic. 8—ScHEMATIC CIRCUIT FOR CONTINUOUS MEASUREMENT 
or D-C. LEAKAGE 


many as six pairs. The general circuit arrangement for 
a continuous measurement of d-c. leakage is indicated 
schematically in Fig. 8, and a sample record for a single 
pair is given in Fig. 9. The rainfall record corre- 
sponding to the leakage measurements of Fig. 9 is 
presented in Fig. 10. 

It has been recognized for some time that a method of 
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Fig. 9—TypicaL CurRVE oF MEasuRED D-C. LEAKAGE 


obtaining a continuous record of the a-c. leakage con- 
ductance on one or more pairs would be extremely 
valuable, since it would provide a record throughout 
the night, when the test station is normally closed, 
and might economize on testing time during the day. 
The problem of developing such a method has been 
attacked from several angles, but no completely 
satisfactory result has as yet been attained. 
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CONCLUSION 


In conclusion it may be said that the general methods 
described above have been used at Phoenixville, 
Pennsylvania, in the study of the performance of 
various types of insulators over the entire frequency 
range up to 50,000 cycles. The work has served to 
illuminate the different phenomena involved in the 
leakage conductance of open-wire lines, and has made 
possible an accurate determination of the relative 
magnitudes of these phenomena. Finally, it has 
resulted in the development of insulators which have 
improved characteristics in the carrier range of fre- 
quencies and which are now rendering service on many 
lines of the Bell System. 

The author wishes to state that this paper describes 
work in which a number of engineers of the Department 
of Development and Research of the American Tele- 
phone and Telegraph Company have been engaged. 
Particular credit is due to Mr. R. N. Hunter, who 
developed the air-cored hybrid coil, and began the 
measurements of leakage conductance, to Mr. L. T. 
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Wilson, whose researches into the theory of insulator 
losses and their measurement have been of great value, 
and to Mr. F. A. Leibe, who has made important 
contributions to the measuring technique. 


Appendix 
The theory by which the desired value of leakage 
may be derived from the known values of R,, Cı and 


frequency is as follows. The impedance of the standard 
side of the bridge is 
j 
Z: = Rı = Ww Cı (5) 


if the total capacitance on the unknown side of the 
bridge is represented by C+, (C, = C: + Cı), and the 


leakage conductance by G, then the impedance on that . 


side of the bridge is 
— 8 6 
G: +9 Ww oF ( ) 


This equation may be reduced to 


Z: = 


= e Se 
SOE Ee ee —— lee ee eT eee 


May 1927 
1 l 
| nL O E (7) 
w C? Gè 
AS G: w? C;? = 


For the values of G which are commonly measured, 
the phase angle will be small enough so that 


z 


wC,’ 


tan ¢, which equals 


SHACKELTON AND FERGUSON: HIGH-FREQUENCY MEASUREMENT 


519 


has a value of approximately 0.01 or less. Hence, no 
appreciable error is involved in simplifying equation (7) 
to ° 


G: j 
Z. =- p0 aC, 2 
It follows from (5) that 
C: = C; (9) 
and 
G: = Ri œ C? = Ri œ C? (10) 


High-Frequency Measurement 
of Communication Apparatus 


BY W. J. SHACKELTON: 


Associate, A. I. E. E. 


Synopsis.—This paper describes precision high-frequency 
measurements of a fundamental type, special emphasis being 
placed on the measuring circuits rather than on the types of apparatus 
measured. 

Standards of frequency, resistance, capacitance, and inductance 


INTRODUCTION 


ONG DISTANCE electrical communication is now 
being effected by means of frequencies embracing 
the audible range and extending from there to the 

so called short wavelengths employed in radio trans- 
mission. According. to the field of usefulness, this 
whole range has been subdivided into the audio, the 
carrier, and the radio ranges. From the viewpoint of 
the power engineer, all of the frequencies embraced in 
these ranges are high frequencies, but to the communica- 
tion engineer, only those frequencies in the upper 
regions are considered high. 

In this paper we will accept the power engineer’s defi- 
nition and will discuss methods of measurement and 
measuring instruments adapted to the measurement of 
communication apparatus over this complete range. 
Most of the measuring apparatus described, however, 
is designed particularly for use at audio and carrier 
frequencies. The measuring methods which are dis- 
cussed are intended primarily for laboratory use in 
connection with the development and inspection of 
telephone apparatus prior to its application in the field. 

Many of the transmission problems in the communi- 
cation field involve the impedance characteristics of 
apparatus and circuits. In the manufacture of ap- 
paratus, impedance limits are used to a very great 
extent in inspection tests. Consequently, quantities 
of prime importance are those defining impedance 
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are discussed briefly. Bridge measurements are described for the 
measurement of frequency, tnductance, effective resistance, capaci- 
tance, dielectric loss, capacitance balance, and inductance balance. 
Circuits for the measurement of other high-frequency characteristics 
such as attenuation, gain, cross-talk, and modulation are included. 


characteristics; that is, inductance, capacitance, and 


resistance at specified conditions, of course, such as 


temperature, frequency, and current or voltage. Other 
characteristics, of a less fundamental nature but 
nevertheless of considerable importance, are attenua- 
tion, gain, inductance and capacitance balance, cross- 
talk, flutter,and modulation. Since the three impedance 
components mentioned above, together with frequency, 
are probably of more general interest, this paper will be 
devoted largely to a discussion of their measurement, 
only brief reference being made to the methods used for 
the measurement of the latter group of characteristics. 

As in all measurement work, standards representing 
the quantity are required, and these are of two classes, 
prime standards and secondary or working standards. 
In our case, the prime standards are resistance and 
frequency. From these we derive inductance and 
capacitance. Working standards are stable types of 
inductance coils, air and mica condensers, adjustable 
resistances, and for frequency, resonance type meters 
and highly stable oscillators. 


PRIME STANDARDS 


Frequency. The standard frequency used is that 
described by Horton, Ricker, and Marrison?. 

Briefly, it comprises a special self-driven fork held 
at constant temperature and having all other condi- 
tions of operation so thoroughly controlled that a high 
degree of frequency stability is obtained. The exact 
frequency is measured by driving synchronously a 


2. Frequency Measurement in Electrical Communication, 
Horton, Ricker, and Marrison, A. I. E. E. Trans., 1923 p. 730. 
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phonic wheel for determining the number of cycles 
occurring in a given time interval. This time interval 


is usually a period of 24 hr. as measured by time signals - 


received from Arlington. The average frequency of 
this fork is‘capable of being held constant and measured 
in this way with an accuracy of about 0.001 per cent. 

The frequency of 100 cycles obtained from this fork 
is used to drive a 1000-cycle slave fork from which an 
equally constant 1000-cycle frequency is obtained. 
Having these frequencies, all other frequency measure- 
ments may be made with as high an accuracy as desired 
by direct comparison, using the cathode-ray tube as 
described in detail by Rasmussen}. 

Resistance. Resistance standards specially designed 
for use with direct currents and having a very high de- 
gree of stability may be readily purchased or constructed 
and calibrations to a high degree of accuracy may be 
obtained from the Bureau of Standards. These 
resistance standards are not suitable for precision 
measurements at high frequencies, usually being wound 
on metal spools, and the value of the phase angle re- 
ceiving only secondary consideration. It is necessary, 
therefore, to use resistance standards of special construc- 
tion depending upon the particular application to be 
made. In all cases, constancy of resistance with 
variations in atmospheric conditions, frequency, and 
time is imperative. Generally as small a phase angle 
as possible is also highly desirable, although for some 
uses a suitable degree of constancy may be sufficient 
provided that the angle is known, and not large 
enough to affect appreciably the magnitude of the impe- 
dance of the resistance over the frequency range used. 

To obtain the highest degree of stability of both 
resistance and phase angle, it has been found desirable 
to wind the wire on a spool made of a material not 
affected appreciably by atmospheric conditions, for 
example, phenol fiber, and to immerse the complete 
resistance in a sufficient amount of a suitable sealing 
compound to exclude all moisture. Resistances meet- 
ing all of the requirements outlined have been con- 
structed as described ina recent paper by one of the 
authors.‘ Coils such as described there, having a 
resistance of approximately 1000 ohms, may be con- 
structed to have an effective inductance of less than 
five microhenrys, and this inductance is practically 
independent of frequency up to at least 100 ke. Coils 
having lower values down to about 10 ohms can be 
made with equally small phase angles. Below this 
value of resistance, it is more difficult to hold a low 
phase angle. 

Coils constructed as described may be considered to 
have so small a change in resistance with frequency that 
a calibration with direct current may be used without 
” appreciable error for all frequencies at which they are 


3. Frequency Measurements with the Cathode Ray Oscillograph, 
F. J. Rasmussen, A. I. E. E. Trans., 1926, p. 1256. 

4. A Shielded Bridge for Inductive Impedance, W. J. Shackelton, 
A. I. E. E., Trans. Vol. XLV, 1926, p. 1266. 


used. Both the variation in resistance with frequency 
and the phase angle may be most readily measured 
by comparison with some simple type of resistance of 
such geometrical form that the phase angle may be 
readily computed. Satisfactory resistances for this 
purpose are short lengths of fine wire of definite shape, 
sputtered metal films on glass or other insulating 
material, and carbon in the form of rod or film. 


SECONDARY STANDARDS 


Capacitance. The value of our capacitance standards 
is determined in terms of the prime standards of fre- 
quency and resistance. This determination may be 
made in several ways, the following bridge method 
being a simple and accurate one. The circuit, as shown 
in Fig. 1, consists of two equal resistance ratio arms, a 


‘resistance and capacitance in parallel in the third arm, 


and a resistance and capacitance in series in the fourth 
arm. When this bridge is balanced at any particular 
frequency, the relations between the impedance arms 
of the bridge are such that the value of each capacitance 


may be determined in terms of the frequency and the 


two resistances. 


Fig. 1—BripvGce Circuit ror MEASURING CAPACITANCE IN 
TERMS OF RESISTANCE AND FREQUENCY 


The requirements for a capacitance standard are 
high constancy with variations in frequency, time, 
voltage, and atmospheric conditions, and a small] 
phase difference. Mica has been found to be the best 
solid dielectric, used either alone or impregnated with 
a high quality wax such as paraffin. If mica alone is 
used, the condenser must be sealed to prevent the 
entrance of moisture. 

Good mica condensers can be obtained with a tem- 
perature coefficient below 0.005 per cent per deg. cent., 
and having a variation of less than 0.1 per cent over a 
frequency range from 500 cycles to 100 ke. Variations 
in capacitance with voltage are also negligible provided 
voltages below 100 volts are used. It has been our 
experience that the paraffin impregnated condensers 
generally have a negative change of capacitance with 
temperature. This change is smaller than that of the 
unimpregnated type which has a positive change with 
temperature. The paraffin impregnated condensers, 
however, usually change more with time than the 
unimpregnated condensers. 

Air condensers may be used as standards in small 
sizes. ` For the larger values, the air condensers become 
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large and cumbersome and are not as stable as the mica 
condensers. Even in the smaller’ sizes, very special 
precautions must be taken to obtain air condensers 
which have appreciably smaller phase differences than 
the mica condensers, which may be made with phase 
differences considerably less than one minute. 

Inductance. Requirements for inductance standards 
are high constancy with variations in time, current, or 
saturation, atmospheric conditions, and frequency. 
It is also desirable that they be made with a small 
external field. Otherwise, very great care must be 
taken to avoid errors due to this cause. 


In order to obtain stability with variations in satura- 
tion, it is usual to make inductance standards with air 
cores. This requires standards of large physical size 
if a time constant as large as the average iron core coil 
is desirable. This large size results in large capacitance 
distributed in the coil itself and from the coil to ground. 
These capacitances cause large variations in inductance 
with frequency and with the position of the coil with 
respect to ground. On account of this difficulty with 
air core coils, permalloy* as core material has been used 
with considerable success as described by one of the 
authors’. 

The calibration of these inductance standards may be 
made by comparison with any two of the quantities, 
capacitance, resistance, and frequency. Comparison 
with frequency and resistance may be made in a bridge 
circuit exactly similar to the one used for capacitance 
determination, substituting inductances for capaci- 
tances. A comparison with frequency and capacitance 
may be made by means of a resonant method, and 
comparison with capacitance and resistance may be 
made by means of the Owen bridge. The resonant 
method is used generally except for those cases requiring 
large capacitance, in which cases the Owen bridge is 
used. 

Frequency. As a secondary standard of frequency 
for use with the cathode ray tube, where practically only 
one standard frequency is required, a special 1000- 
cycle oscillator is used, designed particularly for high 
stability of frequency with ordinary variations in 
external conditions. This oscillator is shown in Fig. 2. 
It allows the use of a cathode ray tube for frequency 
measurements with a high degree of accuracy under 
conditions where the prime standard of frequency is not 
accessible. 


Where a portable frequency standard is desirable, for 
instance, as a means of shop frequency checks, a 
resonance type of meter is used. This is shown in Fig. 3. 
It is essentially a resonance bridge circuit consisting of 
two equal resistance ratio arms, a third arm containing 
a resonant circuit, and a variable resistance as the 
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fourth arm. The capacitance and resistance are 
variable over wide ranges by means of decade switches, 
and the capacitance is capable of fine variations by the 
use of a form of precision variable air condenser having 
provision for fine control. There are four air-core 
inductance coils which give, in conjunction with the 


Fig. 2—SINGLE-FREQUENCY VacuuM TUBE OSCILLATOR USED 


AS SECONDARY STANDARD OF FREQUENCY 


variable capacitance, a frequency range of about 100 
cycles to 150 ke. 

Mhe meter is calibrated by balancing the circuit by 
means of the variable resistance and capacitance with a 
known frequency input, and recording the coil and 
condenser settings. It is used for checking frequencies 


Fig. 3—ReEsSONANCE-TyPE FREQUENCY METER 

by reversing the process, that is, connecting the source 
of unknown frequency to the bridge, balancing as before, 
and determining the frequency by reference to the 
calibration. There are no input or output transformers 
connected to this circuit and on this account certain 
precautions must be taken in connecting the output and 
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input circuits to it; but it is a relatively low impedance 
circuit, and troubles due to this cause have not been 
found serious. 

Resistance. A convenient secondary standard of 
resistance is a dial box having the resistance units 
designed to meet the same requirements as the prime 
standards. Commercial dial boxes are available, having 
satisfactory stability with variations in frequency and 
atmospheric conditions, and having sufficiently small 
phase angles for all frequencies but the highest radio 
frequencies. 

A dial box, requiring as it does, a certain amount 
of wiring between dials, and having all of the dials 
connected permanently whether they are used or not, 
always has more capacitance and inductance associated 
with it than a single resistance of the same value. A 
certain amount of compensation between the capaci- 
tance and inductance may be effected by proper design, 
but it may be generally accepted that the inductance of 
the wiring makes the phase angle of the low resistance 
values comparatively high and the capacitance between 
dials and between units of each dial makes the phase 
angle of the high values comparatively high. This 
effect can only be overcome by a compact design using 
coils of small physical size. This sets a limitation on 
coils for use in dial boxes which is not present to such an 
extent in the case of single resistance units or single 
value prime standards. 


METHODS OF MEASUREMENT 


We have discussed already measurements of fre- 
quency and resistance in connection with the description 
of standards, and we will not discuss them further here. 
We are particularly concerned with the measurement of 
impedance of all types, it being understood that any 
resistance having a phase angle which is not negligible 
or which is of special interest is to be considered a special 
type of impedance. 


In measuring impedances, we have found that those 
methods which determine the unknown in terms of cir- 
cuit constants are supenor to those requiring the 
measurement of current and voltage. Accordingly, 
bridge methods are used almost exclusively, and 
furthermore, the bridge type which is used wherever 
possible is the equal ratio arm bridge in which a direct 
comparison is made of the unknown impedance with a 
known impedance adjusted to that same value. This 
type of measurement has the disadvantage of requiring 
standards of the same value as the quantity measured 
over the whole range of impedances used, but it has the 
compensating advantages that, having standards whose 
value is known, this circuit is extremely simple, very 
easy to check at any time, and may be made extremely 
accurate. 

Auxiliary Apparatus. Without going into details 
regarding the auxiliary apparatus used in connection 
with bridge measurements, we may state briefly that 
vacuum tube oscillators are used almost exclusively for 
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furnishing all frequencies, and that the telephone 
receiver is used almost exclusively as a detector, due to 
its simplicity and the rapidity with which it may be 
used. For frequencies below 200 cycles, it is used with 
a chopper to give a tone of about 1000 cycles, and above 
3000 cycles, it is used with a heterodyne detector to give 
a beat note of about 1000 cycles. In the audio fre- 
quency range, it is used alone or with an amplifier, 
if necessary. 

While it is impossible to draw a distinct line between 
the methods of measurement of different types of 
impedances, certain bridge circuits have been designed 
primarily for certain types of measurements, and we will 
therefore classify them in this way, although in general 
they have a considerably wider sphere of usefulness 
than indicated. 

Inductance. A simple shielded bridge for the mea- 
surement of inductance and resistance has been de- 
scribed by one of the authors‘ and is shown in schematic 


Fic. 4—SHIELDED IMPEDANCE BriIpDGE CIRCUIT 


form in Fig. 4. It comprises two equal resistance ratio 
arms, an adjustable standard of self-inductance, an 
adjustable resistance standard, a thermocouple milliam- 
meter, two reversing switches, two transformers, and 
two air condensers. This apparatus is grouped into 
three separate units, as shown in Fig. 5, one comprising 
the standards of inductance, one the resistance standard 
and one the remaining parts of the circuit. Each of 
these units is shielded electrostatically. The last 
assembly constitutes the balance element of the system, 
by means of which the unknown and standard im- 
pedances are compared. This unit may be used alone 
for the comparison of two impedances of any type since 
the only condition for balance is the exact equality 
of impedances in the two arms. Using in addition the 
standard inductance and resistance shown, it is'adapted 
particularly for measuring inductance and effective 
resistance. The inductance standard may’ be made 
with a range from 10 henrys to a minimum of two 
millihenrys, using an inductometer having a minimum 
scale division of 0.1 millihenry, or the range may be 
any simple multiple of this. Values as low as one 
microhenry at frequencies as high as 150 kc. are 
measured in this way. 

By connecting the resistance in one arm of the bridge 
and a capacitance in series with an inductance in the 
other arm, we may use it to indicate resonance, and if we 
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measure the frequency we may use this method for the 
comparison of capacitance with inductance. This is the 
method actually used for the calibration of the in- 
ductance standard used with the bridge. The bridge 
may be used for the comparison of capacitance. The 
bridge described later for the measurement of capaci- 
tance, however, has certain special features which make 
it peculiarly adapted to the measurement of capacitance 
and conductance. . 


Fic. 5—SHIELDED IMPEDANCE BRIDGE AND STANDARDS, 
CONNECTED TO VAacuUUM TUBE OSCILLATOR AND HETERODYNE 
DETECTOR 


Inductance with Superposed Direct Current. In 
telephone work, it is often of value to know the per- 
formance of apparatus, particularly of iron core im- 
pedances, when used at telephone frequencies while at 
the same time carrying direct current. The bridge 
shown in schematic form in Fig. 6 will measure the 
inductance of the coil at audio frequency with a direct 
current flowing through it. As shown in the figure, 
the direct current is kept out of all of the arms of the 
bridge except one ratio arm and the test arm, by 
means of condensers, and the alternating measuring 
current is separated from the direct current by means of 
a choke coil. None of these added features affect the 


bridge balance except the capacitance in the standard 


arm, and this is made large enough (26 u f.) to have an 
impedance small compared with the impedance mea- 
sured. In any case, a correction may be made by 
taking first a zero reading which will be slightly positive 
due to the inductance necessary to compensate for the 
capacitance in this circuit. This correction will vary 
with frequency but at 1800 cycles, for instance, with 
26-u f. capacitance, the correction is only about 0.3 
millihenry and the inductances measured are usually 
considerably larger than this. 

The circuit is extremely simple and convenient to 
use. .The values of alternating current and direct 
current can each be measured separately outside of the 
bridge circuit and the inductance standards do not need 
to be constructed to carry the direct current. The 
only part of the bridge required to carry the direct 
current is one ratio arm and in consequence, it is a 
comparatively simple matter to construct such a 
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bridge to carry several amperes of direct current. 
Where very high direct currents are required, the 
ratio arms may be reactances wound on a single core, 
instead of resistances, thus reducing the loss due to the 
passage of the direct current. 

Flutter. In telephone circuits used for joint telẹphone 
and telegraph service, it is desirable to know the effect 
of the telegraph impulse on the telephone frequency 
inductance and effective resistance of the loading 
coils used on the lines. This effect, known as “‘flutter,”’ 
with a method of measuring it, is described in detail 
by Fondiller and Martin’. The measuring circuit 
consists of a double bridge, the inner one consisting of 
two similar loading coils on which the flutter effect is to 
be measured and two other coils of comparatively 
high impedance approximately equal in value and which 


-have negligible flutter effects, the four coils being con- 


nected to form a balanced bridge. The low frequency 
corresponding to the telegraph impulse is introduced at 
two diagonal corners and the other two corners, which 
are at a common potential with respect to the low 
frequency, are connected to the usual test terminals 
of an impedance bridge of the type already described. 
With no low frequency current passing through the 
coils, a continuous balance may be obtained on the 
main or high frequency bridge using an audio frequency 
input. From this, the normal effective resistance and 
inductance of the coils may be obtained. 

When the low-frequency current passes through the 
coils, the inductance and effective resistance are dif- 
ferent for every point of the low-frequency cycle. 
Thus, only an instantaneous balance of the outer bridge 
is possible. This instantaneous balance for any partic- 
ular point in the low-frequency cycle may be made by 


6—BRIDGE CIRCUIT FOR MEASURING IMPEDANCES WITH 
SUPERPOSED DIRECT CURRENT 


Fic. 


the use of an electromagnetic oscillograph. By this 
means as described in the paper already mentioned, it 
is possible to obtain the curve of variation of inductance 
and effective resistance of the coil over one low- 
frequency cycle. 

Another method used at the present time employs the 
same bridge circuit but an entirely different method of 
detecting the cyclic variation in the balance. This 
method of detection uses the cathode-ray oscillograph 


7. W. Fondiller and W. H. Martin, Transactions of the 
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and is as follows. The low-frequency source is con- 
nected across a high resistance and condenser in series, 
the two having equal impedances. The potentials 
across the condenser and resistance are then placed 
respectively across the horizontal and vertical plates of 
the oscillograph. These two potentials, being equal 
in magnitude but 90 deg. apart in phase, give a circle on 
the screen. The output of the main bridge is now con- 
nected through a transformer whose secondary is 
connected in series with the oscillograph cathode 


Fig. 7@—ScHEMATIC CIRCUIT OF CAPACITANCE AND 
CONDUCTANCE BRIDGE 


potential. Due to the fact that the sensitivity of the 
tube to deflections by the plate potentials varies with 
the cathode potential, the radius of this circle produced 
by the low frequency is a function of the telephone 
frequency input from the bridge, and instead of a 
circle we get a band, the width of which is a measure 
of the degree of unbalance of the bridge. The point in 
the cycle at which the bridge is balanced, is indicated 
on the screen as the point where this band diminishes 
toa line, and the angular position of this point in 
the band determines the phase position of this balance 
with respect to the low-frequency cycle. It is possible 
in this way to balance the bridge forany angular position 
corresponding to any point in the low-frequency cycle, 
and by taking sufficient points, to obtain a curve of 
variation of the coil constants over a complete cycle. 
This method is found to be simpler and faster than the 
method using the mechanical oscillograph. 

Inductance Balance. A simple form of bridge for 
measuring inductance balance of the two windings of a 
transformer or other coil uses the two windings of the 
transformer for two arms, the other two arms being 
resistances, one of which at least is variable. The 
balance is made by means of the variable resistance, 
the ratio of the two resistances at balance then giving 
the unbalance of the transformer. If one of these 
resistances is made 100 ohms, the variation of the other 
from 100 ohms at balance gives directly the percentage 
unbalance. Any unbalance in resistance is usually 
comparatively small and may be taken care of by low 
resistances in series with the transformer windings. 

Ratio of Transformation. A similar bridge may be 
used for the measurement of ratio of transformation. 
There are many cases where the secondary of a step-up 
transformer has an inductance which is inconveniently 


large to measure directly, and the ratio of transforma- 
tion circuit eliminates this necessity. The circuit 
used is practically the same as that already described 
for measuring inductance balance, the ratio of trans- 
formation being equal to the ratio of the resistance arms 
of the bridge at balance. 

Capacitance. The direct comparison of capacitance 
is made in a special bridge known as the Campbell-* 
Colpitts® capacitance and conductance bridge. The 
ratio arms, input and output circuits, and the shielding, 
are similar to the impedance bridge already described. 
The unique feature of this bridge is the method of 
connecting the standard air condenser to eliminate the 
dielectric loss in the measurement of capacitance. 
The schematic diagram of the bridge is shown in Fig. 7. 
Instead of connecting the standard condensers in the 
arm A D as in the case of the impedance bridge already 
described, a special switch is used to switch these 
condensers from A D to C D, and in the case o fthe 
continuously variable condenser, the three-plate con- 
struction is used, causing a decrease in the capacitance 
in C D as the capacitance in A D is increased. 

The method of construction of the unit air condensers 
is shown in Fig. 8. It may be seen from this figure that 
all capacitances which include dielectric material are 
permanently connected across C D or A C and so are 
not changed when the condenser is switched, or else 


Fia. 8—A1r-CoNDENSER CONSTRUCTION EMPLOYED IN THE 
CAPACITANCE AND CONDUCTANCE BRIDGE 


they are switched so that capacitances across A C, which 


do not enter into the bridge balance, are short-circuited 
on switching. This scheme eliminates all dielectric 
loss in the standards when measuring condensers by 
comparison with them. It has the additional ad- 
vantage that the capacitances in the bridge have twice 
the effect they would have if simply switched in and 
out of the circuit. 

By the use of this bridge, it is possible to measure 
capacitances up to the maximum limit of the range of 
the air condensers with a negligible loss in the standard 
condensers. This capacitance range is usually up to 
0.01 u f. and for condensers above this value the 
conductance is measured by comparison with that of the 


8. G. A. Campbell, ‘‘The Shielded Balance,” Electrical World 
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maximum value of the air condenser, assuming it to have 
negligible conductance. Of course this method of 
eliminating dielectric loss is not applicable to the use of 


mica condenser standards and if a range greater than ` 


0.01 u f. is desired, the mica condensers are simply 
connected in the usual way across A D. 

Another feature of this bridge is the method of 
measuring conductance. The connection of a variable 
resistance, either in series or in shunt, with the standard 
condenser for the measurement of loss in the test 


Fia. 


9—CAPACITANCE AND CONDUCTANCE BRIDGE 


condenser has objections due to the wide range of 
resistance values required to cover the possible varia- 
tions in losses. A compromise is effected in this bridge 
by connecting a 10,000-ohm shunt across each of the 
arms C D and AD. A slight difference in the losses in 
these two arms can then be measured by varying one of 
these resistances slightly. Since the standard condenser 
practically always will have lower losses than the 
condenser tested, it is usual to place a fixed 10,000-ohm 
resistance across C D and a resistance across A D 
variable in 0.01-ohm steps to 10,000 ohms. A change of 
one ohm in this resistance, when balancing a condenser, 
is equivalent to shunting it with a resistance of 100 
megohms or 0.01 micromho. Accordingly, the con- 
ductance of a condenser may be measured in micromhos 
by simply dividing the resistance change in ohms by 100. 
This, of course, is only approximate in the case of large 
conductances, but is correct to 1 per cent for values up 
to one micromho. 


Due to the condensers forming such an integral part 
of the bridge circuit, they are all built into the bridge. 
The complete bridge is shown in Figs. 9 and 10. Fig. 9 
is a top view showing the capacitance and resistance 
dials for effecting a balance, and Fig. 10 is a view with 
the cover removed, showing the method of shielding 
the individual parts. The range of capacitance is 
from 0.1 u uf. up to three u f., and the frequency range 
is from about 10 cycles up to about 150 kc., the only 
modifications required in the bridges to cover this whole 
frequency range being a change in input and output 
transformers, as it is not found practicable to design 
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these transformers to give efficient operation over such a 
wide frequency range. : 

A comparison of this bridge with the impedance 
bridge already mentioned shows it to be essentially 
the same circuit, the capacitance bridge having con- 
ductance shunts not included in the impedance bridge 
which allow a conductance balance to be made more 
readily. It is obvious that any two impedances can be 
compared on this bridge. Inductances may be measured 
by parallel resonance by simply placing them in the 
A D arm in parallel with the standard condenser and 
effecting a balance with it. This method is used to 
some extent for the measurement of large inductances. 

Capacitance Unbalance. In order to keep cross-talk 
low in long cable circuits, it is necessary to have a high 
degree of capacitance balance between the various 
conductors in the cable, more particularly between the 
four conductors of a phantom group. The unbalances 
of interest are the phantom to each side circuit and the 
side-to-side unbalances. These may be measured on a 
capacitance bridge by measuring all of the direct 
capacitances’ associated. with the group and computing 
the unbalances required. A special circuit, however, is 
generally used which measures directly the particular 
unbalances in which we are interested. It consists of an 
input and an output transformer, two equal resistance 
ratio arms, a variable air condenser of the three-plate. 
type, four binding posts for connecting the four conduc- 
tors of the quad, and switches for making the various 
connections. By means of the switches, the cable 
conductors are connected to the circuit in such a way 


Fia@. 10—CapacITANCE AND CONDUCTANCE BRIDGE WITH 
CovEeR REMOVED 


Showing method of assembly and shielding 


that the reading of the air condenser when a balance 
is obtained indicates directly the unbalance, either side- 
to-side or phantom-to-side, according to the switch 
positions. This circuit is capable of measuring capaci- 
tance unbalance as low as 1 u wf. 

Attenuation and Gain. So far, we have discussed the 
measurement of the fundamental impedance character- 
istics of apparatus. When the component parts have 
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been found to meet their individual impedance re- 
quirements and are assembled to form the completed 
apparatus, it is desirable to have tests made of the over- 
all performance of this apparatus. In a large number 
of cases, the requirement of greatest importance is the 
attenuation frequency characteristic. It is fairly 
obvious that this characteristic, of all apparatus used in 
telephone lines, is of interest, and this is particularly 
true of all types of filter circuits which are designed 
primarily for the purpose of furnishing definite attenua- 
tion frequency characteristics. These measurements 
are particularly required on apparatus used in carrier- 
current telephony and telegraphy. 

From the very nature of the measurements, it is 
difficult to obtain a null method of measuring at- 
tenuation. The most direct method is to measure the 
input and the output of the apparatus under test 
simultaneously, from which the attenuation may be 
computed. ` The practical difficulty in doing this is to 
measure the extremely small outputs which are obtained 
from apparatus having high attenuations, where the 
characteristic must be obtained with the normal input, 
which is usually low. In general, it has been found 
necessary to use some form of amplifying device in the 
output circuit and it has not been found desirable to 
rely on the constancy of amplification of this device. 
. Accordingly, the usual method used for the measure- 
ment of attenuation is a substitution one. The circuit 
is shown in Fig. 11A. There are two branches in this 
circuit, one of which includes the apparatus under test 
and the other containing a variable standard attenuator. 
The output of each branch is arranged to connect either 
to a detector of impedance Z, equal to the impedance 
of the standard attenuator or to a fixed impedance of the 
same value. If the apparatus under test has the same 
impedance as the standard attenuator, the input 
impedances Z, and Z, are made equal and the matching 
impedance Z, is omitted. Then the two branches of 
the circuit will be identical, provided the attenuation of 
the standard attenuator is equal to that of the apparatus 
under test. Accordingly, the method of measurement is 
to switch the detector to first one and then the other 
branch, adjusting the standard attenuator until an 
equal output is obtained for either switch position. 
The attenuator then reads directly the loss in the 
apparatus. The total input of the circuit is indepen- 
dent of the switch position, since the impedance condi- 
tions remain unchanged in switching. 

If the apparatus under test has not the same im- 
pedance as the standard attenuator, the input im- 
pedance Z, and the matching network Z: are adjusted 
so that the circuit still reads directly. 

The standard attenuator is a resistance network 
capable of variation in small steps, each step consisting 
of a network of the L,T,or H type, the resistance values 
being such as to give the desired attenuation between 
the output and input terminals. It is usually cali- 
trated in 0.1-T. U. steps and may read as high as 100 


T. U. corresponding -to a ratio of power output to 
power input of ten billion to one or, if the impedances are 
the same, which is usually the case, corresponding to a 
current or voltage ratio of 100,000 to 1. 

The calibration of these attenuators is based on the 
measurement of the individual resistances. Of course, 
sufficient measurements are made to determine that any 
capacitances which enter do not affect appreciably the 
accuracy of the attenuator at the maximum frequency 
used, which may be as high as 150 ke. 

By modifying the circuit of Fig. 11A, we may use it 
to measure gain as shown in Fig. 11B. In this arrange- 
ment, the lower branch contains an impedance Z, that is 
adjusted to introduce a loss equal to that of the match- 
ing impedance Z: in the upper branch. Jn other words, 
with the amplifier under test out of the circuit and the 
standard attenuator set at zero, the detector will read 
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a. Arrangement for measuring loss 
b. Arrangement for measuring gain 


the same for either position of the output switch. Then 
when the amplifier is introduced into the circuit, the 
attenuator is adjusted until the detector reads the 
same for either switch position, which means that the 
gain of the amplifier is just neutralized by the attenua- 
tor and the setting of the latter is read as gain. 

This circuit is used principally for the measurement 
of gain of audio frequency amplifiers, and is capable of 
measuring gain as high as 120 T.U. corresponding to 
a power output of 1,000,000,000,000 times the power 
input. 

Cross-Talk. When there is an appreciable amount of 
coupling between two telephone circuits, any mutual 
interference which results is known as cross-talk. It 
is Measured in cross-talk units, a cross-talk unit being 
defined as the relation existing between the two circuits 
when the current in the disturbed circuit is one millionth 
of the current in the disturbing circuit, the impedances 
of the two circuits being the same. Under these 
conditions, one cross-talk unit may be assumed the 
same as 120 T.U. Cross-talk in long toll cables is 
caused principally by unbalances in the cables and in 
the loading coils. The cross-talk due to the cable is 
measured simply by measuring the capacitance un- 
balance. The cross-talk due to loading coils is of a 
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much more complex type, produced by a combination 
of capacitance, inductance, and resistance unbalances 
in the windings. Since the actual cross-talk caused by 
an unbalance in the coil is dependent upon all of the 
conditions of the circuit, it is necessary that any mea- 
surement of cross-talk made on the individual coils 


be made in a circuit as nearly as possible the equivalent - 


of the line in which the coil is to be used. Consequently, 
all cross-talk circuits for the measurement of loading 
coil cross-talk consist of networks simulating the im- 
pedance of an ideal line of the type for which the load- 
ing coil is designed. The principle of the method is to 
apply to the disturbing circuit a definite input of a 
single frequency, usually 900 cycles, and to measure 
the cross-talk in the disturbed circuit at the desired 
point in it by comparing the tone heard in the tele- 
phone receiver connected at this point with the tone 
obtained from a cross-talk meter which is simply a de- 
vice for obtaining a definite part of the input, and 
having a scale reading in millionths, that is, in cross-talk 
units. The measurement is made by switching from 
the cross-talk meter to the disturbed line and adjusting 
the cross-talk meter until the tone heard in each case 
is the same. The method is therefore not a null method 
and depends to some extent on the judgment of the 
operator, but results accurate to one or two cross-talk 
units may be obtained by this method. The coils 
as commercially produced after adjustment for this 
- requirement are usually within 10 cross-talk units, 
representing an unbalance in the circuit due to the coil 
unbalance of less than one part in 100,000. 


CONCLUSION 

We have described in this paper a number of the more 
important high frequency methods of measurement 
and measuring circuits. It has been impossible to cover 
all of the different methods and circuits used, but we 
believe that the information given will be of value to 
those interested in this field of work. 

We have not been able, in a paper of this type, to go 
into details concerning any specific circuits used, but 
we have referred to papers which describe in greater 
detail some of these methods and circuits, and it is 
expected that other papers will be published in the 
future covering other circuits which have received 
only brief mention here. 


Discussion 


J. R. Craighead: Will the authors kindly clarify the defini- 
tion of a crosstalk unit? The definition of a unit as a ‘‘relation”’ 
is not easy to use for measurement purposes. 

N. E. Bonn: Messrs. Shackelton and Ferguson have men- 
tioned a vacuum-tube oscillator the frequency of which they can 
keep constant to within one part in 250,000 under ordinary 
variations in external conditions. If this is meant to include 
variations in plate voltage and filament current, the statement 
would appear to be at variance with universal experience which 
indicates that the frequency of vacuum-tube oscillators is pro- 
foundly affected by changes in tube impedance. In view of the 
importance of the subject will the authors please discuss the 
particular features of their circuit that make it so stable? 
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W. J. Shackelton: We are very giad to have had Mr. 
Craighead’s comment on the matter of crosstalk. I will not 
attempt to redefine the crosstalk unit, but will simply try to 
explain what is meant by it, and then you can make your own 
definition. 

If we have two circuits which, due to some undesired coupling, 
are so related that the current flowing in one of the circuits 
causes a current to flow in the second circuit, and if the current 
so induced (I am assuming that these circuits have the same 
impedance) is one-millionth part of the current in the circuit 
causing the disturbance, we say that the relation between the 
two circuits is such that one unit of crosstalk exists. If the 
induced current is twice as much the relation is such that we have 
two units of crosstalk. We don’t have two relations, but you 
see we do have a different relation from that in the first case. 

Mr. Bonn has raised some questions regarding the 1000-cycle 
oscillator. I think he assumed the statement that I made 
regarding the smallest division of the capacity element of the 
oscillating circuit to indicate the frequency stability of the 
oscillator as a whole. I said that the condenser could be set to | 
one part in 250,000, but we do not claim that to represent the 
stability of the oscillator. We consider that to be, with respect 
to variation of filament current or plate potential, about one part 
in 100,000. I will ask Mr. Ferguson to explain in a general way 
how it is that we are able to obtain that degree of stability. 

J. G. Ferguson: The frequency variations of the current in 
any oscillating circuit are due to a number of causes. One of the 
principal causes of variation would be variations of load. This 
is taken care of in this particular case by the use of one tube for 
an oscillator and a second tube as the amplifier. The load 
taken by the amplifier does not affect appreciably the oscillating 
eircuit. | 

A second cause of variation is the variation in the level of 
oscillation in the oscillating circuit itself. In this case, we have 
to deal with only a single frequency, and it is possible to design 
the circuit so that the best conditions prevail for that frequency, 
that is, the degree of coupling controlling the level of oscillation 
is such that variations of plate potential, or of filament current, 
have the minimum effect on the frequency. 

This is not so easily accomplished when we have an oscillator 
that cavers a wide range of frequency, but in this case, for a 
single-frequency oscillator, it is comparatively easy to design the 
circuit so that the variations are very small due to changes in the 
level of oscillation. 

Aside from these variables, the oscillating circuit itself, that is, 
the tuned circuit, is the greatest cause of variation, and this has 
been taken care of as described already by having the tempera- 
ture variation due to the condenser equal and opposite to the 
temperature variation due to the coil and placing the whole 
tuned circuit in a separate assembly which is arranged so that 
any temperature changes take place very slowly, and the coil 
and condenser can be considered always to be at the same 
temperature. 

Another way in which the characteristics are improved is to 
have a large capacity in the tuned circuit. In this particular 
case, the capacity is approximately 14 microfarad. This means 
that variations in stray capacity and other variations which 
would cause frequency variations in the circuit if the circuit 
capacitance were small are reduced to a minimum. 

The actual characteristics of this particular oscillator may be 
of interest. The frequency variations are less than 0.001 per 
cent with changes of B battery from 125 to 135 volts, the nominal 
voltage being 130 volts, and for current variations from 1.9 to 2.1 
amperes, total current through the two-tube filaments in parallel. 

The variation of the oscillator over a period of six months is 
less than 0.02 per cent. Such variations with respect to time, 
can be taken care of by recalibration. Over a period necessary 


to make a measurement or a series of measurements the stability 
is better than 0.001 per cent. 


Impedance of a Non-Linear Circuit Element 
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Sy nopsis.— Experimental determinations of the impedance of a 
variable clement, such as an tron core coil worked at a high flux 
density, or a heavily loaded vacuum tube, are found to depend 
upon the impedance-frequency characteristics of the measuring 
circuit, as well as upon the complexity of the applied (measuring) 
potential wave. A physical picture of the action of a non-linear 
element in producing harmonics is built up, and it is shown that 
the flow of harmonic currents affects the measured impedance, at 
the fundamental frequency, of course, in two ways which are desig- 
nated as the loading and reaction effects. The loading effect is that 
produced by the superposition of currents without any regard to the 
production of new frequencies, and the reaction effect, in 
accordance with energy conservation ideas, is that due to 
energy storage and dissipation at harmonic frequencies which 


E MPEDANCE determinations of non-linear elements, 
among which are included vacuum tubes and 
inductance coils with a more or less saturated iron 

core, involve factors additional to those present in the 

determination of impedances of ordinary invariable 
circuit elements. Such matters as impedance of the 
measuring circuit, impurity of the applied wave, and 
current or potential amplitude, which, except for 
extreme values leading to breakdown, do not ordinarily 
affect the impedance of the linear element, are found 
experimentally to be of considerable importance in the 
non-linear case.’ 

For our purposes we may assume a linear circuit 
element to be one distinguished by this property, 
that the relation between instantaneous current and 


instantaneous potential drop is a fixed and definite one 


expressed by a constant over the entire cycle. This is 
true not only of resistances but of reactances, in which 
the relation between current and potential drop is 
constant over the cycle, even though a constant phase 
angle is involved. A non-linear element, in contrast, 
is one in which the instantaneous current and potential 
are not related invariably throughout the cycle. 
Examples of this type of element which are of 
practical importance come readily to mind. For 
example, the two-electrode or the three-electrode 
vacuum tube will serve as an illustration of a 
variable resistance, and an iron core coil worked at high 
flux densities will serve as an illustration of both 
variable resistance and variable inductance. An im- 
portant point in our distinction between linear and non- 
linear circuit elements has to do with the current- 
voltage relation over an entire cycle since it is possible 
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2. We shall not specifically consider those factors involved in | 


impedance measurements which are common to linear and to 
non-linear elements, such as ground capacities; these are dealt 
with in the paper by Shackelton and Ferguson, p. 519. 

Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 25-28, 1927. 


appear as impedance reactions at the fundamental frequency. 

The physical picture set up in the above discussion appears to be 
capable of accounting for the experimental observations mentioned 
above in a qualitative way at least. In accordance with these ideas, 
it appears that even when the fundamental current is specified, 
there is no one definite value which can be assigned as the impedance 
of a variable element because of its dependence upon the circuit 
impedance-frequency characteristics. Several measuring methods 
are reviewed by which the impedance of the variable element may be 
determined under definite circuit conditions. 

The above discussion is confined to the effects existing with a 
sinusoidal applied electromotive force, for simplicity, but the results 
with complex waves applied are analogous, as indicated by reference 
to the energy conservation principle. 


in a non-linear element to have a relation between 
r.m.s. current and r.m.s. voltage as given by the 
usual type of a-c. meter, independent of amplitude. 
This particular condition arises in rectifiers in which the 
current wave for positive potentials has substantially 
the same wave form as the impressed potential wave, 
while for negative impressed potentials the current 
is zero. Here the relation between instantaneous 
current and instantaneous potential is specified by one 
of two values, depending upon the polarity of the 
applied potential wave. The relation between r. m. s. 
current and r. m. s. voltage, on the other hand, it is 
readily seen, is a perfectly linear one. 


If now we attempt to determine the impedance of a 
non-linear element at a definite frequency and at a 
definite amplitude of fundamental current or potential 
by a-c. bridge measurements, in the usual manner, we 
should find the measured impedance to depend upon 
several factors which are not ordinarily considered in 
this connection. These are the presence of harmonics 
in the supply current, the magnitude of the ratio arm 
resistances, the impedances of the detector and of the 
current source at the fundamental frequency and at a 
number of harmonic frequencies, and finally the 
method used in attaining balance. To illustrate the 
last point, we might consider the non-linear inductance, 
with which it is observed that the measured resistance 
and reactance differ, when we balance the coil with a 
standard resistance and inductance, from the value 
obtained by resonating the coil with a standard capacity 
and balancing the resultant against a pure resistance. 


The fact that in a non-linear element the relation 
between instantaneous current and potential is not 
constant over an entire cycle, and in which the im- 
pedance may be considered consequently as variable, 
means that the element serves as a generator of new 
frequencies which are ordinarily harmonics when but a 
single frequency is applied initially. It turns out that 
the effects mentioned above, which differ so markedly 
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from our experience with impedance measurements of 
invariable elements, are to be explained by reference to 
the production of these harmonic frequencies in the 
circuit. To summarize the above account of the 
phenomena met with in measuring the impedance of a 
variable or non-linear element, we may say that the 
result depends upon the circuit to which the element is 
connected as well as upon the source of supply. 

There are then two possibilities in general as to 
impedance measurements which are of practical 
importance. First, we may obtain a measurement 
characteristic of the non-linear element, and second, 
we may determine the impedance under specific circuit 
conditions. It is convenient to take the impedance of 
the element with harmonic currents suppressed as 
representative of the element, and this will be done in 
the following. 


GENERATION OF HARMONIC FREQUENCIES WITH A 
SINGLE IMPRESSED FREQUENCY 


Variable circuit elements may be definitely distin- 
guished according to the manner in which the variations 
are produced; in one type, variations are produced by 
the current or the impressed potential; in the other, 
they are produced by means external to the circuit. 
In the first category belong the two variable elements 
discussed above; in the second belong the voice-actuated 
carbon transmitter and the mechanically driven 
generator. In general, when a circuit containing a 
variable element is subjected to a sinusoidal electro- 
motive force, the reaction of the variable element 
causes a distortion of the current through it, or the 
potential across it, or both, depending upon circuit 
conditions to be discussed later, so that in consequence, 
harmonic currents and potentials exist in the circuit. 
These components may be determined in simple cases 
with the aid of Fourier’s theorem from a detailed 
inspection of the wave form, or they may be measured 
experimentally with the aid of current or voltage 
analyzers as discussed in Mr. Horton’s paper on that 
subject. 

In order to provide a physical picture for the phenom- 
ena of harmonic production by a variable circuit 
element with a purely sinusoidal electromotive force 
impressed on the circuit, we may employ as a first 
approximation to the actual state of affairs a procedure 
which has proved fruitful and which is inagreement with 
mathematical analyses in the simple cases to which it 

has been applied. Here we assume the variable element 
replaced by a fixed impedance element together with a 
number of generators of the harmonic frequencies, 
each harmonic frequency being represented by an 
individual generator. The generators represent the 
driving potentials of harmonic frequency operative in 
the circuit, and to a first approximation the amplitudes 
of these potentials depend upon the fundamental 
current magnitudes and upon the properties of the 
non-linear element. This is a most important con- 
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ception which serves as a basis for further discussion. 
From this it is evident that the amount of any one 
harmonic current flowing in the circuit depends upon 
the generated harmonic potential or upon the funda- 
mental current, and upon the total circuit impedance 
at the harmonic frequency. 

No simple law exists governing the dependence of the 
harmonic electromotive force upon the fundamental 
currents which is generally applicable, since the law 
varies with the type of element involved. Some of the 
harmonic electromotive: forces may be zero at all 
fundamental amplitudes; thus, as is well known, the 
even harmonic potentials and consequently currents 
are substantially zero in unpolarized iron core coil 
circuits, just as the odd harmonic potentials and currents 
are substantially zero in the particular type of tube 
rectifier mentioned above. This is, of course, a 
particularly striking difference between the harmonic 
producing properties of different elements, which serves 
to emphasize the fact that the particular type of non- 
linearity in each case determines the connection between 
the harmonic driving electromotive force and the 
fundamental current which gives rise to it. 

Although we cannot, in the light of the above ex- 
amples, discuss the relations existing in non-linear 
elements in general, we can of course consider specific 
cases, and for illustrative purposes we propose to deal 
with the harmonic potentials developed in an iron core 
coil. In order to present data on harmonic pro- 


duction which shall be characteristic of the non-linear 


element and not of the circuit in which it happens to be 
connected, we shall discuss the equivalent generated or 
driving harmonic potentials. These, as we have 
previously suggested, may be thought of as depending 
solely upon the fundamental current in any specific 
type of non-linear element and are therefore indepen- 
dent of the impedance-frequency characteristics of the 
connecting circuit. Contrast this situation with that 
existing with regard to the harmonic currents. Here 
the total circuit impedance in magnitude and phase 
angle to each harmonic under consideration must be 
specified, since it is evident that the harmonic current 
will vary with the circuit impedance and has therefore 
no definite value characteristic of the core or the 
core material under investigation. If, however, the 
total circuit impedances are known, it is then possible 
to determine the driving voltages by multiplying them 
by the corresponding harmonic currents as determined 
by current analysis. 

In the measurements to be described, the simpler 
procedure was adopted in measuring the harmonic 
driving potentials of providing a high circuit impedance 
to the harmonic frequencies and measuring the har- 
monic potential existing across the coil by a voltage 
analyzer. The arrangement is shown in schematic 
form in Fig. 1. This is equivalent to measuring ‘the 
open circuit voltage of a generator so that an exact 
determination of the circuit impedances is unnecessary. 
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The results with a specific coil are given on Fig. 2 in 
which potentials across the coil are plotted as ordinates 
in terms of the current of fundamental frequency. The 
harmonic potentials are less at all fields than the 
fundamental potential drop and, at any field, the higher 
harmonics are of smaller amplitude than the lower ones. 
The lower harmonic potentials are roughly of the same 
order of magnitude as the fundamental and it becomes 
apparent that comparatively large harmonic currents 
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may be made to flow in circuits which have low im- 
pedances to these harmonics; this would be the case if 
the impedance of the circuit external to the coil were 
capacitive and of the same value as the inductive 
reactance of the coil at the harmonic frequency. The 
ratio of harmonic to fundamental potential decreases 
rapidly as the fundamental field decreases, the rate of 
change being greater the higher the harmonic, so that 
- at the low fields characteristic of high quality communi- 


cation systems the ratio may be of the order of 1/1000 


for the third harmonic. The higher fields are of course 
met with in magnetic frequency multipliers, for ex- 
ample, and in general in power work. The same sort of 
effect is observed to hold for other types of variable 
element—the low value of the ratio at small funda- 
mental currents, the rapid increase of the ratio at high 
fundamentals. It may be found in certain cases that 
some of the harmonic potentials pass through a maxi- 
mum. This last is observed in heavily loaded vacuum 
tubes, for example. 

The problems that confront us here are those re- 
sulting from the complex form of the resultant current 
wave, a wave which includes the fundamental frequency 
together with those of its harmonics which are deter- 
mined by the nature of the non-linear element and by 
the connecting circuit. Thus with a low external 
impedance to a harmonic, the harmonic potential across 
the circuit is small and the harmonic current relatively 
large. The situation is evidently reversed with a high 
circuit impedance to the harmonic under investigation. 
The effects produced by the flow of harmonic currents 
are two-fold: first, a different region of the non-linear 
current-voltage characteristic 1s traversed so that the 
impedance of the variable element is in general changed, 
and second, because of the relations between the har- 
monic current and the fundamental there is a further 
effect directly upon the fundamental current itself. 
To distinguish clearly between the two effects 
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we shall find it advantageous to consider each 
effect independently. 

Suppose now that by removing the effect of the 
introduction of new current components due to the non- 
linearity of the circuit with the aid of appropriate 
circuit impedances, we investigate the mutual effects 
of two independent currents of different frequency 
impressed on the circuit. In general, the impedance 
of the variable element to any current is influenced 
by the presence of other currents, although the effect 
decreases rapidly with the amplitudes of the currents in 
question. The presence of a small component has 
negligible effect upon the flow of a large component in 
the case of a two-component wave, although the im- 
pedance offered to the small component is greatly 
influenced by the large one. This is true of a vacuum 
tube, for example, while for saturated iron cores the 
effects depend not only upon the component amplitudes 
but also apparently upon their frequency ratio.2 This 
effect, the alteration of impedance through the presence 
of a superposed current independently generated, we 
shall designate, in the following, as the loading effect. 

Figs. 3A and 3B are reproduced from the paper re- 
ferred to and illustrate the loading effectina silicon steel 
core coil. Fig. 3A shows how the flux density of a defi- 
nite frequency and corresponding to a definite magnetiz- 
ing force depends upon the amplitude and frequency 
of a superposed magnetizing force; the ordinates are 
expressed in thousands of linespercm.? Fig. 3B shows 
the corresponding effect of superposition upon energy 
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loss expressed in thousands of ergs per cubic centimeter 
per cycle. It will be readily appreciated that the flux 
density and energy loss could be expressed in terms of 
inductance and resistance. For our present purposes it 
is sufficient to recognize the existence of the loading effect 
from these two figures. 

We are now in position to investigate the second 
factor in determining the impedance of a variable 
element, which is quite distinct from the loading effect. 


3. Phys. Rev., Vol. 27, No. 3, pp. 323, 325. 
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For this purpose we consider a non-linear element in 
which the loading effect is not appreciable, such as the 
carbon button microphone externally agitated. Here 
the absence of what we have termed the loading effect is 
manifested by the fact that the button resistance over a 
i: certain range is independent of the current traversing it. 
w The button develops a variable resistance, however, 
in{view of the externally applied force, so that new 
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frequencies are generated in the circuit when an electro- 
motive force is applied. The currents produced by 
non-linearity dissipate and store energy, which must be 
- supplied by the energy source. It is evident, therefore, 
that the circuit impedance at the impressed frequency 
depends upon the circuit conditions to the new fre- 
quencies developed. This effect is denoted in the 
following as the reaction. The energy dissipated or 
stored in this additional fundamental resistance and 
reactance term must then be sufficient to account for 
the energy dissipated or stored by the new frequencies, 
at least if we are to retain our ideas on energy con- 
servation. The two effects of harmonic current flow, 
loading and reaction, may of course be present simul- 
taneously, as in a vacuum tube circuit or in an iron- 
core coil circuit. The justification for the separation 
of the net effect into two factors lies in the fact that the 
two factors depend upon radically different circum- 
stances, so that the separation permits us to follow the 
phenomena somewhat more closely. 
Another way of looking at the same effects is to 
eronsider the phenomena involved from the standpoint 
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of the potentials developed, rather than from that of 
energy, as above. To do this, we may regard the non- 
linear circuit impedance as having harmonically 
variable components. Thus a vacuum tube would be 
regarded as having a constant resistance component 


together with other resistance components which vary 
at the fundamental and harmonic frequencies. Hence, 
when the fundamental current flows through the 
variable part of the tube resistance, an harmonic 
potential is produced which corresponds with the 
harmonic driving potential. The reaction of the 
harmonic flow on the fundamental is now to be ob- 
tained by considering the flow of a harmonic current 
through the variable element. It is found by a de- 
tailed consideration‘ that there is produced a voltage 
component of fundamental frequency across the 
variable element due to the flow of harmonic. Now 
assuming the harmonic resistance components involved 
to have fixed values, it becomes clear that the funda- 
mental potential developed depends upon the harmonic 
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current as well as upon the phase of that current, since a 
shift of 90 deg. converts a resistive component to a 
reactive one. Since the fundamental potential drop 
may be interpreted in terms of the fundamental im- 
pedance, the reaction of harmonic current flow is 
evident, quite apart from the loading effect. 
Consideration of the problem from the standpoint of 
harmonically varying impedances yields the same 
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general results as those obtained above in which the 
presence of harmonic generators was assumed; in fact, 
the harmonic electromotive forces generated may be 
derived from a consideration of the variable impedance. 
The harmonic generator circuit, however, appears to 
offer a clearer picture of the manner in which harmonic 
currents are affected by circuit impedances, and has 
been developed to somewhat greater length for that 
reason. Fundamentally, of course, the two methods 
appear to be equally acceptable. 

With the effects of harmonic current flow in mind— 
we have designated them as loading and as reaction— 
it becomes possible to explain in at least a qualitative 
way the difficulties which were enumerated at the 
start. The influence of harmonics in the supply source 
will be recognized as primarily a loading effect of the 
same nature as those discussed in connection with 
Figs. 3A and 3B which applied to iron core coils. The 
magnitude of the ratio arm resistances in the bridge 
used for measurement, together with the impedances 
(invariable with time) of the detector and the generator 
source, determine the magnitude as well as the phase 
of the harmonic currents flowing at any fixed value of 
fundamental current, since it is these quantities which 
fix the impedance offered to the harmonics. In the 
same way, the measured impedance of a non-linear 
reactance depends upon the method of attaining 
balance, since by resonating the variable reactance we 
may introduce an impedance to the harmonics which is 
considerably lower than that offered by balancing the 
reactance by a standard reactance of the same sign. 

When we speak of attaining a balance, it is under- 
stood, of course, that we refer to balancing a voltage of 
the fundamental frequency against another voltage of 
the same frequency, amplitude, and phase. When 
this is attained, any harmonic potential differences are 
in general not balanced, so that harmonic potentials are 
applied to the detector or telephones which are used to 
provide an indication of balance. Under these con- 
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ditions, it is difficult, if not impossible, to determine the 
balance point since, generally speaking, it is obscured by 
the harmonics, and the values assigned to the impedance 
will depend upon the individual making the measure- 
ment. For this reason the detecting apparatus is 
provided with frequency selective apparatus which 
transmits the fundamental to the exclusion of the 
harmonics. This is, obviously, quite apart from any 
consideration of the influence of the detector impedance 
upon the actual value of the impedance of the element 
being measured. 
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IMPEDANCE MEASUREMENTS, HARMONICS SUPPRESSED 


The complicating effect introduced by impurity of the 
impressed potential wave is removed without much 
difficulty by the introduction of tuned circuits or other 
frequency selective circuits in the generator supply 
circuit. The suppression of harmonics generated by 
the variable elements requires other means which will 
be discussed for two distinct circuits, one a modification 
of the usual bridge method, and the other, a method of 
the a-c. potentiometer type. The use of these circuits 
for impedance measurements is well known, of course, 
so that in the following we shall cover only those 
features which bear directly upon harmonic current 
flow. 


BRIDGE METHOD 


Any alternating currents developed by the non-linear 
element may be suppressed by two high inductance coils 
having high coupling, one of which is inserted in each of 
the two unity ratio bridge arms as shown in Fig. 4. 
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These two auxiliary coils are balanced so that their 
insertion causes no alteration in the bridge settings. 
At the balance point, equal currents flow through 
the two windings so that the two fluxes are substantially 
equal in magnitude and opposite in phase. This is not 
true of the harmonic currents which meet the series- 
aiding .impedance of the coils rather than the series- 
opposing impedance. With high inductance coils, 
this series-aiding impedance may be made so high as to 
suppress harmonic currents effectively. A parallel 
path is offered to the harmonic currents through the 
fundamental source which includes but one of the two 
coils. A network is provided in the generator circuit 
to oppose a high impedance to the harmonics so that 
the high-mutual coil may not be effectively short- 
circuited. 

In practise, any lack of balance between the two | 
inserted coils may be made up by corrections to the 
bridge settings determined by a separate balance when 
the two coils are balanced against one another. The 
null point is not as sharply defined with the two coils © 
inserted because of the added impedance for departures 
from the balanced condition, so that it is well to keep 
the inductances down to the minimum value at which 
effective harmonic suppression is assured. | 


A-c. POTENTIOMETER METHOD 


Here harmonic suppression is attained entirely by a 
network which passes the fundamental freely while — 
offering a high impedance to the harmonics generated | 
by the element. The potential drop across the coil is | 
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changed in amplitude and in phase to balance the drop 
across:a resistance in series with the non-linear element 
as indicated in Fig. 5. The phase and amplitude 
adjustments may be so arranged as to have a neg- 
ligible effect upon the quantities being measured. 
The impedance of the element may be calculated from 
the constants of the circuit used to attain balance. 
The principles involved here were applied to the 
measurements represented in Figs. 3A and 3B. 


IMPEDANCE MEASUREMENTS, HARMONICS FLOWING 


The two methods discussed above were used to insure 
freedom from the-effects of harmonic current flow and 
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are fixedyand definite and independent of the measuring 
means so long as the harmonics are suppressed. Under 
practical conditions of use, however, harmonic currents 
flow in the circuit and react on the fundamental im- 
pedance in the manner which has been discussed above. 
In this situation, therefore, the impedance can be 
determined only in the circumstances of use, so that 
the measuring circuit is required to leave the circuit 
impedances unaltered, or to duplicate them. For this 
purpose two measuring circuits are available, one a 
bridge modification, the other a potentiometer method, 
which are derived more or less obviously from the two 
methods previously considered. 


INEQUALITY RATIO BRIDGE 


The arrangement shown in Fig. 6 has been used to 
provide any desired impedance to the harmonics 
despite the fact that the harmonic circuit forms part 
of the bridge network. The bridge arms are made much 
higher than that of the element to be determined since 
they are connected in shunt to the standard and the 
unknown, and they are made unequal so that but a low 
series impedance, that of the standard, may be inserted 
in the harmonic path. The desired impedances to the 
harmonic frequencies are then inserted in the generator 
path. It is clear that when the ratio arm resistances 
are sufficiently high, the detector impedance may be 
neglected. | 


The circuit of Fig. 7 was set up for the impedance 
measurement of a small, two-element vacuum tube 
such as is used for low power rectification. It was 
desired to determine the impedance of the tube when 
the harmonics were permitted to flow through a series 
resonant circuit, the tuning of which was varied so as to 
cover the frequency range up to the fourth harmonic. 
The circuit details are given in Fig. 7, in which it is seen 
that the two ratio arms were made 105 and 10! ohms, 
respectively, so that the shunting resistance was about 
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100 times that of the element under measurement, 
while the series resistance to the harmonic was about 
one-tenth that of the tube. A direct current was 
supplied through a distinct circuit including a large 
choke coil so as to avoid shunting the alternating 
currents. The fundamental was supplied through a 
filter which at the same time maintained a high im- 
pedance to the harmonics, so that they were restricted 
to the tuned circuit provided for them, and so that 
the fundamental current maintained constant at 11.8 
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mils could be measured by a thermocouple as indicated, 
without error through the presence of harmonics. 

The experimental results are set forth in Fig. 8 in 
which measured resistance and reactance are plotted as 
ordinates in terms of the capacity of the harmonic tuned 
circuit. Impedance changes are observed to occur 
when the tuned circuit approaches resonance for any 
harmonic. The nature of the impedance variation is 
observed to be in accord with the conclusions derived 
from the energy conservation argument, as well as with 
the general analytical conclusions of the appendix. 
These last are, in brief, that the fundamental resistance 
decreases as the harmonic impedance decreases, and 
that a reactance to a harmonic appears as a reactance of 
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The dips 
in the resistance curve decrease in magnitude as the 
harmonic frequency increases, which is due partly to the 
fact that the harmonic driving electromotive forces 
decrease as the frequency increases. 


POTENTIOMETER METHOD 
With the preceding case in mind, the modification of 
the circuit of Fig. 5 to permit harmonics to flow is rather 
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obvious and nothing further need be said about it 
beyond the statement that the desired end may be 
attained by shunting a harmonic current path around 
the input filter. 


EXTENSION TO COMPLEX APPLIED ELECTROMOTIVE 
FORCES 


The discussion up to this point has been confined for 
simplicity to the production of harmonics, with a 
sinusoidal electromotive force applied to a non-linear 
circuit. The same effects, at least in a general way, 
exist when a complex electromotive force is applied to 
the circuit. In this case, as is well known, we have 
developed not only the harmonics of each of the input 
frequencies but we have also a group of frequencies 
produced which include sums and differences of integral 
multiples of the input frequencies. Here we have the 
same reaction of the harmonics on the fundamentals 
which gave rise to them as we had in the sinusoidal 
input case, and in addition we have the reaction of the 
combination frequencies, which also affects those 
fundamentals from which the combination frequencies 
are derived. For example, if we suppose the combina- 
tion frequency m fı + n fı to be developed in a non- 
linear circuit when the frequencies fı and f: are im- 
pressed on the circuit (m and n being integers), the 
impedances to both fı and f, are influenced by the flow 
of the combination frequency. From the energy 
standpoint, we can say that the energy dissipated and 
stored at the combination frequency is accounted for by 
the reflected reactance and resistance terms of the two 
fundamental frequencies. Some very interesting con- 
clusions may be drawn from this relation, one of the 
most striking of which is that the resistance introduced 
to one of the fundamentals, due to the flow of the 
combination frequency m fı — n f», may be negative, a 
result which has been confirmed by experiment under 
suitable conditions. This conclusion, of course, far 
from violating the energy principle, is in accord with it, 
since it appears that the only condition to be satisfied 
is to have the energy absorption in the reaction to one 
fundamental, sufficient to account for the energy 
dissipated by the combination frequency, together with 
the energy delivered to the other fundamental. 

I am indebted to Mr. C. R. Keith and to Mr. L. B. 
Arguimbau for the experimental results. 


Appendix 
Reaction of Harmonic Current Flow on Impedance to 
the Fundamental. If we have a potential of E cos p t 
impressed on a non-linear circuit in which the instan- 
taneousresistanceis expressed in the particularly simple 
form 


r= R; + Rcospt (1) 


PETERSON: IMPEDANCE DETERMINATIONS 


Transactions A. I. E. E. 


where R, represents the circuit resistance at a frequency 
k, the current wave contains harmonics in addition to 
the fundamental. Considering the effect of but one 
of the harmonics for simplicity, the current wave may 
be expressed as 

it = [ icospt + I cos2 pt (2) 
Multiplying the instantaneous current and resistance 
together and setting the product equal to the impressed 
potential, we have 


RI, 
E cos p t = (R +- ) cos pi 


+ RTs) cos2 pt (3) 


RI, 
(a 
in which R, is the steady resistance at fundamental 
frequency and R: applies to the second harmonic. 
Inspection of this equation shows that the fundamental 
frequency term contains I», so that it depends upon the 
second harmonic current. Solving for Is, 


I= — RI,/2R: (4) 
and the impedance at the fundamental frequency is 
given by the expression 
R? 
4 R, 


which is obtained by putting (4) in (3). 

From this it appears that the condition for maximum 
fundamental power dissipation in the variable element 
requires a lower generator impedance than that required 
when no harmonic flows. The power dissipated by the 
second harmonic is 


Rı— (5) 


we 
2 
while the power expended in the resistance effectively 
introduced into the fundamental path is 


I? R: (6) 


Rig 
4 142 


which, with the aid of (4) reduces to (6). 

The same general relations are found to hold when 
the circuit resistances are replaced by impedances, in 
that the energy stored and dissipated at the harmonic 
frequency is represented by a corresponding effective 
resistance and reactance at the fundamental frequency. 
Thus the fundamental impedance may be written 


Re? 
4 Z.» 
from which it is seen that an inductive reactance in the 


harmonic path is reflected as such into the fundamental 
path. 
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The Empirical Analysis of Complex Electric 


Waves 
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Synopsis.—In many problems dealing with electric waves, 
particularly those encountered in electrical communication, it is 
necessary to examine with some care the several sinusoidal com- 
ponents present. Both qualitative and quantitative methods are in 
use. 

A convenient qualitative examination may be made by hetero- 
dyning the complex wave with a sinusoidal wave of variable fre- 
quency and providing means for detecting any low frequency beat 
currents which may be produced. 

In practically all methods for the quantitative measurement of the 
individual components of a complex wave, means are provided for 
selecting a single component and for preventing other components 
from reaching the indicating apparatus. The general arrangement 
of the selecting and measuring elements depends upon the character 


N the more usual measurements on electric waves 
it is sufficient to determine the magnitude of some 
quantity which is indicative of the amplitude of the 

wave. The most common example is, of course, the 
alternating-current ammeter or voltmeter the indica- 
tions of which are proportional to the r. m. s. value of 
the current or voltage being measured. Similarly, 
certain devices are available which read directly the 
maximum amplitude attained by the wave in question. 


. For many purposes, the information furnished by 
measuring instruments of these types, together with 
some idea as to the shape of the wave, is all that need 
be known. The increasing refinement of electrical 
communication systems, however, makes it necessary 
to look for methods whereby the composition of a 
complex wave may be more accurately determined. 
This is particularly true when we come to systems in 
which the components constituting the normal signal 
wave are replaced by components lying upon some 
other portion of the frequency scale. Insuch systems 
it is necessary to employ modulators or similar devices 
which have a non-linear relation between the impressed 
wave and the resulting output wave. The characteris- 
tics of such devices, unlike those of selective networks or 
filters, cannot be determined adequately by direct 
comparisons between the input and output waves but 
must be studied through measurements upon the 
individual components present in each. 


The value of information of this character has become 
very great through our increased knowledge of the 
relation between the steady state conditions in a system 
and its behavior with respect to transient phenomena. 
It is probably true that the exact statement of the 
requirements of a system for the electrical transmission 
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of the information sought. If the problem involves an exploration 
of the frequency range of the complex wave, primarily for the pur pose 
of determining what components may be present, automatic analyzers 
are available which cover the field point by point and plot its spec- 
trum. There are also analyzers which permit the field to be covered 
by heterodyning with a variable frequency so as to cause the resulting 
wave to be swept across a fixed selective circuit. 

For the precise measurement of any single component, particularly 
a component of small amplitude in the presence of others of larger 
amplitudes, analyzers have been developed which employ the well 
known heterodyne principle which utilizes selectivity at a frequency 
below that of the unknown wave, thus effecting an appreciable 


increase in the percentage separation between adjacent components. 
$ +% +% 2 * 


of speech is one of the most difficult in the entire com- 
munication field, due to the lack of means by which the 
properties of the signal wave, either acoustic or elec- 
trical, may be quantitatively stated. It has been 
found possible, however, to specify certain steady state 
conditions, which must be fulfilled by a system in order 
that the inevitable modifications of such transient waves 
as are Involved in communication shall be within the 
limits of tolerance. For this reason, measurements 
relating to steady state conditions become of the first 
order of importance and have resulted in the develop- 
ment of numerous methods for determining the in- 
dividual components of complex sustained waves. 


One of the earliest means for examining the composi- 
tion of a current or voltage wave was that used by Lenz 
in 1849 and later developed to the point of satisfactory 
practical use by Joubert?. This employs a sliding 
contact driven in synchronism with the fundamental 
period of the wave and so arranged as to connect an 


electrostatic voltmeter or similar indicator to the cir- 


cuit carrying the wave at any desired time during its 
fundamental cycle. By repeating the measurement ata 
series of points throughout the cycle, the shape of the 
wave may be plotted point by point. The more recent 
development of the oscillograph to its present perfection 
has practically supplanted the sliding contact as a 
means for securing a graphical picture of the shape of an 
electric wave. Having obtained a trace corresponding 


‘to the instantaneous time variation of amplitude, it is 


possible by mathematical means to resolve it into its 
several harmonic components, determining the phase 
and amplitude of each. The quantitative precision of 
this method is not great, however, being limited by 
the resolution of the wave tracing device and by the 
accuracy with which the analysis may be carried out. 

That the oscillographic method is totally inadequate 


2. Comptes Rendus, Vol. XCI, p. 161, 1880. 


535 


536 


for many of the problems arising in communication 
work may be shown by using the multi-channel repeater 
of a carrier telephone system as an example. In such a 
repeater, the complex wave being amplified may con- 
tain components associated with three or more individ- 
ual signals. As is well known, any distortion in am- 
plifiers or other electrical circuits results in the 
development of wave components of frequencies other 
than those present in the impressed wave. These new 
components may have frequencies corresponding to 
multiples of the frequency of a single impressed com- 
ponent or to algebraic combinations of the frequencies 
of several impressed components. In the case of the 
multichannel carrier repeater, such developed compo- 
nents due to one or more of the impressed signal groups 
may well fall within the frequency range allotted to the 
group of components associated with some other signal. 
Having once been introduced into this portion of the 
frequency range, these extraneous components there- 
after proceed with the proper signal components to the 
terminal equipment, and appear either as intelligible 
cross-talk or as noise superimposed upon the desired 
speech wave reproduced by the receiving equipment. 
The requirements of satisfactory speech transmission 
make it desirable in many cases to determine the am- 
plitude of these extraneous components where their 
value is 0.1 per cent or less of the amplitude of the 
components properly associated with the signal. The 
detection of a component of this amplitude in the pres- 
ence of the components producing it, is beyond the reach 
of the usual oscillographic method. The exact de- 
termination of its value by such a method is obviously 
quite impossible. 
As is usual in all analytical work, we are interested in 
both qualitative and quantitative determinations. 
For the detection of the presence of a component of very 
small amplitude in, say, a complex electric current, the 
heterodyne beat method, to mention one of several, 
has been found very practicable. The unknown wave 
‘and a sinusoidal wave of variable frequency are im- 
pressed jointly upon a detector circuit. This detector 
circuit may take the form of a three-element vacuum 
tube so biased, that no current flows in the plate circuit 
when no alternating electromotive force is set up in the 
grid circuit. When a wave is impressed on the grid 
circuit, however, there is present in the plate circuit a 
current containing components of zero frequency and 
of frequencies corresponding to the sums and differences 
of the frequencies of the components of the impressed 
waves. By the use of a suitable d-c. meter in the plate 
circuit, the amplitude of the d-c. component may be 
observed directly. Such a-c. components as are present 
are ordinarily of frequencies to which the moving 
parts of the meter are incapable of responding. When, 
however, the frequency of the sinusoidal current is 
brought close to the frequency of some component in 
the unknown wave, the component in the plate circuit 
of the detector which corresponds to their difference 
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frequency will be of such low value that it may be fol- 
lowed by the needle, which will therefore vary periodi- 
cally about the value corresponding to the d-c. compo- 
nent. By adjusting this difference frequency to the 
natural frequency of the meter, it is obvious that the 
beat due to a very minute component in the unknown 
complex wave may be detected. The amplitude of 
the beat does give some general idea, of course, as to 
the magnitude of this component although the method 
is not well suited to quantitative work. By arranging 
the detector tubes in a bridge circuit as shown in Fig. 1, 
the d-c. or zero frequency component may be balanced 
out, thus making it possible to use for the detection of 
the low frequency difference component, a meter of 
higher sensitivity than would be possible when this 
component appears as an increment superimposed 
on a zero frequency component of greater magnitude. 
The complete quantitative determination of the 
components of a complex wave involves, of course, a 


HETEROOY NING 
WAVE 


Fig. 1—Crrcvuit ror THE DETECTION OF COMPONENTS OF A 


CoMPLEX WAVE 


determination of the amplitude and of the phase of each 
of the individual components. For most purposes, 
however, a knowledge of the amplitude alone suffices 
and many of the methods of analysis which have been 
developed are confined entirely to this determination. 

The type of analyzer of necessity depends upon a 
number of factors among which are the resolution, the 
sensitivity, the frequency range, the precision, and the 
nature ofthe problem. Considering the last factor, it is 
apparent that an analyzer suitable for observing small 
variations in a single component, might beunsuited to a 
rapid determination of the number and frequency of the 
several components present in an unknown wave. In 
all cases, however, the system involves some selective 
device whereby the indicator may be rendered re- 
sponsive to a single sinusoidal component and, at the 
same time, be unaffected by other components. 

The possibilities of this general method were first 
recognized, about 1894, by Pupin,? who used it to 
investigate the harmonics generated by alternators. 
The application to waves of the magnitude of those 
encountered in communication was not possible, how- 
ever, until the vacuum tube amplifier became available. 

Practically all analyzers for waves of small amplitude 
are modifications of the elementary form in which a 
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selective circuit couples a vacuum tube amplifier to the 
circuit containing the wave to be investigated. The 
output of the amplifier is thus determined largely by 
the amplitude of the particular component in the 
complex wave to which the selective circuit is tuned. 
In the examination of complex currents, a convenient 
form of coupling is to introduce a low resistance into 
the given circuit and to shunt this resistance by a series 
tuned circuit. As far as the original circuit goes, 
therefore, the effect is comparable to that of inserting 
an ordinary ammeter. For coupling to the vacuum tube 
amplifier, it is necessary simply to connect the grid of 
the first stage directly across the condenser or the 
inductance of the tuned circuit. By the proper choice 
of elements, the voltage thus resulting on the grid 
for the particular component to which the circuit is 
tuned will be many times the voltage drop across the 
resistance due to that component. The voltage step-up 
of the tuned circuit at resonance, it will be recalled, is 


; . W 1 , 
given by the expression R’°" oCR where R is 


the effective resistance in series with the inductance 
and the capacitance. - In the frequency range between 
several hundred and several hundred thousand cycles 
per second the value of this quantity, which is fre- 
quently designated by Q, may well be of the order of 
150 or more. In the case of carefully selected elements 
for use with radio frequencies, it may become, on 
occasion, as high as 300. | 
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i CLRCUIT FOR IMPRESSED VOLTAGES OF CONSTANT AMPLITUDE 


AND VARYING FREQUENCY 


The choice between the inductance and the capaci- 


tance as the source of the voltage drop for connection | 


to the grid depends upon whether most effective dis- 
crimination is required for components having higher 
or lower frequency than the component being measured. 
The curves of Fig. 2 show the voltages across the induc- 
tance and across the capacitance of a fixed tuned cir- 
cuit, plotted as a function of frequency, for a constant 
voltage maintained across the entire series resonant 
circuit. Thus, greater discrimination may be secured 
against components of lower frequency than that to 
which the circuit is resonated, by using the voltage drop 
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across the inductance, whereas for components of 
higher frequency greater discrimination may be secured 
by using the voltage drop across the condenser. This 
point is of significance, for example, in the measurement 
of the harmonics of a given fundamental. Fora given 
voltage due to the second harmonic across either the 
inductance or the capacitance, the voltage across the 
inductance due to the fundamental will be only one- 
fourth of that across the capacitance. With higher 
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harmonics the advantage of using the inductance will be 
even greater. 

To analyze a voltage wave rather than a current 
wave, an anti-resonant circuit in series with a high 
resistance may be connected across the potential to be 
measured in the same fashion as the ordinary voltmeter. 
The properties of this circuit, with respect to the cur- 
rents in the several members, are analogous to those of 
the previously described circuit with respect to the 
voltages across its members. In practise, it is more 
convenient to use an initial vacuum tube stage having 
a high input impedance and arranged to work into a 
current analyzer circuit. 

Having secured as the output of the vacuum tube 
amplifier a voltage indicative of the amplitude of a 
single component of the complex wave, it is a simple 
matter, by suitable amplification, to obtain sufficient 
power to operate any desired indicating device. One 
of the most: convenient methods is to use as the final 
stage a vacuum tube having sufficient negative bias on 
its grid to prevent the flow of space current when the 
a-c. input wave is zero. The arrangement of the 
elementary analyzer, therefore, is similar to that 
shown in Fig. 3. The determination of the absolute 
value of the amplitude of any component which may be 
selected requires simply that the sensitivity of the 
analyzer be determined as a function of the frequency 
over the range for which it is to be used. 

A circuit similar to the elementary arrangement just 
described was constructed during the World War for the 
purpose of analyzing the currents present in various 
submarine sound detectors. Here the problem in- 
volved the exploration of a considerable range of 
frequencies to determine what components might be 
present, as well as a measurement of their relative 
magnitudes. The first tests were carried out by 
laboriously adjusting the capacitance of the tuned 
circuit to the values corresponding to a succession of 
different frequencies separated by small increments. 
For each capacitance setting, the deflection of the 
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rectified current meter was noted. With this arrange- 
ment, the time required to cover the frequency range 
between 100 and 3000 cycles was several hours. Sub- 
sequent modifications in the apparatus to facilitate the 
manual labor reduced this somewhat but still left it so 
high as to make it impractical for most purposes. 
This led to the suggestion of employing some automatic 
method both for varying the tuning and for recording. 
A paper presented by Wegel and Moore before the 
A. I.E. E.in 1924, describes the final form of an analyzer 
suited to this type of problem. This employs pneu- 
matic relays for operating the condensers, the relays 
being controlled by a perforated paper roll similar to 
that of the familiar player piano. The record is made 
photographically on a sensitized tape moved at a 
uniform speed by the same mechanism which drives 
the perforated paper. At certain selected frequencies 
an auxiliary lamp, directly controlled by the perforated 
paper, traces lines across the photographic tape, iden- 
tifying values along the frequency scale. An illus- 
tration of a record made by this analyzer is shown in 
Fig. 4. Its value in the qualitative exploration of an 
unknown wave is obvious. It is capable, furthermore, 
of considerable accuracy quantitatively. 
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The analyzer just described is admirably suited for 
the investigation of many questions arising in electrical 
communication, particularly where it is necessary both 
to discover what components may be present and to 
determine their relative amplitudes. There are occa- 
sions, however, when a more rapid survey of the fre- 
quency range is all that is required and for which the 
elaborate recording mechanism is not justified. To 
meet these conditions, an analyzer has been developed 
by Moore and Curtis’ in which the entire frequency 
range is swept over by the manual adjustment of a 
single continuously variable condenser. To accom- 
plish this result, the unknown wave is heterodyned by a 
variable frequency wave, whereby it is effectively 
transferred on the frequency scale in such a way, that 
the several components may be made to fall in succes- 
sion within the field of a fixed selective measuring 
device. By properly choosing the frequencies of the 
heterodyning wave, it is possible to make the interval 
between the limits over which it must be varied, con- 
sidered as a fraction of their absolute value, smaller 
than the corresponding interval between the limits of 
the original wave. The region over which the hetero- 


4. Transactions of the A. I. E. E., Vol. XLIII, 1924, p. 457. 
5. Bell System Technical Journal, April, 1927. 
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dyne wave must be adjusted is thus brought within the 
range of a single controlling element. 

In replacing the unknown wave by a wave occupying 
a higher position on the frequency scale, in order to 
reduce the fractional separation between the limits, 
the fractional separation between adjacent components 
of necessity has been correspondingly decreased. 
In order to retain the required resolution in the analyzer 
as a whole, the fixed tuned circuit on which the wave 
components fall as the wave is moved along is made to 
have extremely high selectivity through the use of 
mechanical resonance. In fact, the high selectivity of 
the particular element chosen, as compared with the 
selectivity of the elementary analyzer previously 
described, more than compensates for the loss in 
selectivity resulting from the frequency translation. 
Means are provided, as described in detail in the 
published paper referred to, whereby the amplitude of 
any unknown current component may be determined. 
This type of analyzer is of particular value in examining 
the composition of sustained vocal or instrumental 
tones, or other periodic waves of comparatively short 
duration. 

In many investigations, particularly those relating 
to modulation or to distortion occurring in non-linear 
circuit elements, it is desirable to examine the variations 
in a single component of a complex wave as conditions 
affecting it are varied. Here, the ability to explore the 
entire range of the wave need not be considered. 
Analyzers designed for this last mentioned type of 
problem, in general, require high selectivity in order to 
permit measurements to be made of components of very 
small amplitude in the presence of components of very 
much greater amplitude. In the case of the carrier 
repeater already mentioned, it may be necessary to 
examine quantitatively a component the amplitude of 
which is 10-5 times that of the amplitude of the com- 
ponents producing it. 

A simple method of securing this selectivity is to use a 
number of units, similar to the 2lementary analyzer, 
connected in tandem. This may be accomplished 
readily by providing the output of each amplifier stage 
with a step-down transformer of high turns ratio, 
thus securing proper coupling between the output 
of the vacuum tube and the resistance element of 
the selective circuit. In tests made of modulation 
occurring in the Havana-Key West telephone cable, 


three such units were used in tandem, successfully. 


There are advantages in this arrangement. First, the 
discrimination against any unwanted component is 
the product of the discrimination of the several 
elements. Second, by alternating units containing 
amplification with units containing attenuation, the 
differences between the energy levels at any two 
parts of the system may be kept small. Third, the 
manipulation of the system is simplified because the 
tuning of one element may be carried out without 
affecting the adjustment of any of the others. 


i 
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This relatively simple arrangement of multiple 
stages has recently been found inadequate for the 
exacting requirements which are to be met in the study 
of high frequency transmission apparatus. There has 
been developed, therefore, a heterodyne analyzer in 
which the frequency range to be examined is moved to a 
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where by A. G. Landeen,* both of these methods are 
employed. The modulator is preceded by two stages 
of simple selectivity and amplification so that any 
components other than the particular one to be mea- 
sured are materially reduced in amplitude before 
reaching the modulator. The modulator is of the well- 
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position on the frequency scale below that which it 
normally occupies. In this case, the translation is 
accompanied by a considerable increase in the frac- 
tional separation between the components. By vary- 
ing the frequency of the heterodyning wave, the 
component produced by its interaction with any com- 
ponent of the originál wave may be made to fall, as 
before, within the field of a fixed tuned circuit. Due to 
the increased fractional separation, a circuit of given 


selectivity is more effective at this lower frequency than 


at the frequency of the original component. Further- 
more, inasmuch as the selective circuit need not be 
adjusted to any of a number of frequencies, a more 
elaborate design is possible, giving much greater 
selectivity than could be obtained with a circuit 
capable of convenient adjustment. These two effects 
working together make the discrimination of the 
heterodyne analyzer much greater than could be 
obtained by other means. 

It is apparent, since we are concerned with a par- 
ticular component which has resulted from the trans- 
mission of one or more other components through a 
distorting device, that care must be taken to prevent 
these other components from reacting in the measuring 
equipment in such a way as to modify the amplitude of 
the component in question. This end may be secured 
in two different ways. First, the interacting com- 
ponents may be prevented from reaching the modulator 
in which the heterodyning is effected and, second, the 
design of the modulator itself may be such as to prevent 
components resulting from interactions between com- 
ponents present in the incoming wave from reaching the 
indicating device. 

In the actual arrangement of the heterodyne analyzer, 
which is described in detail in a paper published else- 
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known balanced type in which any product of modula- 
tion between two waves impressed conjugately upon 
the input is delivered to the output circuit. Any 
modulation products resulting from interaction between 
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two or more components of one of these conjugately 
impressed. waves are differentially combined in the 
output with a subsequent reduction in their disturbing 
effect upon the reading. A schematic diagram of this 


6. Bell System Technical Journal, April, 1927. 
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analyzer is given in Fig. 5. The curves of Fig. 6 repre- 
sent actual data taken with one system as adjusted for 
use. Curve A shows the discrimination, expressed in 
transmission units,” of the initial stage of this analyzer. 


. It corresponds to the discrimination which might be 


secured with ordinary circuit elements arranged as in 
the elementary form of analyzer. Curve B shows the 
added discrimination resulting from using two stages 
in tandem. Curve C, as compared with Curve A, shows 
the gain from the standpoint of resolution obtained by 


l translating the complex wave in such a way as to 


- 


increase the separation between its components, and 
by using a fixed complex selective circuit in place of a 
simple variable circuit. Finally, Curve D gives the 
over-all discrimination of the complete analyzer. 


With a system containing as many variable elements 
as that just described, any general calibration is 
practically worthless. The alternative is, effectively, to 
calibrate the system for each individual measurement. 
In practise, this is relatively simple. A variable 
frequency oscillator is provided, the output from which 
is substantially sinusoidal. After a particular com- 
ponent has been selected and the sensitivity of the 
analyzer adjusted to give a suitable deflection on the 
indicating meter, the complex wave is replaced by the 
output of this sinusoidal oscillator, the frequency of 
which is then adjusted to give a maximum deflection 
on the indicator, thus insuring that the frequency of the 
sinusoidal wave is practically identical with that of the 
selected component of the complex wave. The output 
of this reference oscillator is maintained at some con- 
venient amplitude, such as one milliampere or 10 milli- 
amperes, and is impressed upon the analyzer through 
a calibrated attenuation box. By adjusting this 
attenuation so that the deflection of the analyzer meter 
is the same as that obtained with the complex wave, 
it is apparent that the sine wave impressed upon the 
analyzer is a duplicate of the component of the com- 


plex wave with respect to both frequency and amplitude. 


The amplitude is thus determined in terms of the 
known output of the oscillator and the known attenua- 
tion of the adjustable network. It would be possible, 
of course, to measure directly the amplitude of the sine 
wave current impressed upon the analyzer, but for 
many of the problems for which this apparatus Is used it 
would be necessary to employ measuring devices of 
such high sensitivity as to be far more cumbersome 
than the method deseribed. 


The several analyzers just considered are primarily 
intended, as has been apparent, for the examination of 
the complex waves occurring in electrical communica- 


7. Fora discussion of this method of expressing current ratios, 
see The Transmission Unit and Telephone Reference Systems, 
by W. H. Martin, Transactions A. L E. E., Vol. XLII, 1924, 
Pp. 797, also Bell System Technical Journal, July, 1924, Vol. IIT, 
No. 3 also “The Transmission Unit,” R. V. L. Hartley, Electrical 
Communication, July, 1924, Vol. IIT, No. 1. 
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tion. The various types, nevertheless, are adapted 
to meet the requirements of such a wide range of 
problems that they may be applied generally in the 
investigation of electric waves. For other specific 
problems, however, it will undoubtedly be found 
desirable to work out still other arrangements, better 
suited to the particular conditions encountered. It 
is hoped that the several modifications of the elemen- 
tary analyzer which have been discussed in this paper 
will be of value in suggesting further modifications 
which will extend its usefulness. 
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Discussion 


N. E. Bonn: The last method described in Mr. Horton’s 
paper and the one which he evidently prefers, involves the useofa 
sine-wave oscillator of variable frequency. Now a sine-wave 
oscillator, especially one whose frequency may be varied over a 
large range without disturbing the wave form, would make a 
very valuable adjunct to many a laboratory. Will Mr. Horton 
please state what method he uses to make certain of the purity of 
the wave form? 

A method of wave analyis not mentioned by Mr. Horton, 
but somewhat similar to the one referred to above, was described 
in a well known French publication a little over a vear ago by 
R. Thornton Coe (Revue del’ Blectricite, XIX, 203-207, Febru- 
ary, 1926). This method makes use of an astatic electro- 
dynamometer. A sinusoidal current of adjustable frequency is 
passed through the stationary coil, while the moving coil carries 
the current whose wave form is sought. The deflection of the 
dynamometer at unity power factor is a direct measure of the 
amplitude of the particular harmonic, since the instrument will 
respond only to that component of the complex wave the fre- 
quency of which is equal to the frequency of the current passing 
through the fixed coil. As the method appears very simple, I 
should like to hear from Mr. Horton whether it received con- 
sideration and whether, in his opinion, it could be used at audio 
or carrier frequencies. 

J. W. Horton: The first question concerns the purity of wave 
shape of the oscillator. I presume this refers to the oscillator 
used in the substitution method. As a matter of fact most 
Measurements do not require an abnormally high degree of purity 
in this oscillator. For example, should the total harmonies 
aggregate, say, 5 per cent of the fundamental, the only error 
introduced is that the current used in the substitution method as 
measured by the thermocouple will appear to be about 5 per cent 
higher than the correct value. In other words, the absolute 
value of the component measured will be in error by the amount 
of the harmonics. These harmonics may, however, be deter- 
mined by other measurements and a correction applied to take 
account of their presence. 

In the actual oscillator used, the total amount of harmonies 
under normal conditions, that is, the square root of the sum of the 
squares of all components other than the fundamental, is less 
than 4 per cent of the total amplitude of the current as measured 
by a thermocouple. If the measurements demand that greater 
purity be obtained it is generally most economical to do it by 
using a low-pass filter in the output of the oscillator. There have 
been provided for certain measurements a series of such low-pass 
filters, the cut-off of one filter being approximately twice the eut- 
off of the other. With any filter of the series it is possible to 
obtain a current free from harmonics over the frequency range 
extending from just above one-half the cut-off frequency to just 
below the cut-off frequency. The several filters are so chosen 
that these ranges overlap. 
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The second question refers to the dynamometer method for 
measuring individual components. ` I; have had no experience 
with that method. From what little I know of it I should 
imagine it might possibly be somewhat cumbersome to apply in 
cases where the component to be measured is of the order of 
0.0001 of the fundamental components in the circuit. I should 
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also imagine that it might not be very accurate in cases where 
the components are so small that a considerable amplification is 
required to bring them to the point where they could be made to 
give a reliable reading on some indicating device, or where the 
frequencies are so high that distributed capacities within the 
dynamometer become effective. 


A New Thermionic Instrument 
BY S. C. HOARE! 


Associate, A. I. E. E. 


Synopsis.—A new form of vacuum tube voltmeter that has certain 
merits not possessed by existing instruments is described by this 
paper. Advantage is taken of the properties of a bridge circuit, one 


of whose arms is the plate-filament impedance of a common three- . 


element pliotron to permit the building of very sturdy instruments of 
unusual sensitivity and dependability. 


—— 


[number of schemes using standard three-element 
A thermionic tubes has been used in various 
phases of electrical measurement work. The 
amplifying characteristics of these well-known devices 
immediately suggest themselves to those having 
unusual measurement problems. A number of volt- 
meters of the vacuum tube type have been described in 
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the'literature and some of these have reached the com- 
mercial stage. Unfortunately, however, most of these 


schemes have been quite complicated or required | 


considerable auxiliary equipment and other measure- 
ment devices, toadjust the various currents and voltages 
of the circuits to a standard value. These compli- 
cations have served as deterrents to the more general 
application of vacuum tubes to measurement work. 
Recent work has shown the practicality of ideas of 
using vacuum tubes in very simple circuits for measure- 
ments of reasonable precision where unusual electrical 
conditions must be met and where ordinary measuring 


l. Standardizing Laboratory, General Electric Co., West 
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instruments cannot be used or, if usable, are highly 
special and delicate. 
the housing of all necessary circuit parts except the 
exciting battery in the case of a standard high torque 
d’Arsonval microammeter. There is but one adjust- 
ment necessary and this is made by a rheostat which is 
one of the parts incorporated in the case. The only 
battery required is one for the excitation of the filament. 
Due to the particular circuit used, theadjustment of the 
current from this battery by the rheostat adjusts the 
filament current, the grid bias, and plate voltage. 
This adjustment is made by turning the rheostat until 
the instrument pointer indicates zero. The instrument 
then becomes direct reading. | | 

The circuit is essentially a Wheatstone bridge with 
three arms of fixed wire resistors and one arm, the 
plate-filament resistance or impedance of a three 
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element vacuum tube. This impedance, as is well 
known, is a function of the grid potential and is radi- 
cally changed by relatively slight changes of the grid 
potential. Thus, an e.m.f., either direct or alter- 
nating, applied to the grid, upsets the balance of the 
bridge. The degree of unbalance which is a measure 


This new development permits 


< 


542 


of the applied voltage is read on the galvanometer or 
instrument element. A diagram of connections is 
given in Fig. 2. The resistances R, and œF, serve 
to adjust the potential of the grid with respect to the 
filament to a definite value. These resistances are 
fixed in value, the adjustments being made at the time 
of calibration at the factory. The potential is deter- 
mined by the] R drop in R,. R,can be omitted when 
the test circuit forms a closed connection to the binding 
posts land 2. R, ordinarily lies between 50,000 ohms 
and 10 megohms, depending upon the proposed use of 
the instrument, type of tube used, etc. 


PLATE CURRENT ` 


(0) Kd 
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The bridge arms, M, N, and P are of manganin. 
Resistors R, and R, are also of manganin and serve 
the double purpose of limiting filament current and 
of supplying (by virtue of their 7 R drops) the requisite 
grid and bridge (viz., plate) potentials. The relation 
of R, to R, is such that the tube is worked at a point 
near the lower knee of its grid voltage-plate current 
characteristic curve. 

The preliminary manufacturing adjustments are 
made by setting R, and R, to approximately predeter- 
mined values, then adjusting P to bring the instrument 
pointer closely to the zero point. R, is next given a 
slight readjustment to cause normal flow of filament 
current, with nominal value of excitation voltage and 
with the adjustable rheostat in its half-way position. 


The half-way setting of the rheostat during this ad-. 


justment of R, insures sufficient latitude of control 
.in the completed instrument with slight variation in 
battery voltage. 

Normal filament current is conveniently determined 
from the measurement of filament voltage as given by 
either a potentiometer or a very high resistance volt- 
meter connected across the filament of the tube. After 
making this adjustment it will be found that the 
bridge is still unbalanced as indicated by the move- 
ment of the microammeter pointer above or below zero. 
The network can now be balanced by readjusting P. 
During this work R; is in position but with no external 
connections to the grid. 
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As previously mentioned, a voltage, either alternating 
or direct, impressed upon the grid when the bridge is in 
normal balance, causes an unbalance because the im- 
pedance of the tube is altered. The indications of the 
microammeter form a measure of the unbalance of the 
bridge and, hence, of the voltage applied across 1 and 2. 
With d-c. circuit, the terminal 2 is connected to the 
positive side of the line. This results in making the 
grid less negative, thus lowering the impedance of the 
tube and thereby causing an increase in the plate 
current. When an a-c. voltage is impressed across 
1 and 2, the negative loops of the voltage wave are, 
in effect, suppressed, and thus the indications of the 
microammeter are somewhat less than half of those 
from a similar d-c. voltage application. The indica- 
tions of the microammeter element are substantially 
proportional to average values. The resulting action 
of the complete device is somewhere between an 
“average value” and an “effective value” instrument. 
For most purposes the error resulting from distorted 
waves is not serious. The calibration is made by apply- 
ing known values of sinusoidal voltage or current. 

The current drawn from the lines by this instrument 
is determined by the grid bias voltage, which is con- 
trolled by the J R drop across R, in Fig. 2. With a 
six-volt excitation battery it is possible to build these 
instruments as alternating-current voltmeters with 
10,000 ohms (effective) per volt. By making the grid 
bias more negative it is possible to reduce the current 
drawn by the grid to less than 1 microampere. This 
requires a higher excitation voltage. A number of 
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instruments working from a 24-volt battery have been 
built. Some of these have required less than 0.1 micro- 
amperes as their operating current. The reason for the 
higher grid bias values is seen in Curve B of Fig. 3. 
This curve is the 24-volt characteristic of a tube and 
Curve A is.the 6-volt characteristic. It is seen that 
with Curve B a much wider voltage range may be 
measured without having the grid positive. The grid 
does not draw current while negative. 

The general arrangement of this circuit results in 
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instruments with fairly uniform scales, as. may be seen 
in Fig. 1. This is an unusual feature of thermionic 
instruments. The electrical and mechanical zeros are 
also coincident which is another feature not common 
in such devices. 

These instruments have been built as low-range 
voltmeters, especially for alternating voltages, and as 
low capacity microammeters for alternating-current 
and direct-current. The microammeters are operated 
_ from the drop across a resistance in series with the line 

' current to be measured. It has been found possible to 
construct such an instrument to have a full scale range 
of 0.1 microamperes direct-current with only 0.3 volt 
drop. This instrument is shown in Fig. 4. Its scale 
is 12 in. long. 

If care is taken to use resistances of proper design 
for high frequency work, and if the parts are properly 
mounted and shielded, this scheme would serve effec- 
tively for measurements at high frequency. It is 


TABLE I 
ALTERNATING-CURRENT VOLTMETERS 
Thermi- 
Ordinary| Thermo-| Thermionic onic 
electro- | couple 6-volt 24-volt 
dynamic; type battery battery 
Volts, full scale.............. 5.0 5.0 5.0 5.0 
Resistance between terminals 
(OMMS)..... 2c ec eeerevece 20.0 |700. 50,000. infinity 
Ohms-per-volt sensitivity....{| 4.0 |140. 10,000. is 
Current consumption at full 
scale (amperes)........... 0.25 0.0071 0.000100 nil 
Torque, full scale (mm-g.)... 1.5 0.05 0.9 0.9 
Weight of moving element 
(@TAMS) 66% 66 bw ewes eR 4.8 .0.3 1.8 1.8 
Damping: Full scale to zero 
(SOCONGSB)........ce ce eeee 5.0 3.4 3.4 


These data are representative of certain commercialinstruments. Others 
with characteristics somewhat different might have been chosen. These, 
however, serve to show the possibilities of this type of thermionic circuit. 
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useful life, the need for an external excitation source, 
the need for accurately balancing the bridge before 
measurements are made, and the wave-form error when 
used on alternating-current. These disadvantageous 
features, however, are common to all thermionic 
instruments. 

By careful selection of tubes for constancy of charac- 
teristics and by conservative selection of operating 
temperatures, it is possible to obtain quite long and use- 
ful lives for the tube. To some extent the cir- 
cuit arrangements compensate for changing tube 
characteristics. 

The external potential source can be a group of or- 
dinary dry cells. It has been found that these, when in 
fresh condition, will require readjustment of the rheo- 
stat only infrequently. 


Tests have been made to show the.error resulting 
from inaccurate balancing of the bridge network. 
When the balance as indicated by the microammeter is 
within 0.010 in., (about three needle widths of the 
pointer), the calibration is within 0.5 per cent of full 
scale value. 


The wave-form error is inherent in devices of this 
kind. For many measurements at high frequency 
where resonant circuits are used, the error will be 
quite inappreciable. For most measurements in the 
power frequency range the error will also be negligible. 
A test with a wave consistency of 30 per cent third. 
harmonic and 10 per cent fifth gave but 4 per cent devia- 
tion from a sine of the same effective value. The 
fundamental in this case was 60 cycles. 


As previously mentioned, this arrangement is one 
that is not especially susceptible to damage from moder- 
ate overloads. This is borne out by the data in the 
accompanying tabulation. 


TABLE II 
DIRECT-CURRENT VOLTMETERS 
| Extreme 

Ordinary Special sensitivity Thermionic Thermionic 

d'Arsonval d'Arsonval d'Arsonval 6-volt battery 24-volt battery 
Volts, Tulla 65 okies onan aa oaa aea | 5.0 5.0 5.0 | 5.0 5.0 
Resistance between terminals (Ohms)............0..45- 500.0 5,000.0 100,000. 200,000. | infinity 
Ohms-per-volt sensitivity.......... 0. cece ee ee eee 100.0 1,000.0 | 20,000. 40,000. ti 
Current consumption at full scale (amperes)............ 0.010 0.001 | 0.000050 | 0.000025 | nil 
Torque; full scale (mm-g.).......ssessssessssesssessss 5.0 | 3.2 | 0.3 0.9 0.9 
Weight of moving element (grams)......ssssssssssssse 1.8 2.2 1.8 1.8 1.8 
Damping: Full scale to zero (seconds).........sssssesss 2.0 | 1.6 3.8 3.4 3.4 

TABLE III 


especially necessary that R, be of proper construction 
and shielded if high frequency measurements are to be 
made. R, can, of course, be replaced by a series or 
shunt condenser. 

These instruments have some advantages over ther- 
mocouples, which are of necessity worked close to the 
burn-out point, because moderate overloads will not 
change the instrument and will not permanently impair 
the tube. The disadvantages of these instruments are 
the varying characteristics of tubes throughout their 
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Laboratory 
standard 
thermionic Thermionic 
48-volt battery | 24-volt battery 
Microamperes, full scale............026 0.1 1.5 
Resistance between terminals (ohms)...} 3,300,000. 750,000. 
Drop at full scale (volts)..............- 0.33 1.12 
Torque, full scale (mm-g.)............. 0.9 0.9 
Weight of moving element (grams)...... 2.8 1.8 
7.6 3.4 


Damping: Full scale to zero (seconds)... 
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Some of the advantages of this general scheme are 
shown by the tabulations (Tables I and II) which com- 
pare ordinary instrument constants and the constants 
of some thermionic instruments and by Table III, 
which tabulates data of some microammeters of ranges 
well beyond the possibilities of ordinary d’Arsonval 
construction. 


TEST DATA 


Variation with full load self-heating (maxi- 
mum, during a 30-minute period in terms of 
initial indication) (per cent of full scale)....... 

Variation per deg. cent. ambient rise (be- 
tween 25 degrees and 50 degrees Centigrade) 
(per cent of point)..... 0.0.0.0... seneese nen. 

Variation at 1000 cycles, sine wave (in terms 
of 60 cycle sine wave indication) (per cent of 
PU scalene otha bo Sets te Ens wk HOWE E 


Variation with irregular wave form at 60 
cycles (in terms of 60 cycle sine wave indica- 
tion) peaked wave, form-factor = 1.13 (per 
cent of fullseale)...................0..2 20 ee l 


Variation due to inaccuracy of zero adjust- 
ment (pointer purposely set three thicknesses 
off true zero position) ( +0.010 in.) (in terms of 
indication with correct zero adjustment) (per 
cent of fullseale)............. 0.0... ee eee 


Variation with application of overloads 
(without reactivation) in terms of indication 
prior to overloads 
2-minute grid overvoltage of 100 per cent (per 
cent of full scale)........... 20... cee eee 
5-minute filament overvoltage of 10 per cent 
(per cent of full seale)..................200- 


—4.0 


+0) .5 


+0.3 
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Discussion 


N. E. Bonn: Mr. Hoare’s instrument will undoubtedly be 
found very useful for certain special applications. For general 
laboratory work and as a detector in ordinary bridge and poten- 
tiometer circuits its value is very much limited by the exception- 
ally high internal impedance. True, it can be made to give a 
full-scale deflection while drawing only 0.1 microampere from the 
circuit, but it takes fully 0.3 volt to do so, and such high voltage 
is not available when one measures temperatures by means of 
thermocouples or in ordinary Wheatstone bridge and poten- 
tiometer circuits. 

Throughout the paper the instrument is referred to a number 
of times as a microammeter. Now a microammeter is a current- 
measuring device the impedance of which must be much lower 
than the impedance of the circuit in which it is being used. 
To express the sensitivity of an instrument having an internal 
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impedance in excess of 3 million ohms, in terms of microamperes 
is somewhat misleading. This instrument is strictly a volt- 
meter, but not a microammeter in the accepted meaning of the 
term. 


B. W. St. Clair: (communicated after adjournment) Vac- 
uum tube thermionic instruments are by no means new. There 
has been a number of different instruments on the market for 
several years. There are certain differences between the 
schemes proposed by Mr. Hoare and those that have been used 
heretofore and it is to the differences in these various instrumenta 
that this discussion is dedicated. 

The biggest difference between this instrument and the more 
ordinary type of thermionic or vacuum-tube voltmeter is in the 
elimination of all auxiliary equipment with the exception of one 
exciting battery. Heretofore vacuum-tube instruments have 
required either B batteries or C batteries, or auxiliary ammeters 
or voltmeters in addition to the A battery required by this 
instrument. In several of the schemes the accuracy of the final 
measurement is determined by a setting of an auxiliary 
instrument. 


to _ 08 0.6 08 10 12 14 1618 20 2.2 2.4 26 28 3.0 
TRUE VOLTS 


o A ANON 


0 0.2 0.4 0.6 08 10 1.2 1.4 1618 2022 24 26 28 30 
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VARIATION IN PER CENT FULL SCALE 


' 5.0 Volt Scale 
18. o Volt Excitation Fa on 


ea bee, 


Wave “cC” 
Wave ‘'0" 


4 
TRUE VOLTS 


Fig. 1—ALTERNATING-CURRENT THERMIONIC VOLTMETER 
VARIATION WITH Wave Form. GIVEN IN TERMS oF SINE- 
Wave InpicaTIons TESTED aT 60 CYCLES 


Another very real difference between this instrument and the 
older ones lies in the type of scale that results and also in the 
position of the electrical zero. In few of the previous schemes 
do the electrical and mechanical zeros coincide. Mr. Hoare's 
instrument is the only commercial one I know of that has co- 
incident mechanical and electrical zeros. Most of the instru- 
ments proposed heretofore have scales that depart very seriously 
from a uniform law. The departure from a linear law of the 
scales of these instruments is not very serious. In fact, the 
scale can easily be read with about the same linear accuracy at 
any part of its length. This is not true in the older commercial 
instruments we are familiar with as they have scales that corre- 
spond more to reciprocal laws than to straight line laws. For 
many test purposes the uniform type of scale is very much to be 
desired. | 

S. C. Hoare: Under ordinary conditions, I doubt if many 
will object to the resistance of these thermionic microammeters 
since when measuring current values of the order of 20 to 1 
microamperes or less, the resistance of the circuit is so many 
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FOR ALTERNATING CURRENT 


Thermionic d'Arsonval d'Arsonval Thermo-couple Electrodynamic 
Type Type Type Type Type 
Ampere, full scale.........esesssesosesees.o 0 .0000001 0.0005 0.010 0.002 0.010 
Resistance between terminals (ohms)........ 3,300,000 800.0 100.0 600.0 5000.0 
Drop at full scale (volts)........sesess sesso 0.33 0.4 1.0 1.2 2.8 
Torque. full scale (mm-g.)......sesessssse.. 0.9 2.2 1.9 —— 2.8 


times that of the instrument that 3 megohms would not be 
serious. A common use of these instruments is for photoelectric 
cell photometry where the circuit resistance is many times that 
of the instrument. In such work the instrument resistance can 
be considered almost insignificant. 


Errors due to irregular wave-forms are inherent in those types 
of thermionic instruments in which the grid is worked at positive 
potentials. The errors become smaller with the reduction in 
positive grid potentials, and are quite negligible in those instru- 
ments in which the grid is kept always at a negative bias. 

The accompanying characteristic curves illustrate the magni- 
tude of wave-form errors with different conditions of grid- 
biasing. The upper set are typical of an instrument in which the 
grid is never permitted to become positive. In this type the 
current consumption in the input circuit is practically nil. The 


lower set represents the other extreme, wherein the grid is per- 
mitted to become appreciably positive. This type draws about 
100 microamperes in the input circuit. 

Waves C and O are badly distorted, C containing prominent 
fifth and seventh harmonics and O containing third and seventh 
harmonics. 


I doubt if Mr. Bonn appreciates the magnitude of the voltage 
drop necessary in an instrument for the measurement of very 
small currents. Alternating-current instruments especially 
require quite an appreciable drop when the current range ap- 
roaches milliamperes or microampecres. In the brief tabulation 
above are given some values for ordinary d-c. instruments and 
for a-c. instruments. It is there seen that the drop across the 
thermionic microammeters is not excessive when compared with 
some of the more ordinary types of test instruments. 


The Oscilloscope: a Stabilized Cathode-Ray 


Oscillograph with Linear Time- Axis. 
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Synopsis.—A method is described for using a cathodc-ray 
oscillograph for the simultaneous observation of a number of variable 
quantities by means of a distributor. A linear time-axis, obtained 
by means of a gas-discharge lamp connected to a source of direct- 
current through a resistance or thermionic tube, is stabilized by 
sntroducing into this circuit a small e. m. f. derived from the same 
source that supplies the unknown quantities under observation. By 


ile oscillograph employing a vibrating cathode ray, 
first used by Braun and later so admirably de- 
veloped by Ryan and others, has certain distinct 
advantages over the oscillograph of the Blondel or 
Duddell type in which a vibrating mirror is used. 
Foremost among these advantages is the fact that the 
cathode beam is free from inertia and can readily 
follow the variations of an electric or magnetic field 
even at high frequencies. The cathode-ray oscillo- 
graph, as hitherto commonly employed, has, however, 
the disadvantage that it has not been possible with 
it to show the variations in a number of quantities at 
the same time, nor to show these variations, as is done 
with the vibrating mirror oscillograph, as curves with 
time as abscissa in rectangular coordinates with. which 
everyone is familiar. : 
While the cathode-ray oscillograph has proved a 


Fig. 1—STABILIZED OscILLoscorE, FIELD TYPE 
Made by R. C. Burt, 327 S. Michigan Ave., Pasadena, Calif. 


highly valuable tool for a wide range of engineering and 
scientific investigations, including both cyclic and tran- 
sient phenomena, and, in certain respects, is superior 
to the oscillograph of the mirror type, it has suffered 
by the two limitations just described. These limita- 
tions,[however, may be removed and the field of use- 
fulness of the cathode-ray oscillograph so widened that 
it becomes practically a new instrument. As the in- 
strument developed for this purpose, (shown in Fig. 1), 
is primarily intended for visual observation, we have 
1. Both of the Cornell Uuiversity. 
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and 


making stabilization definitive rather than casual, distortion is 
avoided. The unknown quantities are thus shown in a form con- 
venient for observation, appearing as stationary curves plotted with 
time as abscissa. The curves may be superposed about a common 
zero line, or displaced with reference to each other with separate zero 
lines. The name oscilloscope ts applied to the apparatus here 
described, assembled as an instrument. 


given it the name “oscilloscope.’”” Permanent record 
may be obtained, when desired, by a photograph in the 
usual way. On the other hand, an oscillograph of the 
Blondel or Duddell type, both in name and in fact, is 
primarily for graphical record. 

Not being limited to a single cyclic phenomenon, the 
oscilloscope is polycyclic; furthermore, it is stabilized 
so that the wave or waves stand stationary for observa- 
tion and this becomes particularly important when 
several waves are observed at one time. Recurrent 
transients, as well as more usual periodic phenomena, 
may be observed. 

The cathode-ray oscillograph tube is so well known 
that it needs no description. The cathode beam, 
focused on a fluorescent screen or photographic plate, 
is deflected in one direction by one set of plates or coils, 
and in a perpendicular direction, by another set of 
plates or coils. 

An admirable and full account of various types of 
cathode-ray oscillographs and their development from 
the beginning is given by A. B. Wood and others in 
the Journal I. E. E. (Nov., 1925), with 63 pagesand 125 
references. So complete is this account (with its 
bibliography), and so admirable is the presentation 
that further discussion here is unnecessary. 


THE POLYCYCLIC DISTRIBUTOR 


In using the cathode-ray oscillograph, it occurred to 
the writers that if one pair of deflecting plates or coils 
could be successively switched by a distributor from 
circuit to circuit in rapid succession, the cathode beam 
would follow each in turn, making possible the simul- 
taneous observation of several unknown quantities. 
We have found this to be the case and that when 
switched at proper intervals, the curves appear to the 
eye as simultaneous and continuous, due to persistence 
of vision, and likewise so appear ina photographic record. 

The development of a four-way experimental dis- 
tributor for this purpose is shown in Fig. 2. A resis- 
tance is included in each of the four circuitsas protection 
in case of short-circuit. A brush B bears on a continu- 
ous slip-ring to which are connected staggered quad- 
rants. Each of the remaining four brushes comes in 
contact, in turn, with one of these quadrants. The 
terminals Y, Y are connected to one pair of deflecting 
plates of the oscilloscope, the terminals Yo Yi, Yo Y2, 
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Yo Y:3, Yo Y, being connected to the several circuits 
under test. It will be noted that Yo is a common 
terminal; if any of the circuits cannot be so connected, 
an insulating transformer should be interposed between 
such circuit and the distributor terminals. Avoiding 
the common terminal, a double distributor can be used 
in a special case when necessary. 
LINEAR TIME-AXIS 

A linear time-axis, desirable for the observation of a 
single quantity, becomes almost a necessity in order to 
make a satisfactory interpretation possible when several 
quantities are simultaneously studied. 

The need for a linear time-axis with the cathode-ray 
oscillograph has long been recognized and various 
ingenious methods have been proposed for its ac- 


Ai, 
To on 
Oscillograph 
8 J P 
ponat 
Yo E J cS “Ky eS Gales J ERSE $ Q 
| fe a Ø q 
ai S 
b ùY 
Fig. 2—Pouycycuic Fra. 3—BaTTERY 
DISTRIBUTOR OPERATION 


complishment, often, however, with but limited applica- 
tion. Mechanical devices are limited in range of fre- 
quency; electrical devices, although not thus limited, are 
liable to be unstable, and stability, as has been pointed 
out, assumes prime importance when several curves are 
simultaneously observed, as any motion of the curves 
creates hopeless confusion. Even for a single curve, 
stability is needed if the curve is to be carefully studied 
and perhaps sketched, traced, or photographed. Fur- 
thermore, electric devices without proper precautions 
are liable to produce distortion. 

A linear time-axis may be obtained if we have avail- 
able either a synchronous mechanical switch or a syn- 
chronous electric valve. Thus,.if a condenser is charged 
at a uniform rate through a resistance, or otherwise, and 
is periodically discharged by a synchronous switch, the 
difference of potential across the condenser terminals 
will increase linearly with time while the switch is open, 
and drop suddenly to zero each time the switch is 
closed. 

THE CORONA VALVE 


A mechanical synchronous switch is cumbersome and 
ean be operated only at low frequency. A synchronous 
electric valve that would automatically perform the 
same function at high or low frequency would evidently 
be better. Such a valve is found in the gas-discharge 
lamp, containing commonly neon or argon, the charac- 
teristics of which are well known. (See bibliography.) 
When subjected to an increasing voltage, no current 
will flow through such a lamp until a certain critical 
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“ignition” voltage is reached. Current then flows 
(analogous to the closing of the switch) and continues 
to flow until a definite lower “extinction” voltage is 
reached. Current then stops, analogous to the opening 
of the switch. The difference between the ignition 
and extinction voltages depends upon the frequency 
and type of lamp. 

- Each gas-discharge lamp possesses a certain capacity, 
so that, when connected to a source of e. m. f. through 
a resistance (in excess of a certain ‘‘critical resistance”), 
the lamp will light and re-light at definite frequency. 
This frequency may be varied through a wide range by 
varying the resistance and capacitance of the circuit. 
The gas-discharge lamp acts as a synchronous electric 
valve, performing the functions of a synchronous 
mechanical switch. Due to its nature, it may be re- 
ferred to as the ‘‘corona valve.” 

Many theoretical and experimental studies (see 
bibliography) have been made of this phenomenon. 
Suffice it to say that the oscillation frequency is under 
control by adjustment of resistance and capacitance, 
the maximum frequency being obtained by reducing 
capacitance—including the capacitance of all circuit 
connections—to a minimum. Capacitance may be 
obtained by means of condensers in parallel with the 
corona valve or in parallel with a series resistance. 

While the oscillating circuit can be adjusted for audio, 
commercial, and lower frequencies, frequencies much 
higher than audio-frequencies are not readily obtain- 
able with usual apparatus. A frequency of 95,000, 
however, is reported by Oschwald and Tarrant, using a 
resonant circuit; but resonance tends to produce a 
sine-wave oscillation rather than the straight saw- 
toothed wave required for a true linear time-axis, 
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and is to be avoided in an oscilloscope in which accurate 
reproduction of wave-form is sought. On the other 
hand, low frequencies, of, say, one every minute or, 
indeed, every hour, are obtainable and there is no 
obvious reason why with sufficient capacitance, (and 
patience), one could not reduce the lower limit almost 
indefinitely, if there were any object in so doing. 


OSCILLATING CIRCUIT 
Circuit connections for obtaining a linear time-axis, 
are shown in Fig. 3. In the resistance circuit A P C, 
connected to the battery A B C, is inserted the corona 
valve V, which, either alone or with supplemental 
condensers in parallel with it, has a capacitance c, 
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and a potential difference v = q/c. The corona valve 
passes no current, acting as an open switch, until. the 
potential difference between its terminals, as charge 
accumulates, reaches the ignition voltage. Current 
then flows and the potential difference drops until 
extinction voltage is reached; the current then stops, 
the potential difference again builds up and the cycle 
is repeated. 

Fig. 4 shows the variation in the difference of 
potential between a point P in the resistance circuit 
and a point of reference B of fixed potential. Thecurve 
of potential-rise is exponential, as shown by the dotted 
curve. By using only a short element of this curve, the 
rising part of the saw-toothed curve is sufficiently 
straight to give the desired linear time-variation, when 
P and B are connected directly or through an amplifier 
to the deflecting elements of the oscillograph. Other 
points, as P’ and B’, giveasimilar but smaller variation, 
the amplitude of the time variation being capable of 
adjustment in this manner. The short, falling part 
of the saw-tooth curve, corresponding to the brief 
interval during which current is flowing through the 
corona valve, is so rapid that the spot of light on the 


oscilloscope screen shows only a negligible trace as it. 


sweeps back to repeat the cycle. 

Fig. 5 shows the connections for operating the os- 
cillating circuit when a thermionic tube W replaces part 
or all of the resistance in series with the corona valve. 
A constant current through W, when operated above 
saturation, gives a uniform increase in v during the 
rising part of the saw-tooth curve, and so assures a 
linear time-axis. 

Connections are likewise shown in Fig. 5 for operating 
the oscillating circuit when resistors, supplied with di- 
rect current from a generator or battery eliminator, are 
used in place of batteries. The same resistor system 
may supply the accelerating potential for the cathode- 
ray tube as well as any voltages that may be needed 
for bias or for the vertical or horizontal displacement 
of the cathode-ray beam. Operation with such a 
resistor system is very convenient, giving a nicety of 
adjustment not possible with batteries, provided pre- 
cautions are taken to design the circuits, (including the 
circuits of a battery eliminator, if used), so that the 
several adjustments are sufficiently independent. The 
use of more than one eliminator would, of course, 
obviate the difficulty, but a single eliminator, properly 
compensated and designed for the purpose, will suffice. 
After the use of such an eliminator, batteries seem 
cumbersome and are a source of error when they do not 
give just the proper voltage. When a generator supply 
is used, commutator ripples may be filtered out, if 
necessary. 

STABILIZING 

In order that the curves shown by the oscilloscope 
may be stationary, it is necessary first to synchronize 
and then to stabilize the oscillating circuit; that 1s, 
the frequency of the oscillating circuit is first so adjusted 
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that the cathode beam sweeps back once every half 
cycle, or some multiple of it, of the varying quantity 
under observation, and is then locked in step and so 
stabilized. As an automobile engine. is first synchro- 
nized and then thrown into a particular gear, the os- 
cillating circuit is synchronized and then thrown into 
the desired gear, electrically, so the curve shown 
includes one or more cycles, or half cycles, of the 
quantity observed, as may be desired. Without being 
thus stabilized, the curves are liable to move and make 
observation difficult. 

Stabilization may be effected in various ways, the 
simplest method being by introducing into the oscillat- 
ing circuit a very small e. m. f. of the same frequency 
as the circuit under observation. This may occur in a 
way that is casual and uncontrolled (whether by 
accident or design), through leakage or induction; 
thus, under certain conditions, we found that curves 
stood still when the operator merely raised his hand 


‘as though warning an animate being. Such stabilizing 


was promising and fascinating. Casual stabilizing, 
however, produces distortion; for, unless the stabilizing 
e. m. f. is controlled, some of it will affect the oscillo- 
graph circuit. To avoid distortion, stabilizing must be 
definitive, and the e. m. f., whether introduced conduc- 
tively or inductively, so localized and controlled as not 
to affect the oscillograph. Thus, without attempting to 
discuss all possible methods of stabilizing, it is obvious 
that the distortion produced by the introduction of an 
e. m. f. at J D, (Fig. 5), while appreciable, would be far 
less than if the e. m. f. were introduced at PB. The 
authors have found that, for the apparatus employed, it 
is possible to obtain a definitive stabilization without 
distortion and with an amount of energy so small that 
the disturbance to the circuit under test, even when it is 
very sensitive, is practically negligible. 

The oscillating circuit may be brought to the proper 
frequency and then stabilized so as to show a single 
cycle or half cycle; or it may be brought to a lower 
frequency, (whereby more time is taken for the spot to 
sweep across the screen along the time-axis) so that 
several cycles or half cycles are shown. In observing 
60-cycle phenomena, the oscillating frequency may, 
for example, be stabilized at 30,15, 10, or 5 cycles, with, 
however, a decrease in stability. In this way, for the 
same phenomenon, different gear ratios may be used 
and curves as shown in Fig. 6 be obtained. 


ZERO LINE 
Curves are ordinarily superposed, as in Fig. 7, either 
with or without a zero line. A zero line is obtained by a 
short-circuiting connection between Yo and Y,, Y», Y,, 
or Y, in Fig. 2. 
DISPLACEMENT 


A curve may be displaced (raised or lowered) with 
respect to the others by interposing a battery, or other 
source of d-c. voltage, between it and the common 
terminal Yo. Several curves may be so displaced, 


ee G en D E o SE, 


May 1927 BEDELL AND REICH: THE OSCILLOSCOPE 549 


up or down, by varyıng amounts, depending upon the 
voltage and polarity of the battery. 

A displaced zero line is similarly obtained by using a 
battery instead of a short-circuiting connection referred 
to above. Two zero lines may be used, one displaced 
with respect to the other, as in Fig. 8. 

When a resistor system as shown in Fig. 5 is used for 


Fig. 6—STaBiLizING witH GEAR Ratios W, 1, 14, ann 2 


supplying accelerating potential to the cathode tube, dis- 
placement without batteries may be obtained by connect- 
ing the unknown not to Y» (and so to some point as 
D on the resistor) but to D’ or D” displaced therefrom. 


USES 


The oscilloscope may be used not only in the varied 
fields of investigation in which the vibrating mirror or 
cathode-ray oscillograph is used but, on account of the 
characteristics here described, in additional fields as 
well. The stability of the linear time-axis, together 
with the multiple use of the oscilloscope by means of 
the polycyclic distributor, at once opens the way to 
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many varied applications. With the oscillating circuit 
switched off, the instrument becomes available for all 
the uses of a cathode-ray oscillograph in the usual 
manner. The stabilized linear time-axis is an added 
feature extending its usefulness. 

On the other hand, the oscillating circuit may be 
used independently as a convenient source of current 
of controllable frequency. An ammeter in circuit may 
be used to indicate the frequency. A loud speaker 
connected through an amplifier becomes a source of 
sound of controllable, known pitch. 


Although not limited to any one type of cathode-ray 
tube, a well-known low-voltage tube described by 
Johnson (Journal Opt. Soc., 6, 701, 1922) has been 
found well adapted for the oscilloscope and arrange- 
ments have been made for its use. 

The principles of operation of the oscilloscope are 
simple. Practically, we have found that, in order to 
avoid error due to leakage or induction, many details 
though simple in principle are perplexing in execution, 
particularly when we are not seeking an elaborate 
laboratory equipment, limited in use on account of its 
scattered complexity, but an assembled, self-contained 
instrument, simple in operation and readily portable. 
Its availability adds materially to its usefulness. 
The senior author desires to express his appreciation of 
the assistance rendered by his colleague in the develop- 
ment and construction of the finished instrument. 


Bibliography 
Gas DISCHARGE LAMPs 
. Appleton and Barnett, Proc. Camb. Phil. Soc., 22, 434, 1924. 
von Baeyer and Kutzner, Zeitsch. f. Physik., 21, 46, 1924. 
Bailey, A., Phys. Rev., (2), 25, 585, 1925. 
Bartlett, A. C., Jour. Se. Inst., 1, 281, 1924. 


Child, C. D., ‘The Electric Are, Van ‘Nostrand Co., New 
York, 1913, with copious references. 


6. Geffken, H., Physik. Zeitsch., 26, 241, 1925. 
7. Ghose, B. N., Phys. Rev., (2), 25, 66, 1925. 


7a. Gutton, Mitra, and Ylostalo, Jour. de Physique, 4, 
420, 1923. 


8. Karrer and Poritsky, Jour. Opt. Soc. of Am., 9, 323, 1924. 
9. Klein, E., Phys. Rev., (2), 29, 610, 1927. 

10. Klein and Rouse, Jour. Am. Opt. Soc., 14, 274, 1927. 

11-12. Kipping, N. V., Electrical Communication, 3, July, 
1924. Proc. Phys. Soe., Lond., 37, 265, 1925. 

13. MacGregor-Morris, Dowty and Privet, Lond. Elect., 
89, 626, 1922. 

14. Mauz and Seeliger, Physik. Zeitsch., 26, 47, 1925. 

15. Oschwald and Tarrant, Proc. Phys. Soc., Lond., 36, 241 
and 262, 1924. 

16. Palm, A., Zeitsch. f. tech. Phy., 4, 233, 1923. 

17. Penning F M., Physik. Zeitsch., 27, 187, 1926. 

18. Pearson and ‘Anson: Proc. Phys. Soc., Lond., 34, 175 and 
204, 1922. 

19. Porter and Prideaux, Gen. Elect. Rev., 30, 149, 1927. 

20. ‘Reiche, E., Ann. d. Phys., 52, 8, 1917. 

21. Robinson, E. H., Experimental Wireless, 1, 1, 1923. 

22. Ryde, J. W., Nature, 112, 944, 1923. 

23. Schroeter and Vieweg, Arch. f. Elektrot., 12, 358, 1923. 

24. Sellerio, A., L’Elettrotecnia, 12, 881, 1925. 

25. Shaxby and Evans, Proc. Phys. Soe., Lond., 36, 253, 1924. 

26. Shering and Vieweg, Zeitsch. f. I nstrumentenkunde, 40, 
139, 1920. 

27. Skaupy, F., Zeitsch. f. tech. Physik., 3, 61, 1922. 

28-9. Taylor, J., Jour. Se. Inst., 4, 78, 1926. Philos. Mag., 
3, 368 and 753, 1927; Experimental Wireless, 3, 762, 1926. 

30-3. Taylor and Clarkson, Jour. Se. Inst., 1,173, 1924. Proc. 
Phy. Soc., Lond., 36, 269, 1924. Phil. Mag., 49, 336, 1925. 
Proc. Phys. Soc., Lond., 37, 130, 1925. 

34-5. Taylor and Sayee, Phil. Mag., 50, 916, 1925. Jour. 
Se. Inst., 2, 289, 1925. 

36-7. Taylor and Stephenson, Jour. Se. Inst., 2, 50, 1925. 
Phil. Mag., 49, 1081, 1925. 

38. Watson, H. E., Proc. Camb. Phil. Soc., 17, 90, 1912. 

39. Watt and Appleton, Proc. Royal Soc., (A) 103, 84, 1923. 

40-1. Valle, G., Physik. Zeitsch., 26, 495, 1925. Phys 
Zeitsch., 27, 473, 1926 (with 93 references). 


re Pw 


550 


Discussion 


K. B. McEachron: It seems to me that the material in 
this paper will be of considerable value to all of us who are in- 
terested in the study of recurrent phenomena of a character that 
requires a measuring device which takes little or no energy from 
the circuit. 

The paper describes a very interesting and ingenious scheme 
for securing two or three sets of measurements all on the screen 
at the same time by the use of the distributor. Also, a method 
is given for getting a linear time axis by the use of the so-called 
Schroeter valve which I believe is perhaps better known abroad 
than in this country. | 

I do want to say something, however, regarding the statement 
made in the first few paragraphs of this paper with reference to 
linear time axes of other investigators and to say something about 
the work which we have been doing ourselves along that line. 

Some two years ago! Mr. Wade and myself showed a group 
of cathode-ray oscillograms having a linear time axis. 

It is well known that for a few degrees either side of zero, 
the current of a sine wave will vary directly with the time and 
the linear time axis shown in the paper referred to was obtained 
by using such a portion of a sine wave of current in the oscillo- 
graph deflecting coils. Thus when the current is zero the electron 
stream impinges on the middle of the photographic film, the 
synchronous switch usually being so arranged that the unknown 
transient occurs at this moment. 

For taking volt-ampere curves, it has been necessary to develop 
a special form of motion in which the spot moves at a uniform 
rate to the middle of the film where it undergoes deflection by 
reason of the transient being studied and then resumes its uni- 
form motion, thus carrying the spot off the film. 

For transients of very short duration it is necessary to use as & 
time scale a high-frequency wave which gives an approximately 
linear axis only near the middle of the film. With such a time 
scale either end is very much condensed. 

It should be remembered that the oscillograph which is used 
by Professor Bedell and Mr. Reich is quite different from that 
used by ourselves, since the transients we study occur but once, 
while with the oscilloscope they must necessarily be recurrent to 
obtain satisfactory records. For our work it is necessary to 
place the photographic film within the vacuum chamber which is 
not necessary with the oscilloscope. 

P. A. Borden: What I have to say in discussing Professor 
Bedell’s paper on the oscilloscope may appear irrelevant; but I 
take this opportunity to press the plea that I have always put 
forward for better standardization in engineering nomenclature. 

In this connection I want to call attention to the word ‘‘oscil- 
loscope.” There was a device produced in England a few years 
ago by a Mr. Elverson, designed for visualizing the movements 
of rapidly oscillating mechanisms. It is purely mechanical and 
optical in its nature and is now generally known as the Elverson 
oscilloscope. Now Professor Bedell shows us a new and valuable 
application of the cathode-ray oscillograph, which has been 
styled the ‘‘oscillosecope:’’ and while on a basis of technical 
exactitude, his right to use this term would appear to be quite as 
great as that of Mr. Elverson, I cannot but feel that this double 
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use of the term does not serve to clarify our technical nomen- 
clature. I am of the opinion that we need among our standards 
committees some ‘‘inter-technical’’ body which will endeavor to 
oversee the naming of new developments in different branches of 
science and thus prevent such overlapping as I have cited, 
without the formality of having terms registered in the Patent 
Office. | 


H. M. Turner: Professor Bedell explained how it is possible 
by means of a distributor to observe on the screen of the cathode- 
ray oscillograph several curves at the same time. I have ob- 
tained a similar result with considerable success by using a 
device called the transient visualizer which was described in the 
A. I. E. E. Journat of June, 1924, which permits photographic 
records to be made of certain types of phenomena as well as 
visual observations on the cathode-ray oscillograph. 

By means of the transient visualizer associated with the 
General Electric oscillograph we have taken as many as twelve 
separate exposures on a single film which makes it convenient 
for comparing curves taken under different conditions. 


C= 100 L=15h 
C+£50 S55 
cao 


F. Bedell: I wish to express my keen appreciation of the 
wonderful work done by Mr. McEachron and others in this 
country and by various workers in Europe in developing so 
successfully that type of cathode-ray oscillograph wherein a 
photographic plate is placed inside the cathode tube, so that the 
cathode rays impinge directly upon it. I admire the skill and 
patience of those who have done this work. In the hands of an 
expert, if expenditure of time and money be neglected, certain 
results can be thus obtained that can be obtained in no other 
way. Our object, however, has been to develop a simple in- 
strument, fool-proof and portable, useful even for the man in 
the street with limited time and limited money, who wishes an 
instrument he can take where he will, as he would a voltmeter, 
observe the wave-form and get immediate results. He wants 
the results then and there, and does not want to wait until 
next week. 

I am quite in sympatby with the desirability of uniformity 
in nomenclature. The oscilloscope is for viewing oscillations: 
the name is both descriptive and correct. If, as Mr. Borden 
points out, an instrument for viewing oscillations has already 
been termed an oscilloscope, all the more reason for retaining 
the name when a new instrument, even though operating on a 
different principle, is developed for performing this function. 

Prof. Turner’s remarks emphasize the desirability of visualiz- 
ing several curves simultaneously. 
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Sensitivity Characteristics of a Low-Frequency 
Bridge Network for Locating Opens in Telephone Circuits 


BY P. G. EDWARDS: 


Associate, A. I. E. E. 


Synopsis.—The problem of locating opens in telephone cable 
conductors involves the determination of impedances. A study 
has been made of the degree of accuracy and sensitivity obtainable 
in impedance measurements with different frequencies of supply 
voltage. For long cables the input impedance is a hyperbolic 
rather than linear function of the characteristic impedance. The 
error in impedance measurement arising from this functional 
departure proves to be least for the lower frequencies. On the 
other hand, the bridge sensitivity is improved by somewhat higher 
frequencies. | 

A mathematical and experimental analysis of the sensitivity 
of impedance measurements in cable fault location by means of a 


N analysis of the variation of sensitivity with 
change in frequency has been coordinated with a 
study of the characteristic variation of errors 

with frequency changes. These studies were made prim- 
arily for the purpose of selecting a suitable frequency 
of testing potential for a more sensitive, accurate, and 
reliable method of impedance measurement for locating 
opens in the conductors of telephone cables. The 
characteristics of these errors and the nature of the 
impedance measurements are discussed only as an 
illustration of the method in which a frequency of 
testing potential was selected to giveasuitablesensitiv- 
ity as well as to reduce certain errors which vary 
with frequency. 


An indication of the location of an open is given by 
the ratio between an impedance measurement made on 
the faulty wire and a similar impedance measurement 
made on a good wire of similar characteristics which 
follows the same route as the faulty wire. For short 
cables, the impedance measured to ground may be 
regarded as identical with the capacitance component 
of the impedance to ground, but as the length of cable 
increases, the input impedance can no longer be regarded 
as equivalent to the capacitance component of this 
impedance because the input impedance is not pro- 
portional to the capacitance but may be expressed as a 
hyperbolic function, 

Zi. = Zo coth P L (1) 
where Z, is the characteristic impedance of the line, P 
is the propagation constant, and L is the length. 

A calculation of this hyperbolic deviation or error 
for different frequencies of testing potential showed that 
this error decreased with frequency as indicated by the 
curve of Fig. 1. To minimize this error, the optimum 
value of frequency obviously should be zero. But the 
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de Sauty bridge indicates the desirability of using frequencies of the 
order of four cycles. The sensitivity is further increased by con- 
trolling the phase of the field excitation of the bridge galvanometer. 
This improved open location method and equipment are suf- 
ficiently accurate that in practically all cases a fault in a 60-mile 
length of cable may be located within a maximum variation of plus or 
minus one-half the length of a cable section (a section is the length of 
cable between splices—about 750 ft.), and therefore enables one to 
select, prior to the opening of the cable, one or the other of the two 
splices between which the fault lies. This degree of accuracy is very 


desirable for practical reasons. 
* * + * + 


sensitivity of a capacitance bridge network is zero at 
zero frequency. The problem, then, was one of 
selecting a frequency which would be low enough to 
make the hyperbolic errors negligible for all types of 
conductors and at the same time provide a sensitivity 
which would be sufficient to permit an accurate balance 
of a bridge. From this standpoint, it may be observed 
that for a decreasing frequency of testing potential, 
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Fic. 1—TuHe Maxime HYPERBOLIC ERROR FOR VARIOUS 


FREQUENCIES OF TESTING POTENTIAL 


the maximum rate of decrease of hyperbolic error is 
evident in the neighborhood of four cycles, as shown 
by Fig. 1. It was shown by a computation of the 
hyperbolic errors of measurements made on the maxi- 
mum length of conductors that these errors at four 
cycles might be neglected as being within the required 
accuracy of the method. Hence, a computation of the 
frequency sensitivity characteristics of a bridge net- 
work appeared to be the next step in the selection of a 
suitable frequency of testing potential. 
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The sensitivities for several frequencies of testing 
potential were computed for a modified form of the 
de Sauty bridge. In this impedance bridge network, 
shown in Fig. 2, a very sensitive electrodynomameter, 
or a galvanometer equipped with an electromagnetic 
field, was used as a detector. 
balance in this impedance bridge network is 


Fig. 


e E represents the low-frequency source, and Rp a protective resistance. 
The rheostat R and the 1000-ohm resistance may be regarded as the 
ratio arms of the bridge. The impedance of the line is represented by 
ZL, a resistance and capacitance in series. The rheostat r is used in balanc- 
ing the resistance component of the line impedance, so that the impedance 
angle of Zs will equal the impedance angle of Z:.. 


2— BRIDGE USED IN THE LOCATION oF OPENS 


RZ. = 1000 Zs 

or 
R (a — ïj b) = 1000 (r — f X»). 

Collecting reals and imaginaries, 

Ra = 1000r 
and 

Rb = 1000 X» 

If measurements R, rı and R, re are made on the 

bad and good wires, respectively, 


R, a, = 1000 Ti 
and 
Ra, = 1000 7; 
also 
R, b, = 1000 Xn 
and 
R: bo == 1000 X 3, 
R, b, = R: be, 
or 
R, b: 
R: b 


Yet the design of a suitable bridge is not concerned 
alone with balanced condition, but rather with the 
sensitivity and ease of balance with slight unbalances 
present. An indication of the probable sensitivity is 
afforded by a complete solution of the bridge network 
to determine the phase and magnitude ofthe galvanom- 
eter unbalance current with respect to the impressed 
voltage. The following determination of the galvanom- 
eter unbalance current was obtained by an application of 
Kirchoff’s law to the bridge network shown in Fig. 3. 


The condition for 
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ta Zi — 1325 — (tı — t)z = 0 
(42 + t3) Z2 — (ti — Ta — 13) Zs +132, = 0 
(tı — i2) Za + (ti — t2 — 43) Z3 + iiz = E 
After collecting current coefficients determinants 
are used in obtaining an expression for the unbalance 
current 1;, which is given by equation (2). 
Collecting coefficients: 
— 41 24 + ts (21 + 24) — 1325 = 0 
— 4123 + t: (Z2 + Zs) + îs (22 + 23 + 25) = 0 
Tı (Zs + Za + Z6) — 2 (Z3 + 24) — i: 23 = E 


Solving by determinants for îs: 
O (2, + 2) — 24 
(Z2 + 23) — 23 
Baad — (Zs +24) (Zs + 2% + Ze) 
aa — 25 (zı + 24) — 2, 
(Z2 + 23 + 2s) (Z: + 23) — 23 
— 23 — (23 + 24) (23 + 2 + 2) 
E = 
Da (Zs a: 2, 2s) (2) 


where A is the denominator of the above determinant. 
Since the condition for balance is 


2123 = 22% 


Fia. 3 


we have, using the notation of Fig. 2, 
1000 (r — J} Xs) = R (a — 7b) 

and, equating reals and imaginaries, 

1000r =aR (3) 

1000 Xs =b R (4) 
This impedance bridge can be balanced in two ways: 
by varying r and Xs, keeping R constant, or by varying 
R and r, keeping Xs constant; see Fig. 2. The effect 
is essentially the same in either case. When R is 
varied instead of Xs, the only difference is that the 
balance of the bridge is disturbed for both the real 
and imaginary components. This fact necessitates a 
correction of r each time R is changed in securing a 
balance of b against Xs. If Xs is varied, the balances 
of r against a and Xs against b are independent func- 
tions. In practise, it is easier to vary R and keep Xs 
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constant, but for the purpose of theoretical discussion, 
it lends clarity to consider X» to be variable from the 
condition of balance. 

From equation (1) above, the impedances of different 
lengths of line may be computed. A number of impe- 
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Fic. 4— CHARACTERISTICS OF THE RESISTANCE COMPONENT 
AND CAPACITANCE COMPONENT OF THE IMPEDANCE OF LENGTHS 
19-GaGE, Non-LoapED CABLE 


- dance values representing different lengths of 19-gage, 
non-loaded cable up to 60 mi., at three frequencies, viz., 
20, 8, and 4 cycles, was selected, and the condition of 
balance of the impedance bridge calculated for each case 
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Angle between unbalance current and bridge voltage 


Fig. 5—Tue VARIATION OF THE ANGLE BETWEEN THE 
BRIDGE VOLTAGE AND THE UNBALANCE CURRENT FOR THE 
REACTANCE COMPONENT AND RESISTANCE COMPONENT OF Non- 
LoaDEp 19-GaGe CABLE IN LENGTHS VARYING FROM ZERO TO 
Sixty MILES 


The curves represent characteristics for frequencies of four, eight, and 
twenty cycles 


from equations (3) and (4). Curves of these im- 
pedances are shown in Fig. 4, where the reactances 
and resistances at the three chosen frequencies are 
plotted. 

Since the sensitivity of the bridge network should 
be a maximum when the unbalance is small, 7. e., when 
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a balance is about to be secured, this condition is the 
one with which the sensitivity calculation is concerned. 
The capacitance X» of the bridge network was assumed 
to vary 10 per cent from the condition of balance and 
the galvanometer unbalance current, 73, was then — 
calculated from equation (2) for each length of line at 
each frequency. Both the magnitude and phase angle 
were found. Similarly, the resistance r was assumed 
to vary 10 per cent from the condition of balance, Xs 
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Fie. 6—MAGNITUDE OF THE UNBALANCE CURRENT FOR 
MEASUREMENTS, ON THE IMPEDANCE OF NON-LOADED 19-G AGE 
CABLE, AT FREQUENCIES OF Four, E1Gut, anb TWENTY CYCLES 
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Fie. 7—SeEnsITIVITY TO UNBALANCE FOR THE BRIDGE 
NETWORK FOR IMPEDANCE MEASUREMENTS ON LENTHS OF Non- 
LoaDED 19-GacGE CABLE 


These curves represent sensitivities for frequencies of testing protential 
of four, eight, and twenty cycles 


remaining balanced, and another set of galvanometer 
unbalance currents was determined. Such calculations 
are particularly tedious, involving successive additions 
and subtractions, multiplications and divisions of 
complex quantities. The results of these calculations 
are shown in Figs. 5, 6, and7. Figure 5represents the 
variation in phase angle of the current 7; with respect 
to the bridge potential, Fig. 6 the magnitude 7;, and Fig. 
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7 the relative sensitivities obtained with different 
frequencies and different lengths of line. These 
sensitivities are proportional to t, Fig. 6, and to the 
cosine of the angle between t, and the field current of 
the a-c. galvanometer. In the calculation of the curves 
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UNBALANCE CURRENT AND BRIDGE VOLTAGE FOR UNBALANCE 
IN THE CAPACITANCE COMPONENT R AND FOR UNBALANCE IN 
THE RESISTANCE COMPONENT r OF THE IMPEDANCE OF NON- 
LoapEp 19-GaGgEe CaBLe. TESTING POTENTIAL oF 4-CYCLES 


Angle between Unbalance current and bridge Voltage 


of Fig. 7, the field current of the galvanometer was 
assumed to be in phase with the bridge potential for the 
case of an unbalance in r, and leading the bridge poten- 
tial by 90 deg. for the case of an unbalance in X». 
Referring to Fig. 5, it is seen that for short lengths 
of line the unbalance current caused by unbalancing 
r is almost in phase with the voltage, while the un- 
balance current due to unbalancing Xn» leads the voltage 
by approximately 90 deg. As the length of line in- 
creases, the phase angles tend to lag from these posi- 
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Fic. 9—CALCULATED MAGNITUDE OF THE UNBALANCE 
CURRENT FOR UNBALANCE IN THE CAPACITANCE COMPONENT 
R AND UNBALANCE IN THUE RESISTANCE COMPONENT r OF THE 
IMPEDANCE OF NoON-LOADED  19-GAGE CABLE. TESTING 
POTENTIAL 4-CycLeEs 


tions, due to the effect of the convergent variation of 
the resistive and reactive components of the line 
impedance; that is, the resistance increases and the 
reactance decreases with increase in length of line. 
This lag is greater for the higher frequencies. The 


total variation for 60 mi. of cable measured at 20 cycles 
is practically 90 deg., which means that for a given 
field current the sensitivity using 20 cycles must ap- 
proach zero with some length of line between zero and 
60 mi. This condition is illustrated in Fig. 7 where 
the sensitivity for 20 cycles is a maximum at 20 to 30 
mi., but falls rapidly toward zero at the longer lengths 


of line. With the lower frequencies and the setting of 
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Fic. 10—CALCULATED SENSITIVITY OF THE BRIDGE aT FOUR 
CycLes ON a S0-MILE LENGTH oF Non-LOADED, 19-GAGE 
CABLE 

Sensitivities for unbalance in the component: 

I. R with the phase of testing potential applied for balancing K 

IT. R with the phase of testing potential applied for balancing r 


III. pr with the phase of testing potential applied for balancing r 
IV. r with the phase of testing potential applied for balancing R 
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Fic. 11—CALCULATED SENSITIVITY FOR LENGTHS OF NON- 
LoapED 19-GAGE CONDUCTOR USING THE IMPEDANCE BRIDGE 
ARRANGEMENT WHICH GAVE THE MaximuM SENSITIVITY FOR 
CURVE [Tin Fig. 11 


0 10 


Sensitivity for unbalance in the component: 

I. R with the phase of testing potential applied for balancing R 
IT. r with the phase of testing potential applied for balancing r 
Ill R with the phase of testing potential applied for balancing r 
IV. r with the phase of testing potential applied for balancing 7t 


field current used, the general effect is an increase in 
sensitivity as the length of line increases, and a decrease 
in sensitivity with decrease in frequency. This decrease 
is due to the decrease in reactance with increase in 
length of line; see Fig. 4. 

It would appear that provision should be made for 
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shifting the phase of the field current through 90 deg., 
its two positions being respectively in phase with the 
bridge potential and 90 deg. leading. Thus the two 
components, r and X», could be balanced independently 
except for the shift in phase with different line lengths. 
This phase shift is small with a frequency of testing 
potential of four cycles. 

A frequency of four cycles was selected as the optimum 
as regards the size of hyperbolic error discussed above, 


Circuir SHOWING 


BRIDGE 
ARRANGEMENT USED IN APPLYING 4-CYCLE TESTING POTENTIALS 
IN QUADRATURE 


Fig. 12—IMPEDANCE THE 


the sensitivity available, and the amount of phase 
shift with increase in length of line. The sensitivity 
at four cycles has the advantage of being sufficient 
but not excessive. To a large extent, the condition of 
phase shift, with increase in length of line, governs the 
ease of securing a balance over the range of linelengths. 
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Fig. 13—OBsERVED GALVANOMETER SENSITIVITIES WHICH 
ARE COMPARABLE TO THE CALULATED SENSITIVITIES OF Fig. 11 

Sensitivity for unbalance in the component: 

I. R with the phase of testing potential applied for balancing R 

II. R with the phase of testing potential applied for balancing r 

III. pr with the phase of testing potential applied for balancing r 

IV. r with the phase of testing potential applied for balancing R 
The ideal arrangement would be one in which the field 
current could always be placed in phase with the com- 
ponent of the bridge unbalance current it was desired 
to eliminate. Such a quality is not characteristic of 
the type of bridge used; however, a desirable approxi- 
mation of such an arrangement is obtained when a 
four-cycle frequency of testing potential is used. 

In order to check the assumption stated above, that 
the bridge could also be balanced by keeping Xs 
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constant and varying R and r, without materially 
changing the conditions of balance, another set of 
galvanometer unbalance currents was calculated with 
Xs constant and R and r varied respectively 10 per 
cent from the condition of balance. The chosen fre- 
quency of four cycles was used in this calculation. 
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Fic. 14—OBsSERVED GALVANOMETER SENSITIVITIES WHICH 
ARE COMPARABLE TO THE CALCULATED SENSITIVITIES OF F 1G. 17 


Sensitivity for unbalance in the component: 

I. R with the phase of testing potential applied for balancing R 
II. r with the phase of testing potential applied for balancing r 
III. R with the phase of testing potential applied for balancing r 
IV. r with the phase of testing potential applied for balancing R 


These curves of phase angle and current magnitude are 
shown in Figs. 8 and 9, and correspond to those shown 
in Figs. 5 and 6, calculated by the other method. 

Since R increases with increase in length of line, the 
sensitivity per ohm change in R will be better through- 
out the range of lengths if the sensitivity for a given 
change in R is a maximum when R is a maximum. 


Fic. 15—[MPEDANCE BRIDGE CIRCUIT SHOWING A SIMPLIFIED 
ARRANGEMENT EMPLOYING 20-CYCLES as A SOURCE OF TESTING 
POTENTIAL WITH AN APPROXIMATE METHOD OF SHIFTING PHASE 


Taking 50 mi. as the average total length of line, and 
assuming two bridge potentials 90 deg. apart, a set of 
sensitivity curves was calculated for this length of 
line, the phase of the field potential being varied on 
either side of the bridge testing potential. The lag of 
the field current from the field voltage calculated from 
the field inductance and resistance was found to be 
about 40 deg. The resulting sensitivity curves are 
shown in Fig. 10, and these indicate a maximum sensi- 
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tivity for R and r with the field potential in phase 
with the potential used to balance r. 

With the assumed conditions as determined by this 
calculation, viz., two bridge potentials 90 deg. apart and 
a field current lagging one bridge potential 40 deg., a 
complete set of sensitivity curves was calculated for 
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Fic. 16—OBSERVED GALVANOMETER SENSITIVITIES FOR A 


20-CycLE FREQUENCY OF TESTING POTENTIAL. THESE CURVES 
ARE COMPARABLE WITH THE 4-CycLe Curves oF Fia. 14 

Sensitivities for unbalance in the component; 

I. R with the phase of testing potential applied for balancing R 

II. r with the phase of testing potential applied for balancing r 

III. R with the phase of testing potential applied for balancing r 

IV. r with the phase of testing potential applied tor balancing R 
different lengths of line from zero to 80 mi. These are 
shown in Fig. 11. It should be noted that the sensitiv- 
ity for detecting an unbalance in R isa maximum at 
the desired length of 50 mi. The sensitivity for an 
unbalance in r is low at the shorter lengths of line, but 
increases as the length of line increases. It may be 
noted that in both Figs. 10 and 11 the sensitivity curve 
for changes in R passes through zero when the testing 
potential is applied for balancing r. Likewise, the 


Fig. 17—CommMmercraAL Design OF Moror-DrRIvVEN COMMU- 


TATOR WHICH IS USED TO SUPPLY 4-CYCLE ALTERNATING POTEN- 


TIALS FOR THE IMPEDANCE BRIDGE 


sensitivity curve for changes in r passes through zero 
when the testing potential is applied for balancing R. 
This point is where the field current and galvanometer 
unbalance current are 90 deg. out of phase. Naturally, 
this point coincides with the point of maximum sensi- 
tivity for the normal potential arrangement. As 
stated above, it would be ideal if these “‘reverse sensi- 
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tivities” could be zero and the “true sensitivities” 
could be maximum throughout the entire range of 
lengths. Reference to Fig. 11 will show that the 
reverse sensitivity for r is practically zero throughout 
the range of lengths. This fact in itself is significant. 
Assuming r to be set on zero, R could be varied to 


1S—4-CYcLE eae FORN COMMUTATOR WITH ASSO- 
CIATED EQUIPMENT 


Fic. 


secure an approximate balance, using the proper testing 
potential. This balance would be fairly accurate since 
the reverse sensitivity for r is quite low throughout. 
Shifting bridge potentials 90 deg., r could be adjusted 
almost to the proper point since R is practically correct. 
The balance of R and r can then be refined as often as 
is necessary to secure a perfect balance. Since r is not 
used in any calculation, and since its effect on R is small 
once an approximate balance of R and r is obtained, 
the need for an accurate balance of r is small. 


Fig. 19—PANEL ASSEMBLY OF THE IMPEDANCE BRIDGE 


A series of observations made with experimental 


apparatus arranged as shown in Fig. 12 gave the sensi- 
tivity curves shown in Figs. 13 and 14. The observed 
sensitivity characteristics shown by these curves agree 


Neer i a a 
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A simplified arrangement for use in certain types of 
measurement not requiring the accuracy afforded by the 
four-cycle arrangement of Fig. 12 is shown in Fig. 15. 
A 20-cycle ringing generator is used as a source of single- 
phase testing potential. Phase shifting is accom- 
plished byy the insertion of a high resistance, P S, in 
series with the bridge supply. This affords a consider- 
able shift of phase which is not, however, 90 deg., 
nor is it constant. A transformer is provided for 
changing the potential when desirable and to afford a 
non-grounded source of potential in the measurement 
of mutual capacitances. The 20-cycle generator is 
normally grounded. 

Observed sensitivity curves for this arrangement of 
20-cycle equipment are given in Fig. 16. It will be seen 
that these sensitivities are considerably higher in value 
than for the four-cycle arrangement because the reac- 
tance of a given length of line is less at 20 cycles than at 
4 cycles. The range is less with 20 cycles due to the 
fact that the phase of the galvanometer moving coil 
current, with respect to the testing potential, changes 
much more rapidly at 20 cycles than at 4 cycles. Thus 
the range of line length is lower, unless provision is made 
for shifting the galvanometer field current. The maxi- 


mum length of line is limited also by the allowable 


value of the hyperbolic error. The hyperbolic errors 
obtained with measurements made at 20 cycles on these 
short lengths of line are about the same as those ob- 
tained in the measurements made at 4 cycles on the 
longer lengths of line. 

In general, the frequency of testing potential of four 
cycles affords a balance more quickly and easily than 
does the 20-cycle arrangement. This is because the 
phase shift with four cycles is exactly 90 deg. while that 
obtainable with the simplified 20-cycle arrangement is 
necessarily an approximation, and does not lend itself 
to regulation either in regard to phase shift or relative 
position of field current. With four cycles, these 
relations are more or less flexible and can be adjusted 
to afford characteristics tending toward an optimum 
condition. l 

After having completed an analysis of the problem 
and demonstrated the practicability of the proposed 
. methods, it remained to develop applications of these 
methods for practical use. Equipment was designed to 
develop a low-frequency source of alternating potential 
by reversing a testing battery. The device developed 
for this purpose is a four-cycle, motor-driven commu- 
tator shown in Fig. 17. The assembly of the four-cycle 
commutator with associated apparatus is shown in 
Fig. 18. 

The galvanometer and the equipment required in the 
modified form of the de Sauty bridge have been incor- 
porated in a compact unit which is shown in Fig. 19. 
This bridge, while being particularly adapted to the 
four-cycle impedance measurements required for open 
location tests, is also applicable for d-c. bridge measure- 
ments. Assembly details for the bridge arrangement 
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very favorably with the theoretical values shown by the 
curves of Figs. 10 and 11. 
are shown in Fig. 20. The a-c. galvanometer is suffi- 
ciently sensitive to be directly actuated by any signifi- 
cant unbalance of the impedance bridge, so that it is 
unnecessary to use an amplifier, rectifier, or other 
converting apparatus which may be difficult of adjust- 
ment or maintenance. 

A few additional features are outlined as some of 
the significant results of this development of an im- 
proved open location method. 


It has been shown that the error caused by the 
deviation from the straight line relation between send- 
ing-end admittance and physical length of line, has 
been reduced to a value which may be neglected as 
being less than the required: accuracy of the open 
location method. 


Fia. 20— INTERNAL ASSEMBLY OF THE IMPEDANCE BRIDGE 
_ This impedance bridge arrangement employs several 
features which are distinct improvements on the 
methods previously utilized for this purpose. In order 
that the impedance angles of the impedance networks 
may be balanced, a variable resistance has been con- 
nected in that branch of the bridge which contains the 
comparison capacitance. This balance of the im- 
pedance angles of the impedance network was found 
to be important in obtaining a steady performance of 
the a-c. galvanometer. A system has been devised for 
separately balancing the resistance components as well 
as the capacitance components of the reactive networks 
of the impedance bridge. It was found that this 
arrangement gives a maximum sensitivity to each 
component and permits of a very rapid balance of the 
bridge. 


—_—— ee ee ee ee ee 


Discussion 


I. M. Stein: It seems to me that the method and apparatus 
described accomplish two things. First, the bridge circuit 
and the type of detector used permit of a great precision of 
balance; that is, the quantity being measured may be measured 
precisely enough to give the accuracy desired in locating the 
open circuit. Then, having a set-up which gives the desired 
precision, we have two options. One is to chart each long cable 
by putting ‘‘opens”’ at certain known places and making measure- 
ments; the other is to get rid of the non-linear characteristic so 
that no charting is necessary. 
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The second method is the one which has been chosen, and the 
desired result has been accomplished by lowering the frequency 
enough to give a linear relation between the measured quantity 
and the length of cable to the ‘‘open.”’ 

So that there are two steps. First, a precision of setting en- 
abling an accurate measurement of the capacitance; and second, 
the use of a frequency low enough to eliminate certain errors, 
thus obtaining a linear relation between capacitance and distance. 

I should like to ask if I have a correct understanding of the 
matter. 


B. W. Kendall: The need for the development of this modi- 
fication of WheatstOne-bridge methods arose in connection with 
the large growth of toll-cable plant within the last few years. 
The convenient distance between cable-testing stations is set 
by the use of telephone repeaters at about a 50-mi. spacing, 
and it was therefore desirable to be able to locate opens in the 
cable conductors over distances of this order. Because of the 
difficulty in getting access to the individual wires along the cable 
it was important that the location of the fault be as accurate as 
possible. | 


The terminal impedance as measured between a defective 
(open) wire and ground is a hyperbolic function of the distance 
from the measuring point to the broken end of the defective wire. 
In this method, the testing frequency is so chosen as to make this 
relation approach a reciprocal function so that the capacity 
measured is directly proportional to the distance. This choice 
is a matter of convenience in testing. It would be possible to 
use a higher frequency and then by means of tables of hyperbolic 
functions to determine the distance to the break. In the paper 
the deviation of the measured capacity from direct proportion- 
ality with the distance is spoken of as an ‘‘error.” This is, of 
course, an error which would be made if a higher frequency were 
used for the measurement and it were then assumed that the 
measured capacity and the distance were in direct proportion. 
By using so low a measuring frequency the error that would thus 
be incurred is made negligible and the measuring technique is 
thereby simplified. 

The other notable feature of this paper is the use of bridge and 
galvanometer currents of different phases for determining the 
settings of the two adjustable resistances of the bridge. It should 
be understood that the balance so obtained is correct for any 
phase of measuring current and that this method is applied simply 
to obtain a larger deflection of the galvanometer for a given 
unbalance of the bridge, thereby facilitating the measurement. 
This method was developed for measuring opens in cable circuits, 
which have certain definite and uniform characteristics, and I 
should like to ask Mr. Edwards or Mr. Herrington what ex- 
perience they have had with the use of the same apparatus in 
locating faults in open wire in which the impedances would have 
different characteristics from those of cable circuits. 

This paper shows what can be accomplished in the develop- 
ment of a special bridge method for readily making tests of cir- 
cuits which are uniform in character. At other frequencies and 
in other arts where a large number of quantities which differ little 
among themselves are to be measured, the exercise of equal skill 
and ingenuity can develop methods to simplify and expedite the 
determinations. 

S. P. Shackelton: An important phase of the work of an 
engineer involves the application to practical everyday problems 
of the results of pure scientifie investigation and research. The 
contribution of Edwards and Herrington constitutes such a 
practical application to a problem which has been studied for 
many years. It occupied the minds of communication engineers 
before the advent of the telephone. The particular arrangements 
described do not disclose any new principles but rather represent 
the utilization of known characteristics of lines and networks to a 
useful purpose. 

The bridge network used was described in 1891. An approxi- 
mate utilization of transmission-line low-frequency characteris- 
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tics has been in common use for open locations. Alternating- 
current galvanometers have been well known although their use 
as detectors in the balancing of bridge circuits has not been so 
common. The shifting of the phase in the bridge to assist in 
obtaining a balance had been treated prior to the work under 
discussion. The present work however, affords a convenient 
tool for the field man whether he be technical or not, to apply 
technical methods to his common problems of plant maintenance. 

Specifically, the problem was one of adapting the technical 
methods to rather trying limitations imposed by plant con- 
ditions. A low-frequency measurement was desired with positive 
indications of balance and with a minimum adjustment of 
variables. A method was required which would afford a rather 
high degree of accuracy considering the precision of the apparatus 
and the possible errors outside the control of the operator. All 
this was combined in space limitations which necessitated ratber 
eareful detail design. 


The authors have not specified any requirements as to wave 
shape although stressing the phase relations required in the 
different portions of the bridge network. The effect of phase 
angle on balance is noted and, of course, for any given length of 
line and frequency there is a best value of phase shift. It may 
be interesting to know the relative importance of this and its 
effect on other lengths of line. 


C. R. Fischle: There is one phase of the subject presented 
by Messrs. Herrington and Edwards that it would seem warrants 
discussion, and that is the means employed to apply the principles 
brought out in the paper to practical telephone work. 


In order to facilitate the application of these principles by the 
test-board forces, the Bell System has established routines out- 
lining in a simple and orderly manner the procedures to be 
followed in determining the location of cable faults in toll cables. 
The engineering forces, as a rule, prepare in advance for each 
testing point, data such as temperature-correction curves and 
records giving information as to cable distances, loading, gage of 
conductors, cable make-up, etc., for the cables to be tested from 
the respective points. Work sheets are supplied to the test-board 
men on which the results of the electrical tests made at the time 
of a fault location are entered, together with values selected from 
the data mentioned above. By following the sequence of ceal- 
culations set up on this work sheet, the fault location is quickly 
arrived at. These calculations are of a simple order and do not 
involve hy perbolics. 

By administering the work in this manner the test-board men 
can expeditiously arrive at accurate fault locations, thus 
materially aiding in the dispatch of repair forces to the fault and 
in securing the restoration of defective circuits in the least 
possible time. 


P. G. Edwards: One question which has arisen in connection 
with the low-frequency bridge is that of wave form. A square 
wave is used with results agreeing very closely with theoretical 
values based on calculations involving a sinusoidal wave shape. 
This is made possible by the fact that the bridge network em- 
ploved is symmetrical. With a square wave and a network 
involving both inductance and capacitance sinusoidal methods of 
treatment probably would not be applicable. 


A question has been brought up by Mr. Kendaltl—that of 
errors with frequencies other than 4 cycles. In earlier designs 
higher frequencies were used and a family of correction curves 
was plotted for each class of conductors, from which a correction 
was read for each capacitance ratio. This correction in per cent 
when applied to the capacitance ratio gave the true length ratio. 
On toll cables of average length and with a frequency of 8 cycles 
this correction reached values as high as 1 per cent. 


In connection with the subject of correction curves, the 
question has arisen as to the practicability of plotting curves for 
individual conductors or classes of conductors. Mr. Stein's 
analysis of the situation in this respect is quite correct. Due to 
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the large number of circuits involved, as well as classes of circuits, 
the number of combinations possible renders this procedure 
quite unwieldy and expensive. The problem has been treated 
rather by means of fundamental design. As pointed out by 
Fischle records of actual measurements, however, are filed and 
are accessible to the tester. 

In regard to phase adjustment, as has been brought out in the 
paper, there is an optimum phase adjustment for each measure- 
ment. In the apparatus as outlined an adjustment has been 
selected w hich gives a desirable set of sensitivity characteristics 
for the type of work for which the apparatus was designed. The 
equipment arrangements are such that the phase relation of 
bridge potential and field potential can be adjusted where 
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desirable. This is not done, however, in the normal routine 
of locating opens. 

Mr. Kendall has brought up the question of open-wire impe- 
dances. The equipment as outlined has been tried out on exposed 
aerial lines with success. The chief departure from the problem 
of locating opens in cables is the presence of a leakance com- 
ponent in the line impedance. Toll cables are almost entirely 
free from this characteristic. This leakance component happily 
involves no modification in design, but is observed in the balanc- 
ing of the bridge as an increase in the value of the resistance 
component of the condenser arm of the bridge and does not, over 
a considerable range of leakance, affect the ratio-arm setting, 
or in consequence, the actual fault location. 


Microammeter Indication of High-Frequency 
Bridge Balance 


BY H. M. TURNER: 


Member, A. I. E. E. 


Synopsis.—A visual method of obtaining bridge balance by 
means of a d-c. microammeter in the plate circuit of an electron tube 
detector associated with one or more stage of amplification, which 
gives maximum reading for a state of bridge balance, thereby 
permitting use of a sensitive meter. A large bridge unbalance 


HE telephone receiver, due to its simplicity, 
convenience, and sensitivity, has been widely 
used for determining a-c. bridge balance and, 

under favorable conditions, is fairly satisfactory. 
The aural method, however, involving as it does the 
receiver associated with the ear, has two serious limi- 
tations namely, it can be used only where there is very 
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1— AMPLIFIER AND DETECTOR UNIT 


method in a noisy laboratory, it is unnecessary to point 
little extraneous noise and for best operation the fre- 
quency range is restricted to a band of 200 to 2000 
cycles unless a heterodyne scheme is adopted. 

For those who have had experience with the aural 
out the difficulties encountered, other than to say that 


1. Associate Professor of Electrical Engineering, Yale Univ- 
ersity. 

Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 25-28, 1927. 


reduces the deflection to a low value and as the balance is approached 
the reading increases. This method overcomes the limitations of the 
aural method and renders a quantitative determination of the degree 


of unbalance. | 
2 + * + * 


noise is always a source of annoyance and often makes 
measurements absolutely impossible. 


The combined limitations of the receiver and ear in 
connection with bridge measurements over a wide 
frequency range are not so generally appreciated’. 
While the limits of audibility are usually given as 16 to 


40,000 cycles, the average person will be unable to hear 


above 15,000 and it will be impossible to determine even 
an approximate balance at these extreme frequencies. 
It is found that above 2000 or 3000 cycles, the sensi- 
tivity of the aural method is erratic and usually quite 
low. There is usually a marked difference in the sensi- 
tivity of the right ear and left ear of a given individual 
and it has been found frequently that the use of both 
ears is less effective than one alone. Different results 
are obtained on different days and, of course, there are 
wide variations among individuals. All of these factors | 
point to the need of a more satisfactory method of 
determining bridge balance in order that results may be 
duplicated. 


A visual method has been devised in our laboratory, 
using a d-c. microammeter in the plate circuit of a 
detector tube, associated with one or more stages of 
amplification, which has given very satisfactory results. 

A reproduction of a photograph of the amplifier and 
detector unit is shown in Fig. 1 and other details includ- 
ing the plate and grid curves are given in Fig. 2. 


2. Engineers of the Bell Telephone Laboratory are familiar 
with these matters but have not, so far as I know, published any 
papers calling specific attention to their bearing on bridge 
measurements. 


TUBES WITH GAS 


It will be observed that the grid-condenser form of 
detection is used, but without a grid-leak, and operates on 
the steep straight portion of the plate-current curve and at 
the sharp bend of the grid-current curve. Due to the 
current in the plate of the amplifier tube, there is a 
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Fic. 2—VisvuaL BripGE BALANCE INDICATOR 

rather large difference of potential between C and D, 
that is, across the coupling resistance, C being negative 
with respect to D. This large negative voltage is 
impressed upon the grid of the detector tube through 
the condenser which would naturally reduce the plate 
current to a low value, but due to the presence of 
some gas in the tube, there is flow of current in the grid 
circuit in a counter clockwise direction which charges 
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Fig 3—AcTION OF GRID CONDENSER WITH AN ALTERNATING 
E. M. F. or Constant VALUE IMPRESSED UPON TERMINALS 
A AND B, Frc. 2 


the condenser to a potential slightly in excess of that 
between C and D and, of course, in the opposite direc- 
tion. The total voltage between grid and filament 
is about + 0.5 volt. This is the point where the grid 
current is zero and is changing from negative to positive 
as shown in Fig. 2. With an alternating electromotive 
force of constant value impressed upon A B, the charge 
of the grid condenser is reduced and the grid-filament 
potential becomes less than +0.5 and, for a large un- 
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balanced bridge, electromotive force may be con- 
siderably negative, thus reducing the average plate 
current to a very small value. Regardless of the volt- 
age impressed, the axis about which it varies moves to 
the left from the point where the grid current becomes 
zero, until the average charg2 on the condenser is con- 
stant, that is, until the discharge of the condenser, 
during the time the impressed electromotive force 


MICROAMMETER 
IN PLATE CIRCUIT 


Fic. 3a 


makes the grid more than + 0.5 volt, is equal to the 
charge during the time the grid is less than + 0.5 of a 
volt, as shown by the shaded areas Fig. 3. Since the 
negative grid current is very small as compared with the 
positive values, the grid potential is greater than 


-+ 0.5 for a very small part of the cycle as shown. 
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Fia. 3B 


By this arrangement, the plate current of the de- 
tecting tube is a maximum when the alternating electro- 
motive force impressed upon the terminals A B is 
zero, which corresponds to a balanced condition of the - 
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* bridge, thereby permitting the use of a sensitive meter 
ti and at the same time making it fool-proof so far as the 
1 meter is concerned after the preliminary adjustment. 
t The maximum current may be predetermined and is 
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under the control of the operator. The preliminary 
adjustment is made by short-circuiting the terminals 
A B, equivalent to a bridge balance in that there is no 
impressed electromotive force, and increasing the fila- 


ment current to give the desired reading which is usually 
near full scale as shown in Fig. 2. When the bridge is 
unbalanced, the amplified bridge electromotive force 
impressed upon the grid filament of the detecting tube 
results in a marked decrease in the average plate 
current as indicated by the microammeter, and as the 
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balanced condition is approached the current gradually 
increases. 

At maximum deflection the meter is extremely sensi- 
tive, thus permitting a decidedly sharp balance to be 
obtained, a slight change in one of the circuit constants 
being sufficient to cause the indication to decrease 
several divisions on the scale. It is a simple matter to 
determine whether the balance is perfect without the 
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necessity of remembering the initial maximum current. 
When the bridge is thought to bein balance, short-circuit 
the terminals A B, and if there is no change in the 
meter reading the bridge is balanced. In certain types 
of circuits, the presence of harmonics in the impressed 
electromotive force will make it impossible to fulfill 
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the condition just referred to, in which case it may be 
desirable to use a multiple-band filter, as shown in 
Figs. 9 and 10, to eliminate this source of trouble. 


HIGH VACUUM TUBES 


Where a highly exhausted tube is used for the de- 
tector, such as the 201-A, a modification of the circuit 
is necessary for the reason that the high negative 
potential between C and D of Fig. 2 would reduce the 
steady plate current to zero and keep it there. How- 
ever, by putting the battery in series with the coupling 
resistance CD, C becomes positive with respect to D, 
this voltage being quite large, a large positive grid 
current flows momentarily charging the condenser until 
the grid-filament voltage of the detector tube is zero 
or slightly negative which is a satisfactory operating 
point. 

The modified circuit and characteristic curves are 
shown in Figs. 3A and 3B. With terminal A B connected 
to an unbalanced bridge there will be a constant 
alternating potential between M and the negative 
filament and for the positive half cycles a grid current 
flows increasing the charge on the condenser as shown 
by Fig. 3B. During the negative half cycle there can 
be no grid current so the charge is constant and the 
voltages add up in the usual way. At the beginning of 
the second cycle the operating point is to the left of the 
initial position due to the increased charge on the 
condenser. This action continues until the axis has 
been moved to the left by an amount almost equal to 
the maximum value of the alternating component. 
The average plate current is considerably reduced as 
shown by 1 Fig. 3A. Now as the bridge balance is 
approached the alternating e.m.f. component de- 
creases but with a perfect grid condenser there would be 
no change in the plate current and in any event the 
change would be extremely slow. A leak resistance is 
provided in order to make the plate meter responsive 
to changes in the impressed e. m. f. in which case the 
condenser charge decreases and the average plate 
current increases until some new position such as 2 is 
reached. For any bridge unbalance the axis about 
which the alternating component of grid voltage varies 
is to the left of the point where the grid current becomes 
zero by an amount slightly less than the maximum of 
the alternating voltage, that is, during a small part of 
each cycle there is a flow of grid current to maintain 
the average charge on the condenser constant. 

As the bridge balance is approached closely the 
alternating grid voltage becomes less and less and the 
excess charge on the condenser approaches zero as the 
charge leaks away and the average plate current is a 
maximum. 

In order to illustrate the points that have been 
discussed, a number of curves that are more or less self- 
explanatory will be included. The simplest type of 
circuit is used in order to make the comparison more 
easily appreciated. Fig. 4 shows the change in resis- 
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tance, A R, necessary to producea perceptible unbalance 
as a function of the frequency. Here are compared the 
results obtained with the aural and visual methods. 
With the aural method, the sensitivity was entirely 
satisfactory from 200 to 3000 cycles but a change of 30 
ohms in 155 was required to produce a perceptible 
unbalance at 5000, 7500, and 9500 cycles and 80 ohms at 


9—MULTIPLE Band FILTER 
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11,000 cycles. The visual method gave a sensitivity of 
one ohm from 200 to 11,000 cycles. On another day. 
the observer, using the same receiver, obtained better 
results with the right ear than those shown in Fig. 4 
but much poorer with the left ear. These curves are 
shown in Fig. 5 and a similar set using a different re- 
ceiver in Fig. 6. At certain frequencies one ear shows a 
relatively high, and the other a very low, senstivity, and 
vice versa, suggesting the desirability of using a double 
receiver, but in Fig. 7 at 4500 cycles and at 9000 the 
results are not so good as with the right ear alone 
These points were checked many times and represent 
the best data obtainable. These irregularities have 
been verified recently by other observers. In the dif- 
ferent cases there is considerable variation in the fre 
quencies at which the maximum and minimum points 
occur. 

In all cases, the results obtained by the microammeter 
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were satisfactory throughout the frequency range, al- 
though the sensitivity could have been made greater 
had it been necessary or desirable. There are limits 
beyond which it is not wise to go, however, for if the 
sensitivity is too great, the adjustment becomes 
difficult and unless the indicator set is well shielded. 
stray field may cause trouble. 


In circuits having inductance and capacity in parallel. 
the apparent resistance and reactance change rapidly 


— 
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over a relatively few cycles near the resonant frequency 
and thus afford an opportunity to test the merit of the 
visual method. Both the experimental and calculated 
values are given by the curves in Fig. 8 and it will be 
observed that the results are in satisfactory agreement. 

The visual method not only overcomes the limitations 
of the aural method but makes possible a quantitative 
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determination of the degree of unbalance at any time, 
which is often a distinct advantage. Observers show a 
decided preference for the visual method. 

Data for the various curves were obtained by the 
following graduate students in Communication Engi- 
neering, Yale University: Lt. Perry Wainer, W. H. 


_Schlasman, and Captain A. M. Gurney. 


Mechanical Forces between Electric Currents 


and Saturated Magnetic Fields 
RY VLADIMIR KARAPETOFF: 


Fellow, A. I. E. E. 


Synopsis.— The general case considered is that of N independent 
electric circuits placed in a medium of variable permeability and 
subject to saturation, in parts or as a whole. The prublem is to 
determine the component (in a given direction) of the smnechanical 
force acting upon one of the electric circuits, upon a group of 
circuits, or upon a group of circuits with part of the magnetic 
medium rigidly attached to them. It is believed that the problem 
has not been solved in this general form hereto} ore. 

Use is made of the expression for the stored electromagnetic 
energy, W, of the system, assuming all the electric circuits to be 
originally open and then closed one by one. Such a treatment 
necessitates a number of partial saturation curves, givirg the link- 
ages with each individual electric circuit when some of the remaining 
circuits are closed and the rest are open. A virtual displacement, 


INTRODUCTION 


ONSIDER a system of stationary linear electric 
circuits in each of which a steady direct current 
is maintained by a suitable source of energy. 

Let these circuits be sufficiently close to each other to 
influence each other’s magnetic fields. For the sake of 
generality, assume the medium to be of variable per- 
meability; that is, let the permeability at a point be a 
scalar function of the position of the point. Moreover, 
let the medium be subject to saturation; that is, let the 
permeability be a function of the resultant flux density 
at that point. 

Generally speaking, the system can be maintained in 
its given position only by some external mechanical 
forces or constraints, preventing the individual circuits 
from moving into a more stable position in the direction 
of maximum stored energy. The problem is to find the 


values of these mechanical forces for any individual 


circuit or part of the system. Since each circuit may 
require a force and a couple to hold it stationary, the 
problem may be formulated thus: To find the magni- 
tude of the projection of the force (or of the turning 
couple) with which a given circuit tends to move along 
(or to rotate about) a given axis. 


1. Professor of Electrical Engineering, Cornell University, 
Ithaca, N. Y. 

Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 25-28, 1927. 


Ô s, is then given to the part of the system under consideration, 
keeping either the linkages or the currents constant, and the mechani- 
cal force, F, is determined from a comparison of the work done, 
F. 6 8, with the change in the stored energy, 6 W. 

It is shown that the familiar reciprocal relationship for the 
mutual inductance, Mig = Mo, which holds true in a medium 
without saturation, can be generalized to a more involved integral 
ex pression for a saturated medium. 

In order to connect the general treatment with the simpler cases 
previously solved in the literature of the subject, some intermediate 
cases of one and two circuits are considered, especially those of im- 
portance in applications. The substance of the general method used 
was presented before the American Physical Society, at the Phila- 
delphia Meeting, in December, 1926. 


In its most general form, with variable permeability 
and saturation, the solution of the problem leads to 
quite complicated equations. Moreover, many less 
general cases are of greater importance in actual ap- 
plications, and a physical interpretation of more general 
cases is facilitated by a previous study of simpler 
combinations. For these reasons, the treatment in this 
article follows the order “from specific to general,” 
even though a treatment in the opposite order might 
have been somewhat shorter. The notation and the 
units are those used in the writer’s “Magnetic Circuit,” 
(McGraw-Hill Book Co.), and the references are to the 
pages of that book, unless stated otherwise. 


Ta. A SINGLE CIRCUIT IN A MEDIUM OF CONSTANT 
PERMEABILITY 


Consider the coil shown on page 178. The electro- 
magnetic energy stored in it is expressed by equation 
(102a), and from this expression, together with the 
definition 


W=05L?7 (1) 
follow equations (105) and (106) for the coefficient of 
self-inductance. The same expressions hold true, in a 
medium of constant permeability, for an electric 
circuit of any form, not necessarily a coil. 

Let a circuit, Fig. 1, be of such a shape that its mov- 
able part, C, tends to approach the stationary part, H, 
with a force, F, unless /held_in place by an external 
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force, — F. It is shown on page 251, equation (182), 
that 
F = 0.5 I? ô L/ô 8 (2) 


where s is the distance from an arbitrarily chosen 
fixed origin Q to some point D on the part C of the 
circuit. In other words, s is a coordinate which de- 
termines the position of C, and s increases when the 
two parts of the circuit come closer together’. 

If left to itself and not stopped by H, the part C of 
the circuit will finally come into a position in which 
F = O, and since in this position there is no force 
tending to move C any farther, the motion will stop. 
The condition F = O means 6 L/ô s = O, or L = max. 
Thus, a circuit tends to assume a position of maximum 
inductance, or, with a constant current, that of maximum 
stored energy. 

With a non-linear deformable conductor, such as 
a bath of mercury or of molten metal, the mechani- 


AON], HT 


li 


Ba 
Fig. 1 


cal forces tend to modify the shape of the body 
of the liquid for a maximum of stored electromagnetic 
energy, consistent with the shape of the container. 
The tendency is to increase the length and to contract 
the cross-section’. In some cases this tendency for 
maximum flux linkages results in a continuous motion, 
as in a homopolar motor. With liquid conductors, 
such a motion has been utilized for automatically 
stirring molten metal in an electric furnace‘. The 
writer fully recognizes the value of the late Dr. 
Hering’s ingenious experiments and of his work 
on electric furnaces; he only does not see the neces- 
sity for a new “law” to interpret the observed 
phenomena. As has been pointed out by several per- 
sons in the discussion of the above paper, the relation- 
ship expressed by eq. (2) is sufficient to interpret the 
observed forces and motions. 


2. In this investigation, the variation sign Ô is used to indicate 
a change with respect to s. The differential sign d is reserved to 
indicate a change with respect to the current. 

3. For some ingenious experiments illustrating spontaneous 
adaptation of various circuits to a shape of maximum energy 
storage, see Carl Hering, Trans. A. I. E. E., 1923, Vol. 42, p. 321. 

4. Ibid., Bibliography on p. 326. 
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Is. A SINGLE CIRCUIT IN A MEDIUM WHOSE PER- 
MEABILITY VARIES FROM POINT TO POINT, BUT IS 
INDEPENDENT OF THE FLUX DENSITY 

In such a medium, magnetic lines of force obey the 
law of refraction (page 119). With the same exciting 
circuit, the magnetic field has a shape different from 
that in a medium of constant permeability. Never- 


‘theless, all the flux densities are proportional to the 


exciting m. m. fs., and the field retains its general 
shape as the m.m.f. is increased. Consequently, 
eqs. (1) and (2) still hold true, but values of L have to be 
determined for the actual elementary permeances as 
they enter in eq. (105) or (106). 

As a simple example, consider the lifting magnet 
shown on page 243. Let the reluctances of all the iron 
parts be constant and let their sum be denoted by 


Qı Then, if the length of the air-gap is a, the total 
reluctance of the magnetic circuit is 
R= E = Ri + (a/p) (Si + S27) (3) 
and 
6°/6s = — ô ¥/ĝ a = — ô R! /å a 
= RQ (S! + S27!) /p (4) 


Hence, disregarding the change in the partial linkages, 
eq. (2) gives 
F = 0.5 In? RA (S + S27) /p (5) 
But I n R~ is the total flux of complete linkages and 
I n Q~ S~ is the corresponding flux density in the 
inner air-gap. Hence, eq. (5) may also be written in 
the form 
F = 0.5 B S;/p + 0.5 B So/p (6) 
which agrees with eq. (169), and is the usual formula 
for the supporting force of a lifting magnet. 


Ic. A SINGLE CIRCUIT IN A COMPOSITE MEDIUM, 
PART OF WHICH IS SUBJECT TO SATURATION 


Let now a coil or an electric circuit of any kind be 
placed in a position where the magnetic lines of force are 
partly in the air, partly in iron, the latter being some- 
what saturated at the assumed values of electric 
current. To determine the mechanical force F between 
some two parts of the magnetic circuit, we shall assign 
to these parts a virtual relative displacement 6s in 
the desired direction s, and let this displacement occur 
at a constant current. 

If 6 s has a component in the direction of the longi- 
tudinal tension along the lines of force, the flux and the 
stored energy will be greater in the final than in the 
initial position. We then have for the final position: 

elot=F68+6W (7) 
where — eisthevoltageinduced in the circuit during the 
displacement, and + e is the voltage applied from an 
external source to keep the current constant; 6 ¢ is the 
interval of time during which the displacement occurs, 
and 6 W is the increase in the stored electromagnetic 
energy. 

In Fig. 2, let O A be the saturation curve of the cir- 
cuit in the initial position and O A’ that in the final 
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position. The current, 2, is plotted as abscissas and the 
corresponding flux linkages, ¢, as ordinates. By ¢ is 
meant the sum of the fluxes linking with the individual 
turns. For example, if the circuit consists of three 
turns, and the actual fluxes linking with these turns are 
3, 2.5, and 2.7 kilolines respectively, then @ = 8.2 
kilolines. The actual value of the current at which the 
force F is to be determined is J and the corresponding 
sum of the linkages is %. 

Since the magnetic flux is a function of both the 
current 7 and the position s, it is necessary to dis- 
tinguish between two increments of ¢, which in Fig. 2 
are denoted by d @ and ô ¢ respectively. The incre- 
ment d ¢ is the increase in the linkages, at a constant 8, 
when the current increases from 7 to t +d. The 
increment 6 ¢ is the increase in the linkages, at a con- 
stant current 1, when s is changed tos + ôs. Ifd@be 
called the differential of p, then 6 ¢ is the variation of 
ġ. In equation (7) | | 


e=6%/dt 


(8) 


the symbol 6 signifying that the current J is kept con- 
stant while s varies. 

To find an expression for the stored magnetic energy, 
it is necessary to compute the electric energy put into 
the circuit to establish the current J in the position s. 
During the process of building up the current, let the 
linkages increase by d ¢ when the current increases 
from 1 to i+díi. This is shown by the lengths cg 
and g hin Fig. 2. The induced voltage is —d ¢/d t and 
the electric energy supplied by the external source is 

i(do/dt)dt=idod (9) 

This energy is represented in Fig. 2 by the strip 

ab hc. The total stored energy in the position s is 


W=Side (10) 
0 


and is proportional to the area C NOcC. The energy 
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in the position s + 6s, at the same current I, differs 
from W by the amount 


I 
5bW= fibdd (11) 
0 
which is obtained from eq. (10) by partial differentia- 
tion with respect to s. 


It is permissible in this case to put the variation 
symbol ô under the integral sign, since the limits of 
integration are independent of ¢ or îi. 

Substituting now the expressions (8) and (11) in 


eq. (7), we get 


15¢= Fost fidd (12) 
or, solving for F, 
F =1(86/88)— Sid (8/68) (13) 


(0) 

In this expression, the symbols ô and d are inter- 
changed under the integral sign, in accordance with the 
fundamental theorem of the Calculus of Variations; 
namely, that the variation of a differential is identically 
equal to the differential of the variation®. Using on the 
right hand side of eq. (13) the familiar transformation 


Sudy=xy-— Sfydz (13a) 
we finally obtain 
l 
F = S (ô ġp/ôs)di (14) 


Equation (14) can also be proved by assuming the 
virtual displacement to occur at constant linkages, 
that is, under the condition 

6¢=0 (14a) 

With this assumption there is no interchange of 
energy between the electric source and the magnetic 
circuit, so that the mechanical work is done at the ex- 
pense of the stored magnetic energy. We therefore 
have 


Fés+édwWw =0 
or 
P5s+ Siddg =0 (14b) 
Integrating in parts, this becomes 
Fõs+Iö$- föpdi=0 (14c) 


According to eq. (14a), the middle term is equal to 
zero. Solving for F, eq. (14) is obtained. 

The area of the strip C’OC may be thought of as 
consisting of elementary parallelograms, such as 
mqhc. The area of this parallelogram is — 67.d ¢, 
the minus sign being necessary because ô t is a negative 
quantity. Hence, according to formula (44) in the 
Appendix, we have 


5. In this particular case, the truth of this statement may be 
seen directly from the fact that d?ọ/dids = d?¢/ds di, 
the value of the second derivative being independent of the 
order of differentiation. 

6. See Appendix. 


F = — Sè 1/6 s) d $ (14d) 


This is a useful modification of formula (14). 


If @ is given as a function of both 7 and s, all the 
operations on the right hand side of eq. (14) may be 
performed, at least approximately, and the value of 
F determined. When the force is a simple tension in a 
small air-gap, as in Fig. 58, it is not necessary to use 
eq. (14). The force can be computed according to 
eq. (169) even though the core is saturated. Some 
inaccuracy is introduced, however, in those lines of 
force which are not normal to the faces of the air-gap. 

When saturation is negligible, eq. (14) becomes 
identical with eq. (2) because in this case 

g=t1L (15) 
so that 
ô p/s =16L/ébs 
Thus eq. (14) becomes 


F = S @L/òs)idi. 


(16) 


Without saturation, L is independent of 2, so that 
ô L/5 s may be taken outside the integral sign. The 
result is 
F = 0.5 I? (6 L/ô s) 
which is identical with eq. (2). 


(17) 


=- IIA. Two CIRCUITS IN A COMPOSITE MEDIUM WITH 
CONSTANT PERMEABILITIES 


Let there be two separate circuits, 1 and 2, each 
supplied with a constant direct current from a separate 
source. Let the medium be partly air and partly iron, 
the permeability of the latter being assumed to be 
constant for all flux densities, from zero to the highest 
for which the mechanical force is to be computed. 

The first step is to determine the magnetic energy 
stored in the system. Let the circuit 2 be in place, 
excited with the final value of its current, I», and let 
the circuit 1 be initially open. When the switch of the 
circuit 1 is closed, let the voltage of the source 2 be so 
regulated that the current J, remains constant while 
the current in the circuit 1 rises from zero to its final 
value J,. Let My. be the sum of the flux linkages in 
circuit 2, due to one ampere in circuit 1. Then the 
instantaneous voltage induced in the circuit 2, when 
the current in circuit 1 increases from some value 2, to 
1, +d, is— M,.d7i,/d t. Hence, the total energy 
furnished by the source 2 to keep the current I: con- 
stant, 1s 


I 
Wie = I, S M i? (d id t) dt = M 1. I, I, (18) 
0 


Therefore, the total stored energy of the system is 
W = 05I? Li+ MI LL +0.51? L: (19) 


In this expression, the subscript of M has been 
omitted because M,. = Mx»; that is, the coefficient of 
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mutual inductance (or the sum of mutual magnetic 
linkages per unit current) is the same for both circuits. 
This follows from the symmetrical form of eq. (19). 
Had we started with the current J, at its full value and 
increased I, from zero to its final value, we would have 
obtained an identical formula, with M2, in place of M >. 
But, without hysteresis, the phenomenon is reversible, 
and the total stored energy cannot depend on the 
manner in which the system has been established, so 
that W is the same in both cases; consequently 
M.: = M», and can be simply denoted by M. 

Let now a part of the system be given a virtual 
displacement 6 s, while the rest of the system is kept 
stationary. Both currents are to be kept constant 
during the motion. The displaced part may include 
one of the coils and some iron, or only one of these. Ifa 
coil and an iron part are moved, they are supposed to be 
mechanically joined together, and the force F is that 
necessary to move the combination. Generally speak- 
ing, such a displacement will modify the values of 
L,, La and M, since the position of the coils with 
respect to the iron masses will be changed and the flux 
distribution will be different. The energy furnished by 
the electrical source 1 during the displacement will be 


I, (IL ô Li + 126 M), 
while that furnished by the source 2 will be 
I, (1.6 Le + 1,6 M). 
The increase in the stored energy, according to eq. (19), 
is 
0.5I2ôL: +III ôM + 0.57.2 6 Le. 
Hence, we have 
F6s+(05726L, +1,12.6M + 0.57.76 Lo) 

= 1,(2,6L,+1,6M) + 12 (12.6 L + Iı M) (20) 
or, after reduction, 

F =0.57,26L,/6s+1,1,6M/6s + 0.5 7.76 L. ‘6s 
(21) 

This is a generalized form of Kelvin’s law, to the 
effect that (with constant currents and constant perme- 
abilities) the energy supplied by the electric sources 
during a displacement is divided into two equal parts. 
One half is converted into mechanical work; the other 
half increases the stored magnetic energy of the system. 
Conversely, if mechanical work is done on the system, 
pulling it apart, the energy returned to the sources is 
equal to twice the mechanical work done, the other half 
coming from the reduction in the stored magnetic 
energy. 

When all media are of the same permeability, a 
relative motion of the coils does not alter their self- 
inductances, and the preceding equation is simplified to 

F=1,1,6M/6s (22) 
which is the one usually given in treatises on physics.’ 

7. See, for example, J. C. Maxwell, Electricity and Magnetism, 


Vol. II, p. 151; J. H. Jeans, Electricity and Magnetism, edition 
of 1920, p. 495; Alex. Russell, Alternating Currents, Vol. I, p. 40. 
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If the coil 1 is displaced without moving the iron parts, 
the last term in eq. (21) is equal to zero. The same is 
true if an iron part is so moved as to leave the value of 
L: unchanged. 


IIB. Two CIRCUITS; PART OF THE MEDIUM SUBJECT 
TO SATURATION 


This is an extension of the case treated under Ic 
above. The equations of stored energy, corresponding 
to eq. (19), are 


l I: 
W =S 114 diz + I2 (21 — Boo) + Jud Poo (23) 


l I 
W = S td bn + 11 Piz — Sio) + S hd dro (24) 


In eq. (23), it is assumed that in the circuit 2 the 
current is first brought up to its full value, I, while 
the circuit 1 is open. The last term on the right-hand 
side expresses the energy stored in the circuit 2 under 
these conditions, this term being identical with eq. (10). 
The subscript 20 (read two-o) means “linkages of the 
circuit 2 when the current in circuit 1 is zero.” When 
the current in the circuit 1 is increased from zero to its 
final value, J,, the flux linkages of the circuit 2 are 
changed from #2) to %2,, where the subscript 2 again 
indicates circuit 2, and the subscripts 0 and 1 indicate 
the initial and the final values (0 and J,) of the current 
in circuit 1. Since the change in the linkages occurs 
at a constant current I, the amount of energy furnished 
by the source 2 is I (42: — $20). This is the middle 
term on the right-hand side of eq. (23). The energy 
stored in the circuit 1 is given by the first term on the 
right-hand side. During the interval of time when the 
flux linking with this circuit is being built up, the 
current I, remains constant, as indicated by the double 
subscript 12. Eq. (24) is obtained from eq. (23) by 
interchanging the subscripts 1 and 2. On the supposi- 
tion that the phenomenon is reversible and the value of 
the total stored energy is the same, no matter which 
circuit is closed first, the left-hand sides of both equations 
are denoted by the same symbol W. 

Equating the right-hand sides of eqs. (23) and (24), 
we obtain the following “reciprocal” relationship: 


li : Te 
Sudaditlat= SirdAds:thad (25) 


where l 
A $1 = Gi2— Qio (26a) 


A Q2 = Ga — G20 (26b) 

The symbol A in application to ¢,; stands for the in- 

crease in the linkages of circuit 1 due to an increase in 

the current 2. from 0 to I, the current 7, remaining 

constant. In application to œ: the symbol A stands for 

the increase in the linkages of circuit 2 at a constant 
current t, when 2, is changed from 0 to I.. 


Applying the transformation (13a) to the two inte- 
grals in eq. (25), we obtain after reduction 


and 
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L Ie 
SAdidt = S Adidts (27) 

Eq. (27) is a generalized form of the relationship 
Mı: = M2, when saturation is to be taken into con- 
sideration. Four saturation curves must be thought 
of in connection with eqs. (25) and (27), namely, 


between 2, and œ, when 12. = 0 

between 2, and ¢, when 2, = I, 

between lo and Pe when 1) = 0 

between 2, and @2 when îi, = I, 
Eq. (25) or (27) gives a necessary physical condition 
which these four curves satisfy. 

Without saturation, A@d, = Mı: I», and Ade = 
Maz I). Eq. (27) simply becomes: M,. I: I = 
Mn»: Iı Ip r M2, = Mi. 

Using the value of ô W from eq. (23), the condition 
expressed by eqs. (7) and (20) can now be generalized 
as follows: 


l 
F ôs + Subd ou + I: (Ô 21 — d&29) 


I: 
+ S t28d bro = 110 Biz + 128 On (28) 
Cancelling Iô #2, on both sides of this equation, 
and using the transformation (13a), we get 
l Is 
F= S (Ô b/d 8) dt + S (Ò b20/ò 8) d i (29) 
In eq. (28), expression (23) for W is used. If eq. 
(24) be used instead, the subscripts 1 and 2 in eq. (29) 
would become interchanged, and we should get 
Ig l 
F = S (ò b21/0 8) d t2 +S Opos) di i (30) 
Eqs. (29) and (30) are the general expressions for the 
mechanical force between two electric circuits in a 
medium subject to saturation. Since eq. (30) may be 
obtained by combining eqs. (29) and (27), expressions 
(29) and (30) are identical. 
As a special case, and as a check on these formulas, 


consider the condition of no saturation. Then 
Pic = L, ti + MI, (31) 
and 
hoo = t: Le. (32) 
Hence, 
6 $12/6 S = 1,01, 68 +I,6M/6s (33) 
Ô 20/0 8s = 10 Ô Lô S (34) 


Substituting these values in eq. (29), and remember- 
ing that L,, Le, M, are independent of 7; and t», we get 


qT; I 
0 0 
Io Io 
+ (6 L.'6 s) S tod te (35) 
O 0 


After integration, this expression becomes identical 
with eq. (21). 
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In order to perform the operations indicated in eq. 
(29), dic and doo must be given as functions of the dis- 
tance s and of the currents 7, and ï}. Such saturation 
curves, for different values of s, can either be estimated 
by computation or obtained from test. The value of F 
can then be determined graphically to a desired degree 
of accuracy. Or else, @;2 and @2) may be expressed as 
empirical functions of s, tı, and 72, and the integrations 
performed analytically. 


IIIA. N SEPARATE CIRCUITS IN A COMPOSITE MEDIUM 
WITH CONSTANT PERMEABILITIES 


This is a generalization of the Case IIA. The first 
step is to compute the total stored electromagnetic 
energy. Let the circuit 1 be closed first, then the circuit 
2, ete. With two circuits, the total stored energy is 
expressed by eq. (19). When the circuit 3 is closed, 
its own stored energy, 0.5 I} L, is added, and more 
energy must be furnished by the sources 1 and 2 in 
order to keep the corresponding currents constant 
during the transient period. These latter amounts of 
energy are equal to I, I; Mı; and I: I; M23 respectively. 
Thus, the total stored energy of the three circuits is 
W = 05I} L, + 0.5 72 Lı + 0.573? L3 + My I, I 

+ Ma; I, I; +M; IlI, (35a) 

Extending the same process to N circuits, we may 

write 
W = 0.5 Dle Lrt D IIe Mis (36) 

In this expression, k and u have all the integer values 
from 1 to N inclusive, and in the second summation the 
subscripts correspond to combinations, and not to per- 
mutations. This means that if, for example, the 
values of k = 2 and u = 5 have been used in a term, 
the values k = 5 and u = 2 cannot be used any more. 

Let now some of the circuits be combined into a 
subsystem, and be given a common virtual displace- 
ment, ôs, with respect to the remaining circuits, all 
the currents being kept constant. For the sake of 
generality, assume that this displacement causes a 
change not only in the coefficients of mutualinductance, 
but in those of self-inductance as well. The energy 
furnished by the electric source in the kth circuit is 

6W,=1,0,6L.+ 216 Ma] (37) 

Here v denotes any circuit except the kth; that is, 
v has all the integer values from 1 to k — 1 and from 
k+1toN. Eq. (20) becomes 
F6s+052726L,+ SIIL Mu 

= LIL, + Lt, L16 M,,} (38) 
The last summation on the right-hand side of this 
equation contains the same terms as the last summation 
on the left-hand side, only each term enters twice, 
because each source of voltage is here considered sepa- 
rately. Thus, we find that Kelvin’s law holds true also 
in this case, and by analogy with eq. (21) we may write 


F=05.726L,6s+ XII Mu ôs (39) 
Depending on the particular circuit or circuits for 
which the force F is sought, the derivatives ô L ô s and 
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ô M/s have different values. Thus, it may be re- 
quired to determine the mechanical force acting on a 
winding alone, or on a winding with the corresponding 
iron core, etc. 
must be assumed to take place for the part or parts 
under consideration, with respect to the rest of the 
system. 

IIIB. XN CIRCUITS; PART OF THE MEDIUM SUBJECT 

TO SATURATION 


This is an extension of the case treated under IIB. 
The method is the same, only the subscripts become 
more numerous and involved. For this reason, it has 
been deemed sufficient to show the deduction of the 
final formula in application to three circuits only, since 
with N circuits each flux @ would have a subscript 
consisting of N numbers of different order. An exten- 
sion of the reasoning given below to four or more cir- 
cuits is quite evident, and the final formula for N 
circuits is written directly. 

To compute the stored energy, we shall assume that 
the circuit 1 is closed first, then circuit 2, and finally 
circuit 3. By analogy with eq. (24), changing some- 
what the order of the terms, we may write the following 
expression for the total stored energy corresponding 
to the final values of the currents: 


I Ie Is 
W = Sud owo + S iad brio + S isd baie 


+ Ii (Pies — Pioo) + Ie (P213 — P210) (40) 

In this expression, the first integral represents the 
energy stored in circuit 1 when îi: = t} = O. The 
subscript 100 (read one-o-o) means “flux linkages in 
circuit 1, when the currents in the other two circuits 
are equal to zero.” The second integral represents 
the energy stored in circuit 2 when the current in the 
circuit 1 has already reached its full value, while that 
in circuit 3 is still equal to zero. This is indicated by 
the subscript 210. The third integral represents the 
energy stored in circuit 3, and the subscript 312 indi- 
cates that the currents ï, and 72 have reached their 
maximum values. 

The term I, (#123 — ioo) represents the energy 
furnished by the source 1 in order to keep the current 
I, constant when the currents in the other two circuits 
are being increased from zero to their final values. 
Similarly, the last term gives the energy furnished by 
the source 2 when the circuit 3 is closed. 

Let now a virtual displacement, ô s, be allowed to 
occur in one part of the system with respect to the 
other, keeping all the currents constant. The energy 
furnished by the three sources is equal to 

I, 6 Piz + I, 6 $233 + I; ô zi. 
Writing an equation similar to eq. (28), and using the 
transformation (13a), we get, by analogy with eq. (30) 
with a reversed order of terms: 


I I: 
F = J (6 Pioo Ô s) d 4} + J (6 10/0 s) d le 


Ty 


In each case a virtual displacement 
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+S (5 dsi2/6 8) dts (41) 
In order to determine F from this equation, the flux 
linkages 100) 210) and P312 must be given as functions 
of s and of the corresponding currents. In practical 
cases, advantage may be taken of certain simplifica- 
tions due to the arrangement of the circuits or to the 
particular shape of the saturation curves. Since the 
total stored energy is independent of the order in which 
the circuits are closed, certain “reciprocal” relationships 
must hold true. These may be deduced by analogy 
with eqs. (25) and (27). 
Extending now the formula (41) to N circuits, we get 
Ik 
F = aS (6 @,/5 8) dt, (42) 
This expression consists of a sum of N integrals cor- 
responding to the values of k from 1 to N. The sub- 
script q is as follows: 


q=k(k—-1)....21000.... (43) 


This means that for the kth circuit the saturation 
curve between 7; and ¢,;, used in eq. (42), must be the 
one which obtains with the currents I+, I:_:, Iz —:, 
_. . . I, LI, at their full values, while the currents 
tk 41) tk 42) - + + + » tn, are all equal to zero. 

Literature References. Comparatively little has been 
done on the general theory of mechanical forces in 
magnetic circuits, especially taking saturation into 
account. Some recent articles, of applied nature, are 
listed below. References to earlier contributions will 
be found in these articles. 

Doherty and Park, Mechanical Force between Electric 
Circuits; A. I. E. E., TRANS., 1926, Vol. 45, p. 240. 


Lehmann, The Calculation of Magnetic Attraction; 
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Hague, “Forces Acting on Conductors Near Iron;” 
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Hak, ‘‘Calculation of Mechanical Stresses in Reac- 
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Appendix 


It is shown in connection with eq. (10) that the mag- 
netic energy stored in a saturated circuit (Fig. 2) is 
represented by the area CNOcC. Similarly, the 
stored magnetic energy, after the displacement, ôs, 
has taken place, is proportional to the area C’ N O 
mC’. When this displacement occurs at constant 
linkages 4, the mechanical work is done entirely at the 
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expense of the stored magnetic energy. Consequently, 
the curved infinitesimal strip C’ O C represents the work 
done, F 6 s, so that 


F = (area of strip C’ O C)/ô 8- (44) 


This expression permits the visualization of the relations 
and also the solution of some special cases. Consider, 
for example, a saturated electromagnet with a small 
air-gap (a lifting magnet). Within a certain range of 
small values of air-gap, the lines of force in the gap may 
be assumed to be straight lines, normal to the iron 
surfaces, and the flux in the iron parts may be considered 
to follow the same paths and to have the same leakage, 
independent of the magnitude of the gap. In other 
words, within a certain range of gaps, the same satura- 
tion curve may be used for the iron, and only the 
exciting ampere-turns for the air-gap changed. With 
this limitation, the area of the strip C’OC may be 


obtained from the air characteristic alone. For the 
air-gap we have 
IT = (#/T) (8. — $)/(u A) (45) 


where I T are the exciting ampere-turns; sand s are 
some distances whose difference gives the length of the 
air-gap; A is the cross-section of the magnetic path 
in the air-gap, and u the absolute permeability of the 
air. T being the number of turns, the linkages ¢ 
divided by T give the actual flux. From eq. (45) 


T ôI = — (€/T) 68/(u A) (46) 


With the foregoing assumptions, the strip C’ OC be- 
comes a triangle, so that 


areaC’OC =—0.561.¢4. (47) 


The minus sign is necessary because 6 I is a negative — 
quantity. Substituting this expression in eq. (44), 
and using for 6 J its value from eq. (46), we get 


F = 0.5 A B2/p (48) 


where B is the flux density in the air-gap. Expression 
(48) is the usual formula for the lifting force of an 
electromagnet. 

The same result may be obtained from eq. (14d). 
With the limitations stated above, the saturation curve 
for the whole electromagnet may be written in the form 


Ti = y (>) + (/T) (8. — s)/(u A) (49) 
where the function y (¢) is the m. m. f. required for the 
iron parts. Ata constant ¢, 


617/68 = — (ġ/T?)/(u A) (50) 


. Substituting in eq. (14d) and integrating, will give 


eq. (48). 


Two Cases of Calculation of Mechanical Forces in 


Electric 


Circuits 


Fellow, A. I. E. E. 


Synopsis.—A formula is derived for the mechanical force in 
a circle of round wire, due to its own current. A formula, 


a) 


F = I? logh , ts also derived for the longitudinal force exerted 


a2 


on around conductor, due to its own current, where it changes its 


HE measurement by a laboratory method of 
mechanical force in circular and rectangular 
circuits, described in a companion paper by 

Mr. J. W. Roper?, lends interest to formulas for calcu- 
lating such forces. In this paper, formulas are pre- 
sented for the force acting in a circular circuit and also 
for the axial force acting in a straight cylindrical 
conductor where the size of the cross-section changes. 


FORCE IN A WIRE CIRCLE 


The force tending to stretch the wire in a circular 
circuit is calculated by the well-known method using 
the differential of the self-inductance of the circuit. 
The mutual inductance of two coaxial circular filaments 
is given with a great deal of precision by formulas 
involving elliptic integrals or by convergent series. 
Rayleigh and Niven have integrated the expression for 
this quantity over a circular cross-section, giving the 
self-inductance of a circle of round wire. Their formula 
is? 


8a 7 
L = 4 r a | logh = — z 


A a ) ] 
+ a ( 3 logh 7 + ye EE abhenrys (1) 
where a is the radius of the circle and p is the radius of 


the wire. The expression logh denotes the hyperbolic 
or natural logarithm. 


When current flows in a circle of wire, one half tends 
to repel the other half, and a tendency to stretch the 
wire is exerted at every part of the length of the wire. 
Let this force be F dynes and let s be the perimeter of 
the circle. If the current is turned on, and the force F 
stretches the wire a distance 0s, the mechanical work 
done is F Os, since F acts in the direction of s. This 
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3. Equation 63, Scientific Paper No. 169 of the Bureau of 
Standards, 1911, and Rayleigh’s collected papers, Vol. II, p. 15. 
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diameter. Where there is a constriction in a liquid conductor, 
this force acts in both directions away from the constriction, thus 
tending to accentuate it. It may be that this has more to do with 

the rupturing of a liquid conductor by heavy current, than the 
better known forces acting in a radial direction, which have been | 
usually referred to under the name ‘‘pinch effect.” 


BY H. B. DWIGHT: 


1 
can be equated to p I? d L where d Lis thechangeinthe 


self-inductance of the circle due to its change in size. 
This rather well-known expression can be derived as 
follows: 


re) 
The rate of doing mechanical work is F T : 


is varying, a voltage is generated in the circle equal to 


OL 
I Ber and the current J flowing against this voltage 


%) 
supplies energy at the rate I? 


Ot” 


| 

Since 

the current I is kept constant and the inductance L 
This energy goes 


to supply the mechanical work and also to increase the 
stored energy of the magnetic field. The stored energy 


1 
is 9 LI? for inductance‘ equal to L. The rate of 


change of the stored energy when I is constant and L 


ect p 2k 
vanes!) 5 ae 


Therefore, 


Then 


and 
(2) 


This force is in dynes since absolute units are used 
throughout. 


4. Principles of Alternating Currents, by R. R. Lawrence, 
p. 124, equation (14). 


| 
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The dimension s is the circumference of the circle 
and is equal to 2 7 a. 
Therefore 


(3) 


The differentiation of Rayleigh and Niven’s formula 
(1) is quite straightforward and the following formula 
for force is obtained: 


F 8a 3 p sl 8a 1 ) 
T: = logh r aa ae (= logh ~ — 35 line 
dynes (4) 


where I is the current in abamperes. 

Example 1. The force in a wire of radius p = 0.1245 
cm. bent into a circle of a = 20.1 cm. radius and 
carrying 100 amperes is 


8 x 20.1 

10? [logh 01245 ` 0.75 
0.1245? ( 1 8x 201 1 )] 
20.12 \8 °° 0.1245 ` 12 


= 641 dynes. (See the calculated curve of Fig. 2 of 
Mr. Roper’s paper.) | 
LONGITUDINAL FORCE 

The following short formula gives the amount of 
the longitudinal force; that is, the force acting in the 
direction of the axis, which is exerted on a round con- 
ductor where it changes its diameter: 

Qa, 
F=f logh — dynes (5) 
where a, and a: are the larger and smaller radii, respec- 
tively, and where J is the current in abamperes. 

The force acts parallel to the axis and toward the 
larger section of conductor, irrespective of the direction 
of flow of current. The expression involves only the 
maximum and minimum radii and, as referred to later, 
the amount of the force is independent of the shape of 
the conductor while it is changing section, so long as it 
is round and centered on a straight axis. 

Formula (5) is useful in calculating the force on a 
system of round wires in air where there are wires of 
more than one diameter. It is also of interest in con- 
nection with some kinds of electric furnaces where a 
trough of molten metal carries a heavy electric current. 
If there is a constriction in the section of the metal, 
this force produces a flow of metal away from the 
constriction and so accentuates the constriction. Such 
an action has been observed. 

As is well known, electromagnetic forces also act 
on all elements of a liquid conductor at right angles to 
the direction of current flow; that is, in general, toward 
theaxis. This produces greater hydrostatic pressure at 
the axis than in the outer parts, and, of course, hydro- 
static pressure acts equally in all directions. 

The hydrostatic pressure in a uniform round con- 
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ductor, which acts in a radial direction, has been 
referred to for a number of years under the name, 
“pinch effect.” It has been described as the cause of 
the phenomenon observed in electric furnaces, that at a 
certain heavy current a constriction would occur in the 
liquid conductor, and that this constriction would grow 
until the circuit was broken. 


It is possible that the axial force described and calcu- 
lated in this paper, which tends to separate the two 
tapered parts where a constriction occurs in a liquid 
conductor, is more directly connected with rupturing 
the conductor at the point of constriction than the 
radial “pinch effect” force. 


The axial force is stronger in the outer parts of the 
tapered conductor than in the inner parts. In the case 
of a liquid conductor, unequal forces acting on different 
parts produce a flow of the liquid, sometimes in short 
return paths, like local eddies. The amount of this flow ` 


Fig. 1—ConpucTorR WITH CHANGE IN SECTION 


depends on the strength of the electric current and the 
shape and viscosity of the liquid conductor. 

Equation (5) is derived by the method of finding 
the product of the strength of a current and the mag- 
netic field in which it lies, to give the force on the con- 
ductor carrying the current. 

Assume that the current density is uniform over any 
cross-section of the wire shown in Fig. 1. Slight de- 
partures from this assumption take place where the 
stream lines do not have abrupt changes in direction, 
but follow smooth curves. Skin effect also is not 


considered. The current density at distance y where 
the radius iszis 


I 


SS 
T x? 


The total current inside radius z is 


The flux density at radius is 
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The dotted line at radius z is always at the propor- 


z 
tionate distance a along the radius of the wire, and 
1 


it is almost exactly a line of current flow. A short 


d 
element of it has a length : 
COS a 
where 
21 Z 
tana = a 7 (6) 


A force acts on the short element of the filament 
carrying current at right angles to its length and 
proportionate to the current in the filament and the 
magnetic field in which it lies. This force is 


2I 2; dy 
Z a, cosa 


the filament. 


Multiply by sin æ to get the component of force 
parallel to the axis: 


dynes per abampere of current in 


TL ee 8 el 
z a; E a? 


dy 
=f 6 
i rom (6) 


Integrate this from y = m toy =l. The total force 
parallel to the axis acting on the filament is 


2 l 

21I E logh Ea dynes per abampere of current in 
1 

the filament. (7) 


If the filament be considered to have a thickness 
d z, at the radius z, then the total area of all filaments 
at radius 2, is 

2r 21 d 21 


and the total current in them is 


2 d a d 
-2m zdz = ——— zıdz 
Ta; 1 1 a? l 1 


The force parallel to the axis acting on the above cur- 
rent is, by (7), 


21 (1 n— ) ad 
a? OE m ap Oea 


Integrate this from z, = 0 to 2, = a. 
The total force parallel to the axis is 


l 
I? logh EA 
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a 
= I? logh os which is equation (5). 
2 ' 


If the wire tapers from a radius a, to a radius am, the 
axial force due to that part will be 


Qi 
I? logh i 


If the wire then tapers at a different rate from radius 
a, to radius a2, the force due to that part will be 


a 


I? logh a 

and the total force will be 
I? logh —— 
og a. 


This is the same as if the wire had tapered uniformly 
from radius a, to a2, as in Fig. 1. The change in radius 
can therefore be made by means of a large number of 
tapers of different angles, and the total axial force will 
depend only on the initial and final radii according to 
eq. (5). 

In the above calculation, the value of the flux density 
at a radius z is dependent on the total current I, within 
the ċircle of radius z. Since the wire is assumed to be 
straight and very long, and the return conductor so 
remote as to be negligible, the magnetic field lies in 
circles around the axis. The magnetomotive force 
around the circle of radius z is 471,. The length 
of the magnetic path is 2 m z and the flux density at 


radius z is This formula, which is applicable 
to isolated long, straight, round wires, is seen to be true 
also when there are changes in section, provided the 
wire is symmetrical around a straight axis. 

In calculating the magnetic field due to a short length 
of round wire carrying a current, it is often assumed that 
the field is the same as if all the current were flowing 
in a small filament at the axis of the round wire. While 
this is very nearly true, it is exactly true only in the 
case of an infinitely long wire, and this fact is sometimes 
of importance in calculations of inductance and of 
electromagnetic force. The expression for the field at 
a given point due to a short length of round wire in- 
volves elliptic integrals or series equivalent to them. 

A case where the current cannot be assumed to be 
concentrated in a filament at the axis of a conductor is 
in finding the force on a conductor bent into a quadrant 
of a circle, for such an assumption makes the calculated 
force infinitely great. An expression for the force on a 
quadrant conductor due to its own current must involve 
the dimensions of the cross-section of the conductor. 

The writer desires to make acknowledgment of the 
assistance of Mr. S. P. Sawyer in preparing numerical 
examples, etc., in connection with the work of this 
paper. 
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Discussion 


V. Karapetoff: Professor Dwight’s equation (5) may be de- 


duced directly from the general formula (2) for the mechanical - 


force. Let the return conductor be a concentric cylinder of 
radius b. Let the virtual deformation of the given conductor 
consist of an axial lengthening of the portion of radius ag by 
an infinitesimal amount ds and of a corresponding shortening 
of the portion of radius a; by the same amountds. The tapered. 
portion is supposed to move bodily without a change in shape. 
The inductance of a concentric cable, per unit length, is of the 
form, 


L = 0.05 + 0.2 logh (b/a) (A) 
in perms per om. length! 
Therefore, the net increase in the inductance is 
dl = 0.2 [logh (b/a2) — logh (b/a;)] d 8 (B) 


Substituting this expression in Dwight’s equation (2), his 
equation (5) is obtained. Therefore, equation (5) is valid so 
long as equation (A) for inductance is valid. The radius b 
of the return conductor does not enter into the result. 

When considering the relationship between an electric current 
and its magnetic flux, it is safer to start with the universal 
relationship, which holds true at any point and is expressed by 
the familiar differential equation u = curl H, where u is the 
current density.1 The difference between a solid and a liquid 
conductor comes in the boundary conditions in the integration 
of this equation. For a solid conductor, the boundary surface 
is fixed and the component of the current density normal to it 
must be equal to zero. With a liquid conductor, the shape of 
the surface depends upon the magnitude of the total current 
and its distribution. Because of the pinch effect, the usual 
hydrostatic conditions must be satisfied at each point within 
the liquid. . 

This means that, for each infinitesimal volume taken within 
the conductor, the forces acting upon it must be in equilibrium. 
These forces are the resultant pressure exerted by the remainder 


A 


Fia. 1 


of the liquid, the weight of the element, and the force between 
the current and the magnetic field. 

E. H. Dodge: I have quite recently performed some ex- 
periments concerning forces acting on a liquid conductor with 
currents as high as 1500 amperes. 

When a right-angle trough containing mercury has a current 
of 1000 amperes flowing, there is,a movement in the liquid as 
shown in the accompanying Fig. 1. The direction of motion is 
from B to A and the level at A is about 4 in. higher than the 
remaining liquid. 

If a straight trough with a constriction is used, there is a 
pronounced flow away from the constriction, as shown in the 
accompanying Fig. 2. There are also eddies at the constriction. 
There is a swirling motion at the electrodes accompanied 
by a marked depression. As the current changes direction by 
90 deg., the filaments carrying current stretch out and form this 


1. See, for example G. W. Pierce, Electric Oscillations and Electric 
Waves. p. 370; M. Abraham, Theorie der Elektrizitat, 1912, p. 220. 
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depression. Within the constriction, an interesting phenomenon 
occurs. With 1000 amperes, the mercury level rises at the 
center and falls at the edges, as if the mercury were trying to 
crowd together to form a circular cross-section. Just before 
the circuit was ruptured with 1450 amperes, the level decreased. 

The rise in level would seem to be due to the hydrostatic 

pressure which acts radially, and has been given by Dr. E. F. 
2 
Northrup as p = 06 (R? — r?) dynes per sq. cm. at any 
point r cm. from the axis of a conductor 2 R cm. in diameter. 

The decrease in level might be explained by the action of the 
longitudinal thrust or the taper force which tends to drain the 
mercury from the constriction and thus decrease the level. 

The total thrust on a vertical plane omitting the effect of 


Fia. 2 


: I 
gravity has been given by Dr. Carl Hering as T = 300 dynes. 


This is obtained by integrating the above expression given by 

Dr. Northrup. This expression is independent of the size of 

the conductor: consequently, the thrust on a vertical plane due 

to the radial force is the same, regardless of the size of cross- 

section. With this in mind, it seems very reasonable that the 

rupturing of the circuit is caused by the taper force which has 
3 


been given by Dr. Dwight as F = -5 logh = dynes. 

A few simple calculations will bring out the differences in 
pressures. With a conductor carrying 1000 amperes and a 
cross-section with a radius which varies from 1 om. to 6 om., 
by Northrup’s equation, the hydrostatic pressure at the center 
of the small section = 3180. dynes per sq. cm. which is equiv- 
alent to 0.0461 lb. per sq. in. and the pressure at the center of 
the large section = 89. dynes per sq. cm. which is equivalent to 
0.00130 lb. per sq. in. 

The total thrust on a vertical section by Hering’s equation 
is T = 5000 dynes and equivalent to 00112 lb. which is the 
same for the large section and the small section. 

Finally the taper force from Dr. Dwight is 

F = 17900 dynes or 0.0402 Ib. 

Thus we see that the taper force is greater and seems to sub- 
stantiate the assertion that it causes the circuit to rupture. 
The taper force becomes greater and greater as the small section 
becomes smaller before the rupture of the liquid conductor. 

H. B. Dwight: In my presentation of this paper, I made the 
statement that equation (5) for a conductor consisting of two 
long uniform parts of different diameters, joined by a tapered 
part, can be derived by differentiating the well-known formula 
for the self-inductance of a long, uniform, round wire. This 
derivation shows that the two long parts do not need to have the 
same axis so long as they have parallel axes, and the shape of the 
tapered part does not matter. 

Such a derivation, however, does not apply to the interesting 
case described by Mr. Dodge, where the two long parts of the 
conductor have the same diameter and are joined by a double 
taper, or contraction. Formula (A) of Professor Karapetoff’s 
discussion cannot be applied to the minimum diameter of the 
contraction, but only to a long uniform conductor. Therefore, 
in order to show that equation (8) applies to each of the closely 
adjacent tapers of the contraction, some other derivation, such 
as the one given in my paper, is necessary. 

It has not been shown, and it does not necessarily appear, 
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that any use of the equation u = curl H gives greater safety in 
calculation than the methods followed in my paper. 

While it has not been uncommon for mercury circuits of small 
cross-section to be broken by electric currents of the order of 
100 amperes, the observation in detail of the progressive steps 
of the phenomenon and the description of the swirling of the 
liquid which carries an electric current have only rarely been 
made since Dr. Carl Hering described them. Such observations 
require a large section of liquid conductor and from 1000 to 
1500 amperes. Accordingly, Mr. Dodge’s experiments should 
be of interest to physicists and to designers of electric furnaces. 
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In determining the swirling motion of the liquid, he used heavy 
floats which extended deep into the liquid, since surface tension 
prevented the motion from being shown by sprinkling dust on 


‘the mercury. When the circuit was broken, it continuously 


came together and broke at the rate of several times a second. 

I agree with the statement in Professor Karapetoff’s paper, 
that Dr. Hering’s work on electric furnaces and liquid conductors 
was of great value, but that his experimental observations are 
in agreement with the usual methods of calculating the mechani- 
cal forces associated with electric currents, and do not require 
new methods of calculation. 


Experimental Measurement of Mechanical 


Forces in Electric Circuits 
BY J. WALTER ROPER: 


Associate, A. I. E. E. 


Synopsis.—This paper presents a simple laboratory method 
of measuring the mechanical forces exerted on the parts of a com- 
plete circuit duc to current flowing in the circuit. 

Tests, using the method, show that the ‘‘classic’’ methods of 


CIRCULAR CIRCUITS 


HE expression derived in the companion paper by 

Dr. H. B. Dwight for the tension acting ‘in a cir- 

cular circuit has been checked experimentally 

by the apparatus shown in Fig. 1 and described below. 

These measurements were made in the Electrical 

Engineering Department of the Massachusetts In- 
stitute of Technology. 

A circle of copper wire 0.249 cm. (0.098 in.) in diame- 
ter was made, having a centerline diameter of 40.2 cm. 
(15.81 in.). The circle was divided into two equal 
parts the upper half of which was fixed by being 
fastened to a semicircle of wood. The current was led 
in and out of the circle by means of flexible leads which 
were clamped at a, about four inches from the terminals 
T of the circle. An elastic rubber band at e, one 
inch from T, provided a support for the end of the circle. 
The other joint of the circle was made at b by means of a 
slanting or tapered joint. A thin mercury film was 
used to insure good contact between the halves of the 
circle. The tapered joint was suggested by the late 
Dr. Carl Hering, and isa useful device. As shown later, 
a mercury cup gave approximately the same results as 
a tapered joint. 

The lower half of the circle was braced by a wooden 
rod d in order to maintain the dimensions of the circuit 
when current was flowing and to provide a place to 
attach the measuring device. The motion of the semi- 
circle was limited to 1/16 in. at the joint by a set of 
stops at s. The upper stop was fitted with a contact 
which touched a contact on the brace. These contacts 

1. Massachusetts Institute of Technology. 
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computing such forces are reliable. Curves are included which show 
the comparison between the theorctical and measured forces. Tests 
were made on a rectangular circuit, representing a disconnecting 
switch, and on a circle of round wire. 


were connected by means of very flexible leads with a 
dry cell and telephone headset. The force was mea- 
sured by means of a lever arm and scale pan, connected 
to the brace by a copper rod a little over a yard 
in length. To offset the weight of the scale pan B, the 
auxiliary weight W was fastened to the brace as shown 
in Fig. 1. 


Movable Semi-circle 
1—TuHeE CIRCULAR CIRCUIT 


Fic. 


The vertical support above W was one inch hori- 
zontally from b. The moment of the force acting 
through this support about e was balanced by the 
moments of the electromagnetic forces at b and T 
about the same point e. Since the distances W 0 and 
T e were each equal to one inch, the force in the vertical 
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support was taken equal to the force at b. If the 
leads e a were comparatively stiff so that the semicircle 
moved about T as a hinge, however, then the ob- 
served forces should be multiplied by the ratio of the 
lever arms which would be about 17 to 16. This may 
partly account for the fact that the observed forces 
are less than the calculated values in Fig. 2. 
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The initial position of the lower semicircle was de- 
termined by the upper stop which was visually adjusted 
so that the circuit was circular. In order to have an 
absolute measurement of the force exerted when 
current was flowing, it was necessary to determine the 
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zero of the circuit, that is, the weight on the scale 
pan B which just held the contacts of the indicating 
circuit closed. This was done by placing weights on the 
Seale pan B until the removal of a small weight, as 
_ carefully as possible, just closed the indicating circuit. 
- If care was taken in placing and removing weights, this 
' determination could be made to within 0.05 gram. The 

average of several trials gave a good determination of 
~ the zero position. 
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With the zero determined, points were obtained for 
a curve. The procedure was to add weights by tenths 
of grams to the scale pan B, and for each increment of 
weight to send current through the circle. As the 
current was increased the value of current at which the 
indicating circuit opened was noted, and as the current 
was reduced, the value at which it closed was also noted. 
The average of the two readings was taken as the one 
which eliminated errors due to friction in the joint 
and in the flexible leads. Several readings were taken 
at each point and the results averaged to give the 
current required for a given force. The curve of Fig. 2 
shows the variation of force in dynes against averaged 


Cre 

M 

CREPE 
an 


4000 


Test Points Marked 


FORCE IN DYNES 
Š 


0 
Q 50 100 150 200 
CURRENT IN AMPERES 
4—CuRVE SHOWING RELATION BETWEEN FORCE AND 
CURRENT IN RECTANGULAR CIRCUIT 
Length—89.6 cm. 


Width—40.0 cm. 
Diameter of Wire—0.249 cm. 


Fia. 


currents. The maximum value of current which 
could be used was 180 amperes, for with this current 
the mercury film blew out, probably due to heating. 

The test results were compared, Fig. 2, with the curve 
calculated from equation (4) of the companion paper 
which for the dimensions used reduces to 

F = 0.0641 J? dynes (1) 

where J is the current in amperes. This comparison 
indicates an agreement of approximatly 10 per cent. 
The so called “pinch” effect of the mercury in the joint 
cannot be reasonably blamed for the divergence. If 
this were the case, the test curve should lie to the 
left of the calculated curve, since less current would 
be required for a given force if “‘pinch” effect aided 
the separation. It does not seem reasonable, either, to 
ascribe the difference to mercury tension or friction 
because these forces should remain constant over the 
range taken, and should give a constant error and 
consequently a continually decreasing percentage error, 
instead of a percentage error which is practically 
constant. 


RECTANGULAR CIRCUITS 
In connection with the tests concerned with the 
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mechanical forces acting on a conductor due to current 
flowing in other parts of the same circuit, of which the 
tests on the circular circuit just described were a part, 
experiments with rectangular circuits were performed 
using the same method. A diagrammatic sketch of 
the set-up is shown in Fig. 3. In this case two separa- 
tions, at ¢ and t’, were made and the force measured 
in the center of the top cross-piece, thus measuring 
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the total force acting. Several different lengths of 
rectangle were tested and the results for the longest 
and the shortest are given. 
it should make no difference where the cuts t and t’ 
are made. In the case of the longest rectangle, 89.6 
cm. long, the distance from the bottom of the rectangle 
to the cut was 40 cm. This is dimension C in Fig. 3. 
In the case of the shortest rectangle, 30.0 ems. long, the 
distance was 20cm. At first it was deemed inadvisable 
to use mercury cups for the joint and the tests were 
made with the tapered joint previously described. A 
trial with mercury cups was made later and the re- 
sults were found to agree quite closely when compared 
with those obtained by use of the tapered joint. This 
comparison is shown in Fig. 5. 

The results of the tests for the two sizes of rectangle 
are given in Fig. 4 and Fig. 5. They are compared with 
curves calculated from formulas (20) and (21) given ina 
paper, The Calculation of the Magnetic Force on Discon- 
necting Switches, by H. B. Dwight, TRANS. A. I. E. E., 
1920, page 1337. This paper has been referred to fre- 


According to theory, - 
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quently in several recent articles, but up to the present 
time there has been no experimental verification of the 
formulas derived in it. The formulas as given are for a 
disconnecting switch, of which a diagrammatic sketch is 
given in Fig. 6. This circuit reduces to a rectangle 
when S is made equal to A, so that the section N’ P’ 
coinciding with N P will cancel the effect of N P, as 
it should for a rectangle, since this part does not exist. 
The section T’ V’ cannot be made to coincide with T V 
since it is necessary to lead current in and out of the 
rectangle, but the effect of these parts will be reduced to 
a negligible amount if they are placed very close to- 
gether. In the disconnecting switch the section Q R 
was considered to be a flat strap, but in the tests made 
round wire was used throughout. Another point to be 
noted is that the disconnecting switch formula gives the 
force tending to open the blade at Q, and consequently 
only half the total force acting on Q R. 

The formulas are given in the form of a convergent 
series and for convenience will be repeated here. Two 
cases are considered. Where B is greater than A, the 
force in dynes acting on the blade of a disconnecting 
switch is 
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and where A is greater than B, the force is 
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where t is the current in abamperes, r is the radius of the 
section of wireQ P,and R T, 2 cis the width of the blade 
and A, B, and S are the dimensions shown in Fig. 6. 


Mechanical Forces in Transformers 
BY J. E. CLEM: 


Associate, A. I. E. E. 


Synopsis—In this paper a method of calculating the mechanical 
forces in transformers, based on mutual reactance between coils, 
is presented. A formula for the mutual inductance between coaxial 
solenoids is developed and from this expression the formula for the 
mechanical force between concentric cylindrical transformer coils is 


N the design of transformers it is essential that the 
mechanical forces set up on short circuit be pre- 
determined so that the bracing structure may be 

proportioned properly. This feature becomes in- 
creasingly important as the size of the transformer and 
the extent of the power systems increase. In this 
paper there is developed a method, fundamental and 
analytical, by means of which the total axial force and 
the force on separate coils of a transformer having 
concentric cylindrical windings may be calculated 
easily and quickly. The method is simple, being 
based on the fact that the reactance of a transformer 
may be calculated from formulas of self- and mutual- 
inductance. 


MUTUAL INDUCTANCE OF COAXIAL SOLENOIDS 


This development is similar to other developments of 
_ the same problem but the result is given in a form that 


Fig. 1 


is more convenient for calculation than heretofore 
available. 

It has been shown elsewhere? that the mutual 
inductance between a circle of radius a and a coaxial 
solenoid of radius A, Fig. 1, extending to infinity from a 
point X distant from the plane of the circle is given 
by an expression which becomes on transformation 


M = 2ra N (1 = r] (1) 


a‘ at 
F = Fo +- Fit a Fita Fo + ete. 
F= 1 
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derived. The same method is followed to obtain the formula giving 
the mechanical force between individual coaxial coils. The method 
ts checked by calculations of reactance of complicated arrangements 


of coils. Tables are given to facilitate calculations. 
5 A? A? 
st 64 r? (7 ro 4) 
p 35 A? (33 A! A? ) 
‘= 10a r i r? j 
= VA +r 


Equation (1) has been transformed from those 
usually given to obtain a series for the quantity F' in 
which the variables are always less than unity. This 
makes the calculations easier and extends the working 
range of the equation by keeping the value of the 
series for each component part of F down to a small 
figure throughout the entire range of the variable A?/r’. 

In this expression M is the number of lines passing 
through the circle due to the semi-infinite solenoid 
which has a winding of N turns percm. The mutual 
inductance between the finite solenoid, Fig. No. 2, 
of radius a and length S having n turns per cm. and the 
semi-infinite solenoid may be obtained by integrating 


the expression of (1) over the range from x = zx, to 
x = x: This gives 
M = 2rænN [zr — r; BU — z, + 7, BY (2) 
a? at a’ 
B = By r? B, Za Bi- a Be — ete. 
B = 1 | 
1 A? 
B= BO 
1 42 A? ) 
B, = 64 z (5 r? =x 4 
5 Ae A‘ a ) 
Bs = Gg r (21 —-- 28> +8) ete. 


By reference to Fig. No. 3 it can be seen that the 
mutual inductance of the finite solenoid S and a second 
semi-infinite solenoid extending to infinity but starting 
P further away from the solenoid S than the the first 
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semi-infinite solenoid is given by a similar expression 
involving x: and x, in place of x, and x; as follows: 
M = 2rannN [zı — r, B!” — xz: + r: BY (3) 
It follows naturally that the mutual inductance of 
coils S and P with centers x cm. apart as in Fig. No. 4 
is the difference between (2) and (3), t.e., (2) — (3) 
which gives as the final formula for the mutual induc- 
tance between two concentric coaxial solenoids 
M =27r'anN  [r;, B! — r: B! — r; BU + r, BY] (4) 
Mutual inductance in centimeters 
Smaller radius of solenoids in centimeters 
Larger radius of solenoids in centimeters 
Length of a solenoid in centimeters 
Length of A solenoid in centimeters 
Turns per centimeter of a solenoid 
Turns per centimeter of A solenoid 
«4/2? + A? for each value of x 
Function of the ratios A?/r? and a?/r? for each 
value of x as defined in equation (2). Values 
of B may be taken from Table 3. 
S+P S— P 
Str n = e+ — 
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SELF-INDUCTANCE OF SOLENOIDS 
In order to calculate the net inductance of a pair of 
solenoids it is necessary to calculate the self-inductance 
of each. One of the most convenient methods of doing 
this is that given by Nagaoka as follows: 
L=4nraenvSkK (5) 
which gives the inductance in centimeters. The factor 
K is a function of the ratio of the diameter to the length 
of the coil and the values of K are available’ in any 
book that treats on inductance. 


AXIAL FORCE IN Two COAXIAL SOLENOIDS 
When the magnetic centers of two coaxial solenoids 
coincide there will be no axial force tending to move 
the coils asa whole. But if the magnetic centers of the 
coils do not coincide there will be a force tending to 
< x4 — — — — 


A 
in m 
Fia. 3 


cause a still greater separation of the magnetic centers. 
This force will depend upon the stored magnetic energy 
and the rate at which the energy is changed by the 
differential motion of the coil, t. e., 


d W 
dz 


f=- 


3. Bul. No. 169, Bureau of Standards. 
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is 


stored magnetic energy in joules 
10’ ergs or dyne-centimeters 
inductance of circuit in henrys 
maximum value of currents 


A ee 


dynes (6) 


In the pair of solenoids or transformer coils being 
considered | 


L=L,+L,—2My (7) 


L = Net inductance or leakage reactance of 
transformer 

L, = Self-inductance of primary 

L, = Self-inductance of secondary - 

M, = Mutual inductance between primary and 
secondary 


Since the self-inductance of neither the primary nor 
secondary coil will be affected by any change in their 
relative position, there results 
dL 
dz 


d M 


= eae 


(8) 


d M 
Since M is given by equation (4) -Tz is given by the 


derivative of this equation. Rewriting (4) for inches 


and henrys, 
; 2mænN 
Merio rE 
there results 
d M 2r?anN x 
ia AD oa ee 
and 
d L 4nr?-aenN x 
de 7-24 T 


When (9) is substituted in (6), the force, after chang- 
ing from dynes to pounds, is found to be 


f= 444 atnN104* > — FP 


In this expression, J is the maximum value of current 
and to use the usual effective value we must write 
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= 0.888 ItatnN10* DE F 10 
f =0. ; a? n B (10) 
This expression gives the force in pounds when the 


dimensions are in inches and F is defined as in equation 
(1). The value of F may be taken from Table II. 


FORCE ON INDIVIDUAL COILS 


To find an expression for the force between a solenoid 
and a single coil we proceed as above, i. e., integrate to 


find the mutual inductance between the coil and the- 
solenoid and then differentiate this expression to fire- 


the force. The mutual inductance between two circles, 
Fig. 5, is given by 
EE R ——— 11 
= T a VK ( ) 


In this expression F and E are elliptic integrals, avail- 


able from published data in works on inductance,‘ to the 


modulus K which is defined as 
4a A 
Do (re + T1)? 
T? = (A +a)?+ 2? 
ry = (A = a)? + z? 


The mutual inductance between one of the circles and a 
solenoid is obtained by integrating (11) over the range S 
from x = 2, t0x = x2 which gives 


F 


M 


K x 


SxnN Vas f 
+ Ow. 


8SarnN 


[Sel 


Upon differentiating this and substituting in the force 
equation there results 


= VaA 
f= S 


f = Forcein pounds 

n = Turns per inch of solenoidal coil 
N = Turnsin single coil 

a = Radiusof solenoid inches 

A 

S 


0.698 n N [D” — D) 


(12) 


Radius of coil inches 
= Length of solenoid inches 


4. Bul. No. 169, Bureau of Standards. 
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TABLE I 
COMPARISON OF CALCULATED AND MEASURED VOLTAGES 
FOR WINDINGS SHOWN IN FIG. 6 


Fig. 6B 
Cannection. Test Calc 
P-S 3850 4023 3820 
P -T 1954. 4530 4665 
P -Q 665 1471 1318 
S -T 5344 4865 4770 
S -Q 1460 1464 1364 
PS -T 5844 5264 5560 
PS -Q 1725 1862 1725 
T -Q 529 466 409 
AVB aeaaeae 100.6 100 95.6 
TABLE II 
VALUES OF F 
A?/ P a/r =l 0.9 0.8 0.7 0.6 
1. (2.2955) 1.9280 1.6833 1.5090 1.3803 
0.95 1.7660 1.6280 1.5089 1.4076 1.3211 
0.9 1.5369 1.4731 1.4058 1.3395 1.2767 
0.85 1.3887 1.3405 1.2910 1.2416 
0.8 1.3310 1.2921 1.2524 1.2131 
0.7 1.2212 1.1944 1.1665 
0.6 1.1497 1.1304 
1.1005 
a@/È = 0.5 0.4 0.3 0.2 0.1 
1. 1.2816 1.2036 1.1397 1.0860 1.0400 
0.95 1.2471 1.1835 1.1283 1.0802 1.0377 
0.9 . 1.2187 1.1658 1.1179 1.0746 1.0354 
0.85 1.1948 1.1500 1.1081 1.0692 1.0332 
0.8 1.1739 1.1358 1.0990 1.0640 1.0310 
0.7 1.1389 1.1106 1.0823 1.0542 1.0267 
0.6 1.1102 1.0891 1.0673 1.0451 1.0226 
0.5 ` 1.0858 1.0702 1.0538 1.0365 1.0185 
0.4 1.0646 1.0534 1.0413 1.0284 1.0146 
0.3 1.0382 1.0299 1.0208 1.0108 
0.2 1.0192 1.0135 1.0071 
0.1 1.0071 1.0035 
TABLE III 
VALUES OF B 
A?/r a/r ml. 0.9 0.8 0.7 0.6 
1. (0.8506) 0.8689 0.8861 0.9024 0.9179 
0.9 0.8845 0.8956 0.9071 0.9187 0.9304 
0.8 0.9149 0.9227 0.9317 0.9411 
0.8 
0.7 0.9357 0.9430 0.9505 
0.6 0.9530 0.9590 
0.5 0.9669 
a/? = 0.5 0.4 0.3 0.2 0.1 
1. 0.9328 0.9471 0.9609 0.9743 0.9873 
0.9 0.9422 0.9540 0.9657 0.9772 0.9887 
0.8 0.9506 0.9603 0.9701 0.9800 0.9900 
0.7 0.9582 0.9662 0.9744 0.9828 0.9913 
0.6 0.9652 0.9717 0.9784 0.9854 0.9926 
0.5 0.9718 0.9769 0.9823 0.9880 0.9939 
0.4 0.9780 0.9819 0.9861 0.9905 0.9951 
0.3 0.9867 0.9897 0.9930 0.9964 
0.2 0.9933 0.9954 0.9976 
0.1 0.9977 0.9988 
TEST APPLICATION 


The method has been checked by the calculation of 
reactance for complicated arrangements of windings, on 
the basis that if the voltage can be calculated accurately 
then the force calculation as based on the differential 
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of the voltage equation will be established as reliable. 
This was done because the voltages can be measured 
much more easily than forces. 

In Figs. 6A and 6B are shown diagrams of two trans- 
formers for which voltage calculation was made. The 
agreement of calculated and measured voltage shown in 
Table I is reasonably close. These are high voltage 
transformers having extra insulated end turns so that 
the turns are not distributed uniformly over the high- 
voltage coils. This has an effect which is greater as the 
portion of the winding considered is less, but these 


OO" 


oe" PT 
a 


"0-0 
0.95% 0% e028, 


Cx) 
Ola? 


N 
Axial Force Acting on F 
aes i FHH 


Total Force 


Displacement R Magnetic nd 


Fig. 7 


calculations have been made as for a uniform dis- 
tribution. 

Forces for a representative transformer have been 
calculated and the results are shown in Figs. 7 and 8. 
The coil forces in Fig. 8 are for a displacement of 
about 14 in. and the sum of the individual coil forces 
totals to the value on the curve in Fig. 7. In this 
case the forces are relatively low on account of the 
rather high reactance of the transformer for which these 
calculations are made. The displacement which gives 
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the maximum is higher than would ever occur in a well 
designed transformer. 


Discussion 


W. S. Moody: The problem of taking care of mechanical 
forces in transformers became a really difficult one for the 
practical designing engineer some fifteen or twenty years ago. 
Previous to that, the power available in case of a short circuit 
and the size of transformers were not sufficient to require much 
more than good judgment on the part of the engineer to provide 
the necessary mechanical support. But with the increase in 
size, and more particularly with the increase in the available 
power, the necessity of accurate calculation of these forces 
arose. Ever since, therefore, we have welcomed most cordially 
the assistance of the ablest mathematicians and physicists who 
have shown interest in this difficult problem. 

Time and again we have felt that the problem was fully 
solved, that one’s design might be assuredly safe in every respect; 
but with the ever increasing complexity of transformer designs. 
now seldom consisting of two simple windings, but with three 
and even four complex windings, with many taps and the conse- 
quent inability to distribute equally the ampere-turns in all 
cases, new features have arisen showing that the previous 
study of the subject had not been on a broad enough gage to 
include all the variables in such complex designs. 
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So we still welcome such assistance as we have so generously 
received from our mathematical and physical friends. 

After formulas have been developed to calculate accuratel; 
the mechanical forces resultant from all possible combinations d 
ampere-turns (if that time ever does come) we shall still have 
the interesting problem of making those formulas practical 
for use in “every-day” calculations. Such formulas as have 
been talked aboutin this paper are excellent for the general study 
of transformer design but when it comes to every day designs, 
which. must be produced promptly and cheaply, one can see 
that these formulas are very burdensome and that there is 
necessity for short-cut methods giving equal accuracy. For 
this we must use special mathematical calculating machines, 
such as specially designed slide-rules and other forms of calcu- 
lating machinery that make it possible to use the principles of 
these fundamental formulas in the daily routine of productive 
design. 

F. H. Kierstead: There are often simplifications of difficult 
circuits that may be made in the calculation of the forces between 
these circuits. I wish to illustrate such a case. 

Many times it is necessary to calculate the forces between 
two conductors (carrying currents) which have such a form 
that no standard formula applies. Usually time does not 
permit of deriving an accurate formula for the special case. 
Approximate calculations which are generally accurate enougt 
can be made by replacing the actual circuits by equivalent one: 
to which the standard formula applies. As an example to 
illustrate this method let us take the case of the forces between 
a large and a small reactor with parallel but not co-axial axes. 


So ————rE Eee 
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The accompanying figure shows the position of the reactors 
relative toeach other. From the standpoint of forces the reactors 
can be replaced by the circular filaments W, X, Y, and Zand the 
forces calculated between these filaments are the forces between 
the reactors. It is, however, difficult to calculate the force 
between two parallel unequal circles not coaxial. To facilitate 
this calculation the smaller circle can be replaced by the arcs of 
arcles G-F and H-I (which are co-axial with the circular fila- 
ments of the larger reactor) and the radial lines G-H and F-I. 

Standard formulas are available for calculating the force 
between co-axial circles and, therefore the forces between the 
filaments of the large reactor and circles of which arcs G-F and 
H-I form a part are easily calculated. The forces between the 
filaments of the large reactor and arcs G-F and H-I bear the 
same relation to the forces between the complete circles that 
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MENTS USED IN CALCULATING THE ForcEs BETWEEN A LARGE 
AND A SMALL REACTOR 


the length of the arcs bear to length of the complete circles. 
Since that part of the equivalent circuit represented by G-H 
and F-I is radial to the filaments of the large reactor, there is no 
force between it and the filaments of the large reactor. Since 
the current in the are G-F is in opposite direction to that in arc 
F-] the forces are in opposite directions. 

H. B. Dwight: Mr. Clem’s paper is an interesting example 
of a case where it is desirable to have both an inductance formula 
and a force formula, not only because a knowledge of the induc- 
tance is useful, but because the inductance is more easily mea- 
sured than the force. 

Mr. Kierstead’s trapezoid solution of the special problem 
is interesting to me personally. In 1917, I was asked to make 
an estimate of the force between two air-core reactors which 
were mounted side-by-side with parallel axes. As I had no 
formulas that I could use at that time for two circles, I used 
the device of representing one of the circles by a trapezoid, the 
same as Mr. Kierstead has described. I had not seen it pub- 
lished before, and perhaps Mr. Kierstead can say if there was a 
previous announcement of it. My publication of this was in 
the Electrical World of June 16, 1917. | 

Later, I was able to calculate the repulsion between circular 
coils with parallel axes, and in the Trans. A. I. E. E., 1919, 
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page 1678, Fig. 2, there is given a comparison between the 
circular-coil solution and the trapezoid solution. The curves 
lie very close together. 

There is a formula in Gray’s “Absolute Measurements” which 
may be of interest. If the axes of two coils meet in a point, a 
calculation is given by which the mutual inductance and repul- 
sion can be obtained. 

F. W. Grover: (communicated after adjournment) Mr. 
Clem has developed a new formula for the mutual inductance of 
coaxial solenoids, which offers some points of interest. 

The Rosa formula for the mutual inductance of a solenoid and 
coaxial circular filament (Bull. Bureau of Standards 3, p. 209; 
1907, formula (56) Sci. Paper, Bureau of Standards) is made the 
starting point. This formula, although very convergent for 
a wide range of cases, involves certain polynomials Xo, which, 
for long solenoids, may assume values so large as to cast doubt 
upon the degree of convergence. By a simple algebraic sub- 
stitution Clem eliminates these polynomials, and obtains a 
transformation of the Rosa equation in which appear as variables 
only the ratios of the radii to the radius vector from the center 
of the circle to the circumference of the end turn of the solenoid. 
Since these variables lie in value between zero and unity as 
limits, this expression of Clem’s is better adapted to tabulation 
than is that of Rosa. It is worthy of note that, making the 
proper changes to reduce to the same system of nomenclature, 
Clem’s expression is seen to be identical with that derived by 
Lorenz, (Wied. Ann. 25, p. 1, 1885; also (53) Sci. Paper 169, 
Bureau of Standards). 

The derivation of Clem’s formula for the mutual inductance of 
coaxial solenoids from this formula for a solenoid and circle is 
straightforward and may readily be extended to obtain further 
terms of the series, if desired. The resulting new expression is 
readily used, and for practical calculations is much superior to 
the related formula of Gray, (Abs. Meas. 2, Part I, p. 274, or 
(40) Sci. Paper 169, Bureau of Standards) which has heretofore 
been the only formula available for this case, except the absolute 
complicated elliptic integral formulas. For example, the 
solution of Example 41, Sci. Paper 169, Bureau of Standards, 
by Clem’s formula gives as a result 1086.2, the true value by the 
absolute formula being 1086.55. Using Gray’s formula directly 
the result is 1092.3, and to obtain an accuracy equal to Clem’s 
it is necessary to subdivide the coils and to sum the results for 
the different pairs of sections. 

Although Clem’s derivation is for the case where the coils are 
separated axially, it applies also to the case of overlapping coils. 
For the important case where the coils are concentric, only two 
main terms have to be calculated instead of four. For this case 
Clem’s formula compares very well with the accurate formula of 
Searle and Airey, (Lon. Electrician, 56, p. 318, 1905, or (43) 
Sci. Paper Bur. of Stand.) which is the special form taken by 
Gray’s general formula for the concentric case. 

One precaution in using Clem’s formula should be mentioned. 
When the coils are far apart, the main terms (r; + rs) —(re + r3) 
give the result as the relatively small difference of two larger 
numbers. However, these quantities may readily be calculated 
by a calculating machine to a sufficient number of places. 
Another obvious method is to expand them in series, but this is 
advantageous only for very distant coils. 
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Synopsis.—Changing the voltage ratio of transformers under 
load is now a recognized and established procedure. Methods 
of changing taps under load are discussed, illustrated, and com pared. 


INTRODUCTION 


Ti development of reliable equipment for changing 
the voltage ratio of transformers without discon- 

necting the load has, in effect, created a new type 
of apparatus ranking with the induction regulator or 
synchronous condenser in importance. 

Transformers provided with equipment for tap chang- 
ing under load, however, do not labor under the inherent 
disadvantages incident to the use of the other two kinds 
of apparatus. The rapid growth in popularity of this 
equipment has been due to the fact that for certain 
applications, a simpler, more compact, more reliable, 
sturdier, more effective, and cheaper piece of apparatus 
can be obtained by this than with the older forms of 
equipment. 

The application of transformers provided with equip- 
ment for changing taps under load is very wide. Per- 
haps one of the most important is in connection with 
transformers used to tie together two large systems or 
parts of systems. Of next importance are units used 
for bulk voltage regulation of a secondary bus or to 
compensate for voltage drop in transmission circuits. 
Other interesting applications are those involved in the 
variation of voltage applied to rotary converters and 
furnace transformers. ` 


METHODS OF TAP CHANGING 


There have been numerous methods devised and, at 
least to a limited extent, used to change the voltage 
ratio of transformers under load. These may be 
divided into two classes—those changing the ratio in 
steps and those changing the ratio along a smooth curve. 


CHANGING THE VOLTAGE RATIO IN STEPS 


The majority of schemes proposed and used for chang- 
ing the voltage ratio under load change the ratio in 
steps. Roughly, these may be divided into two general 
classes,—(1) those using duplicate paralleled windings 
in the transformer, each normally carrying one-half 
of the load, but adapted for carrying the entire 
load during the time that the taps on the other are being 
changed; and (2), those using a single winding with a 
preventive resistance, reactance, or auto-transformer 
across the taps involved in the transition. 
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Eguipment for obtaining smooth curve voltage control is discussed, 


as well as combination voltage and phase-angle control. 
s $ $ +$ $ 


THE PARALLEL WINDING METHOD 

Fig. 1 indicates schematically a winding arranged to 
change taps under load by means of the parallel winding 
method. 

Each of the parallel circuits contains a tap changer or 
ratio adjuster, usually located inside the transformer 
tank, and a circuit breaker, which is outside of the trans- 
former tank. 

When taps are changed, one of the paralleled circuits 
is opened by means of the circuit breaker in its re- 
spective section and the taps are changed while the 
winding carries no load. During this period the entire 
load is carried by the other winding. When the first 
circuit breaker closes, the two sections of the windings 
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1—ScHEMATIC DIAGRAM AND SEQUENCE CHART OF SWITCH 
OPERATIONS FOR THE PARALLEL WINDING METHOD 


Fig. 


are paralleled with unequal taps and a circulating 
current exists. This is for a short time only, as the 
second breaker opens immediately, permitting the taps 
to be changed at no-load on the second winding, while 
the first carries the total load. After this, the tap 
changing operation is completed by closing the breaker 
on the second winding with the result that the two 
paralleled sections again operate on equal taps. 

During the interval of tap changing, one of the paral- 
leled windings carries double normal current. The 
windings are ordinarily designed with sufficient capacity 
to carry this abnormal current during the tap changing 
operation and differential protection between windings 
is provided to guard against accidental overloading for a 
longer period of time. 
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A transformer designed to change taps under load 
by means of the parallel winding method is illustrated 
in Fig. 2. i 

SINGLE WINDING METHOD 

The other methods used in addition to the parallel 
winding method fall into the class which uses a single 
winding in the transformer with a preventive coil or 
some other device to limit the current during the tran- 
sition period from one tap to the next. 


Probably the oldest form of equipment for tap chang-: 


ing under load employed the Stillwell regulator prin- 
ciple, which uses a preventive resistance temporarily 
bridged across taps to limit the current during the tran- 
sition period. 

| Equipments have also been made, to a limited extent, 
using a preventive reactance in the circuits instead of 
the resistance used with the original Stillwell scheme. 


Fig. 2—20,000-Kv-a., 66,000-VoLT, 60-CYCLE TRANSFORMERS 
USING PARALLEL WINDING METHOD 


A much simpler scheme than either of these two 
consists of using a preventive auto-transformer with a 
mid-point tap, as schematically shown in Fig. 3. A great 
many units have been built employing this method. 

To obtain the full winding of the transformer in the 
circuit, switches 1 and 6 are closed. The circuit is then 
through the full transformer winding and divides 
through the preventive auto-transformer, one-half 

_ being through one side of the auto-transformer and one- 
half being through the other half in the opposite di- 
rection. The voltage of the transformer is therefore 
the voltage induced in the entire winding. To change 
taps, switch 6 is opened and 2 is closed. This connects 
the auto-transformer across the two taps and, since the 
line lead is attached to the center of the preventive 
auto-transformer, the line voltage becomes the same as 
it would have been had the line lead been attached to a 
tap midway between the two actually brought out. 

Similarly, to change taps still further, the process is 
repeated in this manner, (Fig. 3). 


In the earlier installations built using this method, 
the switches and preventive auto-transformers were all 
mounted separately and apart from the main trans- 
former tank. In later equipments, since the preventive 
auto-transformer has no moving parts and can be made 
entirely reliable, it is mounted inside the main tank 
and supported from the main transformer. 


x, 
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Fig. 3—ScHEMATIC DIAGRAM AND SEQUENCE CHART OF 
PREVENTIVE AUTO-TRANSFORMER METHOD 


Fig. 4 illustrates an installation of transformers using 
this type of apparatus. The tap changing equipment is 
contained in the sheet iron house next to the transformer 
tank. 

The tap leads are all brought through the side of the 
transformer tank, and are connected to the circuit 
breakers mounted in the upper portion of the steel 
house. 

The circuit breakers are mechanically connected to 
the operating mechanism on the floor below. 


Fia. 4—INsTALLATION or 6- 10-, 500-Kv-a., 66,000-VotT, 
25-CycLE TRANSFORMERS USING PREVENTIVE AvuTo-TRANS- 
FORMER METHOD 


For a short time during the transition period, one-half 
of the auto-transformer winding carries all of the load 
current of the transformer, while the other half of the 
winding is open. The load current is then the mag- 
netizing current, and the voltage across the preventive 
auto-transformer tends to rise somewhat above normal. 
To limit this voltage to a low value, the design of the 
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auto-transformer is such that the core becomessaturated 
` when the voltage reaches a value slightly above normal. 

In changing from one voltage to another, two opera- 
tions are required; namely, the opening of one circuit 
breaker and the closing of another. Since the circuit 
breakers are operated mechanically by means of cams on 
a drive shaft, the correct sequence of operation is 
assured at all times. 


PREVENTIVE Ald 


SEQUENCE OF 
TAP CHANGING 
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Fig. 5—ScHuemMaTic DIAGRAM AND SEQUENCE "CHART OF 
SINGLE-WINDING METHOD USING THE SIMPLIFIED PREVENTIVE 
AutToO-TRANSFORMER 


SIMPLIFIED PREVENTIVE AUTO-TRANSFORMER METHOD 


The preventive auto-transformer method, using a 
short-circuiting switch across the auto-transformer, 
has recently been simplified still further by merely the 
elimination of the short-circuiting switch and the use 
of an auto-transformer designed to carry the trans- 
former full load current in either half of the winding with 
the other end disconnected. 

Fig. 5 illustrates schematically the winding arrange- 
ment when this method is used. To obtain the entire 
transformer winding in the circuit, switch 1 is closed 
and the current passes through the transformer winding 
and one-half of the preventive auto-transformer. This 
gives a small impedance drop through the auto-trans- 
former which is in series with the transformer. Since 
the drop is almost entirely reactive, its effect on regula- 
tion is practically negligible at power factors above 65 
per cent. 

To change taps one step, switch 2 is closed, placing 
the auto-transformer across the two taps, and giving a 
voltage on the mid-tap of the auto-transformer midway 
between the two actual tap voltages. 

To change taps another step, switch 1 is opened and 
the conditions become as before, with the other half 
of the auto-transformer carrying the full current of the 
transformer. 

To change taps still further, the process is continued 
in the same manner, as may be followed in detail from 
the sequence chart, Fig. 5. 

It may be seen that, by this development, the process 
of tap changing has apparently reached its utmost 

simplicity for step-type tap changers with one switch 
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operation to change taps, and in every other tap change, 
the switch closing instead of opening. 

When full load current is passed through one-half 
of the auto-transformer with the other half open, the 
full-load current of the main transformer as in the case 
of the other auto-transformer method becomes the 
exciting current of the auto-transformer. Under this 
condition, there are no neutralizing ampere-turns from 
the other half, so that the transformer becomes a 
reactor. Air-gaps are provided in the core to give 
low impedance when operating in this manner which, 
of course, makes the exciting current, when operating 
as an auto-transformer across taps, higher than 
ordinary. 


SWITCHES FOR TAP CHANGING SERVICE | 


Circuit-breaker devices for tap changing service have 
entirely different conditions to meet than the ordinary 
circuit breaker. The ordinary breaker is designed for 
relatively infrequent operations with a few operations 
interrupting many times normal current at line voltage. 

The switch for tap changing duty, on the other hand, 
is called upon to merely transfer current from one 
circuit to another, and, while it must be insulated for 
the service voltage, it opens but a small fraction of 
line voltage and usually not more than twice normal 
line current. Instead of calling for a few operations 
with high interrupting capacity, it must be abletostand 
a great number of operations without losing its adjust- 
ment but with very low interrupting capacity required. 


Fig. 6—12,000-Kv-a., 132,000-VoLt TRANSFORMER USING TEB 


SIMPLIFIED PREVENTIVE AUTO METHOD 


A switch for tap changing service is never called upon 
to interrupt a short circuit except in the remote possi- 
bility of short circuit on the system occurring during a 
tap changing operation. Even in this case the voltage 
to be interrupted would be very low but the current 
would, of course, be considerably higher than normal. 
In fact, the service required of a switch for tap changing 
service, approaches. that of a heavy duty contactor 
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switch. Fig. 6 illustrates a transformer provided with 
equipment for tap changing under load, using a specially 
designed switch to meet these requirements, a very 
simple, compact, and sturdy mechanism. The single 
winding method, using the simplified preventive auto- 
transformer, was employed. 

All mechanical equipment is isolated from the main 
transformer tank. The switches are contained in a 
separate oil-filled compartment on the side of the trans- 
former case and the operating mechanism is contained 
in the housing below with a connecting tube enclosing 
the drive shaft which enters the upper compartment 
through an oil tight stuffing box in the bottom. 


The general construction of the switch itself may be 
seen in Fig. 7. Condenser bushings through the side 
of the transformer tank support the stationary and 
movable contacts which are arranged to give the rolling 
action common with heavy-duty contactor switches. 
The rolling action is such that the arcing is taken at 
the tips so that the current carrying parts always 
remain in good condition. Opening and closing is 
definitely fixed in the proper sequence by the mechani- 
cal operation of the cams as in the case of the equip- 
ment using circuit breakers. The toggle mechanism 
assures quick opening, but in case of sticking or contact 
weld, the cams force the opening. 


CONTROL OF TAP CHANGING EQUIPMENTS 


Tap changing equipments are normally arranged for 
remote electrical control by the operator, with auxiliary 
arrangements for manual operation in case of failure 
of motor or control voltage. 


The electrical control is such that after the operator 
has initiated a tap change, auxiliary mechanically 
operated switches on the equipment assure the com- 
pletion of the tap changing operation irrespective of the 
action of the operator. Remote electrically operated 
position indicators of the dial type or of the indicating 
lamp type are generally used. 


Tap changing equipments may also be built to operate 
under automatic control. The transformer illustrated 
in Fig. 6 was arranged to automatically control the 
voltage at a given point within predetermined limits. 

The automatic control is initiated by a rise or fall in 
the low-voltage potential acting through a long time 
delay relay. 

The use of automatic control with step type tap 
changers places unusual responsibility on the reliability 
of the apparatus. On account of the greater number of 
operations likely to be obtained with equipment respon- 
sive to the action of fluctuating line voltages, the time 
delay relay must be introduced to eliminate unnecessary 
operations—also to prevent the possibility of the tap 
changer operating during short circuits. Since a short 
circuit on the system tends to reduce the voltage, there 
would be a tendency for the tap changer to operate 
during the short circuit to raise the voltage, which in 
itself would be undesirable. 
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With automatic control of step type equipment 
it is necessary also to design the control equipment to 
free the motor-actuating circuits from the voltage- 
responsive circuits as soon as the motor-actuating cir- 
cuits have become energized. 

When transformers are operated as single-phase units 
in a bank with individual tap changing mechanisms or 
when two banks are operated in parallel, it is essential 
that out-of-step operation be guarded against. In all 
such cases, the automatic equipment is locked out of 
service and an alarm sounded. 


COMPARISON OF STEP TYPE TAP CHANGING METHODS 


Satisfactory tap changing equipments have been 
built using the two fundamental methods of step-type 
tap changing. There are certain inherent advantages, 
however, pertaining to each. 

The single winding method requires fewer taps in the 
transformer for a given number of operating positions 
and gives a simpler transformer winding than the other 
method. On account of the less number of taps it is 
easier also to bring all operating parts outside of the 


Fig. 7—SreciaL SwWITcH DESIGNED FOR TAP CHANGER SERVICB 


transformer tank when this method is used. In 
addition, the fewer number of switch operations give the 
preventive auto method a decided advantage. 

With the parallel winding method, however, when a 
wide range of taps in small steps is desired, a more 
compact equipment may usually be obtained by the 
use of the tap changer inside the main tank. This is - 
particularly advantageous with small three-phase units 
where space limitations make it difficult te mount all 
equipments outside the main tank. 


EQUIPMENT FOR CHANGING TRANSFORMER VOLTAGE 
RATIO IN SMOOTH TRANSITION 


An interesting modification of the simplified preven- 
tive auto-transformer scheme of tap changing is ob- 
tained if the two halves of the preventive auto- 
transformer are replaced by the two sections of a series 
transformer—in combination with a small induction 
regulator. 

Such a combination is called a step induction regula- 
tor and has been used principally for bus regulation and 
to apply variable voltage in a smooth curve to furnace 
transformers, testing transformers, and synchronous 
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converters. It has been applied also to transformers 
used for interconnecting two systems. Referring to 
Fig. 8, the switches 1, 2, 3, 4, and 5 are called selector 
switches while A and B are called transfer switches. 
The induction regulator may be a standard feeder 
regulator with the addition of slip-rings to make the 
rotor suitable for continuous rotation. 

Rotation of the induction regulator rotor through 
180 deg. changes the voltage in its winding from a 
maximum in one direction to a maximum in the other 
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8—ScHEMATIC DIAGRAM AND SEQUENCE CHART FOR STEP 
INDUCTION REGULATOR EQUIPMENT 


direction. In the application to step induction equip- 
ment, the voltage of the regulator is added to or sub- 
tracted from a transformer tap to provide means for 
transferring from one tap position to the next and in- 
cidentally obtaining an infinite number of operating 
positions in between. 

Referring to Fig. 8, if the entire voltage of the trans- 
former winding is desired, selector switch 1 and transfer 
switch A would be closed with the regulator rotor in 
the position of zero buck and boost. 

To reduce the effective transformer coil voltage, 
the regulator is rotated to increase the voltage. At 
the position of maximum regulator voltage, the series 
transformer is designed so that the voltage of each half 
of the series winding 1s exactly the same as one-half 
the tap voltage. 

At this point, switches 2 and B may be closed, since 
the half of the series winding connected to switch 1 
reduces the effective coil voltage the same amount that 
the half connected to 2 adds to the voltage up to that 
point. Since the potential at the two points is the 
same, they may be connected. Continued rotation 
of the mechanism opens switches A and 1 and the volt- 
age of the series transformer adds to the coil voltage 
of switch 2. As the regulator is rotated further, the 
voltage of the series transformer half decreases to zero 
when the line voltage becomes equal to the coil voltage 
up to tap 2. Continued rotation repeats the process 
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to the next tap, as may be followed in detail from the 
sequence chart of switch operations Fig. 8. 

Any of the infinite positions of the induction regulator 
become operating positions so that an infinite number of 
steps in voltage may be obtained between the extreme 
tap position. 

It would be possible to eliminate the series trans- 
former with this equipment, by building a special regu- 
lator with two sets of secondary coils. The use 
of the series transformer is desirable, however, 
not only because it eliminates the necessity of 
making a special regulator winding, but it isolates 
the induction regulator from the transformer circuits. 
The use of the relatively weaker induction regulator, 
therefore, does not reduce the inherent mechanical 
and electrical reliability of the main transformer.. 


When the range of voltage regulation is exceptionally 
large, it is economical to modify the above scheme by 
switching the induction regulator along an auxiliary 
winding, which, in turn, is switched along the main 
winding at less frequent intervals. The taps are 
changed on the auxiliary winding in the same manner 
as described above and the voltage of the auxiliary 
winding either added to or subtracted from the taps of 
the main winding. | 

Assuming that the voltage is to be increased, one of 
the auxiliary windings is connected to a tap such as 
tap 1 of the transformer, and the induction regulator 
switched along the auxiliary winding until the voltage 
of the double secondary windings is added to the auxil- 
lary winding. The voltage added to tap 1 is then the 
same as the voltage of the winding between taps 1 and 2 


Fig. 9—2500-Kv-a., STEP INDUCTION REGULATOR EQUIPMENT 
minus the voltage of one winding of the series trans- 
former. There will be no change, therefore, in voltage 
if the second double secondary winding is connected 
to tap 2 so that its voltage is subtracted from the tap. 
The voltage may be increased further by disconnecting 
the auxiliary winding from tap 1, and rotating the regu- 
lator rotor so that the voltage of the second auxiliary 
winding plus the voltage of one winding of the double 
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secondary winding is added to tap 2. The connections 
are then changed as before, so as to subtract the voltage 
of one winding of the series transformer from tap 3. 
Further increases of voltage are obtained beyond tap 3 
in a similar manner. 

An interesting application of the step induction 
regulator principle is illustrated in Fig. 9, where the 
voltage applied to a 2500-kv-a., synchronous converter 
is varied in the ratio of 2 to 1, giving a voltage range of 
50 per cent in smooth transitions. By the use of 


Fia. 10—SKetca or TRANSFORMER PROVIDED WITH STEP- 
INDUCTION REGULATOR EQUIPMENT BUILT INTEGRAL WITH IT 


voltage regulating equipment of this kind it is possible 
to cover a wide voltage range without the use of booster 
type converters. 

In Fig. 10 is illustrated the possible compact and 
simple arrangement of step induction regulator equip- 
ment with all moving parts external to the main unit 
but with the series transformer inside the main case. 
The selector and transfer switches are mechanically 
operated contactor switches driven by the regulator 


` in the proper sequence. 


COMPARISON OF STEP TYPE AND STEP INDUCTION 
REGULATOR METHODS 


The step induction regulator is well adapted for use 
where bus or transmission circuit voltage is to be con- 
trolled, particularly where automatic control is desired. 
In this case, automatic control merely calls for a volt- 
age actuated relay with time delay, giving a much more 
simple control equipment than is possible with the step 
type equipment. When automatic control is used, the 
number of tap changing operations is usually greater 
than otherwise so that the step induction regulator 
units are particularly adaptable on account of the fact 
that there is no burning of the contacts and therefore 
less maintenance required. 

When the range in taps to be covered is not too large, 
and if small steps are not required, the step type 
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equipment is more desirable-on account of the somewhat 
simpler equipment. 
SEPARATE REGULATING UNITS 

The tap changing equipments heretofore considered 
have been applied directly to the transformer unit. 
On account of the fact that no additional transformer 
units are required, this generally gives the cheapest, 
most efficient, and most compact equipment to change 
the voltage. 

There are applications, however, where modifications 
of this simple arrangement are desirable. 

In general, tap changing mechanisms are so far 
practicable for direct use in circuits up to 33,000 volts 
or carrying not more than 1200 amperes. By using these 
units in the star connection of solidly grounded systems 
it is possible to apply them to transformers of much 


higher voltage by placing the tap changer in the 


grounded end. 

In case of delta connections above 33,000 volts or 
ungrounded star windings of higher voltage, the use of a 
separate regulating unit becomes desirable at present. 

The use of a separate regulating unit may be desirable 
also from other considerations. For example, if it is 
desired to obtain voltage control with transformers 
already installed, the separate regulating unit becomes: 
very useful. In some cases the need for voltage regu- 
lation may not be permanent, so that a separate regu- 
lating unit may be used with the idea that itmay 
later be transported to some other location. 
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Fig. 11—ScxHematic DIAGRAM or SEPARATE REGULATING UNIT 


The use of separate regulating units, however, is 
accompanied by the requirement of more floor space, 
lower over-all efficiency on account of the extra trans- 
formers required, higher installation cost on account of 
the interconnections, etc., required between the reg- 
ulating unit and the main unit. 

Fig. 11 illustrates schematically the winding arrange- 
ment for a separate regulating unit. By suitably 
arranging the ratios of the respective series and exciting 
units, the tap changing equipment may be used to cover 
a wide range of applications. Both the series and ex- 
citing transformers may be mounted in the same case, 
to reduce the number of bushings and simplify the 
connections and installations. 
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In the case of equipment for tap changing under load 
designed to operate on high-voltage ungrounded units, 
the auxiliary series and exciting windings may be built 
into the same unit in such a way as to reduce the 
number of auxiliary windings and cores and increase 
the over-all efficiency. Assume, for example, a unit 
with tap changing under load required on a 120,000- 
volt delta winding. The series transformer as shown 
in Fig. 12 may be used but the exciting transformer 
in the separate regulating equipment may be replaced 
by a third winding in the transformer as shown. 


COMBINATION VOLTAGE AND PHASE ANGLE CONTROL 


When systems become larger and interconnections 
become more frequent, cases will arise where phase- 
angle control, as well as voltage control, may be re- 
quired to obtain satisfactory results. This condition 
will exist where a substation is supplied from two 
sources with interconnecting lines of different 
impedances. 

It appears that the contro] necessary will be of the 
order of plus or minus 10 per cent in-phase voltage with 
a phase-angle control of approximately plus or minus 
6 deg. This means that an in-phase component of 
plus or minus 10 per cent, and a quadrature component 
of plus or minus 10 per cent, each independently adjust- 
able, should be super-imposed upon one of the lines at 
some suitable point. 

These problems may be worked out, using two induc- 
tion regulators, two transformers, or by means of a 
single multi-winding transformer. 


REGULATION METHODS 


Under this scheme, taking a 24,000-volt line carrying 
25,000 kv-a. as an example, two 1250-kv-a., three- 
phase, induction regulators, adapted for 5 per cent 
regulation on 25000 kv-a. and connected in series 
may be used. The primaries of these regulators are 
energized by means of a three-phase transformer; 
24,000 to 4800 volts, 3800-kv-a. capacity. The output 
of the two regulators in series may be stepped up by 
means of a 2500-kv-a. series transformer so as to buck 
and boost the 24,000-volt line 2400 volts in either di- 
rection due to the two 5 per cent windings in series. 
Because of the fact that a three-phase regulator rotates 
the voltage vector—that is, it is fixed in magnitude but 
is variable in phase—the first regulator will add to the 
line voltage a voltage vector which is equal in magnitude 
to 5 per cent of the line voltage but whose phase angle 
with respect to the line voltage (depending upon the 
relative position of the rotor and stator of the regulator), 


may swing to any position in a complete circle pivoted. 


upon the end of the line voltage vector. The regulator 
itself may be supplied with slip-rings so that it 1s capable 
of continuous rotation. The terminal voltage of the 
regulator is therefore represented by a circle of radius 
5 per cent. To this, a second regulator is connected 
in series having an independent control, the terminal 
voltage of the second regulator describing a 5 per cent 
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circle having its center located on the circle described 
by the first regulator, with the result that the terminal 
voltage of the second regulator may be adjusted at 
any point within a radius equal to 10 per cent and may 
therefore give a phase angle control of the line voltage 
of approximately 6 deg. and also a maximum in-phase 
buck or boost of 10 per cent either way. 


TRANSFORMER METHOD > 


In the second method, two transformers of 2500-volt 
capacity each may be used with primaries wound for 
24,000 volts and secondaries wound for 2400 volts, 
each rated for 24,000 volts series connection with the 
line and equipped with tap changing under load 
covering a range from plus 2400 volts to minus 2400. 
The first transformer is arranged with its primaries 
star connected so that the secondary is in phase with the 
line. The second transformer has a delta-connected 
primary and by properly selecting the secondary wind- 
ing, a secondary in quadrature with the line is obtained. 
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Fig. 12—ScuHematic DIAGRAM SHOWING APPLICATIONS OF 
Low-Vo.ttace Tap-CHanaine Equipment To Hias-VoLTaGE 
TRANSFORMERS 


These two windings are placed in series with each 
other and with the line, and it is therefore possible to 
impose upon the line an in-phase voltage component 
of 10 per cent plus or minus and also a quadrature 
voltage component of 10 per cent plus or minus, each 
being controlled independently. By a manipulation 
of the two transformers in effect, it is evident that any 
degree of in-phase voltage regulation and any degree of 
phase-angle control within the limit of the apparatus 
may be obtained. 

The losses in the case of the regulator method are 
approximately double the transformer method. 


MULTI-WINDING TRANSFORMER METHOD 

By using a multi-winding transformer, the equip- 
ment may be still further simplified. Instead of using 
two transformers a single three-phase, three-winding 
transformer may be used. One winding is the exciting 
winding and the others are connected to give two 
voltages in series but displaced from each other by 
60 deg. This would take the place of the two separate 


May 1927 


transformer windings in true quadrature. This ar- 
rangement results in a very decided decrease in the size 
of the transformer tank and also an increase in the 
over-all efficiency of the transformation, and results in a 
considerable reduction in cost. 

In either of transformer equipments, any of the types 
of tap changing equipment may obviously be used. 


CONCLUSION 
The development of reliable sturdy apparatus for 
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changing transformer voltage ratio under load has 
opened up a new field with enormous possibilities. 
While it can be seen that equipment of this nature is 
not inexpensive, yet it will generally be found that if 
voltage control of large capacity is desired, the use of 
transformers arranged for changing taps under load 
will be found economically desirable. 


Discussion 
For discussion of this paper see page 599. 


Characteristics of Interconnected Power Systems 


As Affected by Transformer Ratio Control 
BY L. F. BLUME! 


Associate 


Synopsis.—Operating characteristics of interconnected systems 
in which voltage is maintained constant by varying field of the 
generators is compared with operating characteristics, when, in 
addition to the control of generator field, transformers equipped with 
- ratio control are employed. The use of transformers with variable 
ratio introduces a flexibility in operation which permits the division 
of wattless currents between generating stations independent of 
voltage held at the generator busses. 


HE steady and rapid growth of the use of variable 

ratio transformers in connection with intercon- 

nected central stations makes it of interest to 
state the fundamental characteristics of apparatus in 
systems which make these equipments desirable. 
In a paper? before the Institute two years ago, Mr. Al- 
brecht indicated their field and compared their charac- 
teristics with induction regulators and synchronous 
condensers. The purpose of the present paper is to 
focus attention on a few of these characteristics in order 
to indicate how quantitative values may be obtained. 


The various kinds of voltage control now being used 
on power systems are: 


1. Voltage control by meansof generator field current, 

2. Synchronous condensers or phase modifiers by 
means of which the power factor in transmission lines 
is improved and thus better regulation obtained, 


3. Voltage ratio control, either by means of trans- 
formers or induction regulators. 


The above methods of voltage control will be con- 
sidered in connection with specific, typical cases, al- 
though in the most practical instances it is admitted 
that the problem is more complicated than the assump- 


tions of this paper imply. The principles as outlined . 


here, however, are applicable, with proper modifica- 
tions, to the more complicated ones. The four typical 
cases to be discussed are: 


1. Where two generating systems are connected 
by means of transmission line and power may flow in 
either direction, 


2. Where two generating systems are connected 
by means of transmission line but one-way flow of 
power only is required, 


3. A generating system with a synchronous condense 
floating on the end of the line, 7 
4, Transmission line loop. 


1. Transformer Engineering Dept., General Electric Co., 
Schenectady, N. Y. 

2. H. C. Albrecht, Transformer Tap Changing Under Load, 
A. J. E. E. Trans., Vol. 44, 1925, p. 581. 

Presented at the Regional Meeting of District No. 1 of the 
A.1.E.E., Pittsfield, Mass., May 26-28, 1927. 
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A comparison is made of the use of synchronous condensers for 
the purpose of improving regulation as compared with the use of 
transformers equipped with ratio control. 

The elementary conditions which govern the current distribution 
in a loop, L, are determined in terms of impedance characteristics 
of the net-work. The equipments necessary to control the current 
distribution and at the same time maintain good regulation in the 
loop are indicated. 


CASE I: Two-Way FLOW OF POWER OVER TRANSMIS- 
SION LINE CONNECTING Two STATIONS 


With two central stations connected together by 
means of an interconnecting transmission line (Fig. 1) 
the operation of the system involves the control of: 


1. The division of energy between the two stations, 

2. The division of wattless kilovolt-amperes, 

3. The voltage at the two busses. 

The controls available are (a) throttle control, 
(b) field control, (c) voltage ratio control. It is evident 
that the division of energy between the two stations 
is not determined by the electrical characteristics but 
by the characteristics of the prime mover and the 
throttle control. Field control at the two stations 
does not affect the energy flow, but determines for each 
load demand the voltages on the two busses, together 
with the division of reactive kilovolt-ampere between 
the stations. But field control cannot independently 
determine the bus voltages and division of reactive 
kilovolt-ampere. Either can be controlled, but not 
both simultaneously; thus the field control may be 
used to hold the bus voltages equal and constant for 
all loads, under which condition the division of re- 
active kilovolt-ampere between the stations is deter- 
minable but uncontrollable. Conversely, by means of 
field adjustments it is possible to control the division 
of reactive kilovolt-ampere between the stations or 
what amounts to the same thing, the power factor in 
the line, but when this is done, voltage control on the 
two busses is sacrificed. The voltage of one point on 
the system may be held constant, but the other bus 
voltage will vary through a range which is equal to the 
regulation drop between the two busses. 

In order to control, independently of each other, the 
three characteristics, namely, energy division, reactive 
kilovolt-ampere division, and voltage at both busses, it 
is necessary to introduce a third independent control. 
This is readily accomplished by introducing variable 
voltage ratio between the two busses variable under 
load. 


Thus, by means of the insertion of variable ratio 
between the two busses, it becomes possible to maintain 
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both bus voltages constant at all loads, which means 
that the regulation drop between the two busses is 
zero, and at the same time, to obtain any desired di- 
vision of current between the two stations. With the 
flexibility of operation thus obtained, the bus voltage 
of the two stations may be maintained constant, and 
at the same time the division of current between 
stations may be adjusted so as to obtain either 

A. Maximum electrical efficiency, 

B. Maximum economy in operation, 

C. Maximum utilization of apparatus. 


Although all three of the above are desirable aims, 
it is rarely possible to obtain them simultaneously. 
For example operating for maximum electrical 
efficiency is simultaneous with operation for maxi- 
mum economy only when the cost of energy de- 
livered by station A to the load is equal to the cost of 
energy delivered by station B to the load. With 
equal energy cost, the division of current to obtain 
maximum efficiency depends entirely upon the relative 
losses in the two branches. 

When the cost of energy in branch A and branch B, 
including the transmission line, differ materially, 
maximum economy is secured by shifting a portion of 
the load kilowatts from the station in which the cost of 
energy is greatest to the other station. Thisresultsina 
reduction in efficiency but an increase in economy. 
As the division of reactive kilovolt-ampere for maxi- 
mum economy is not affected to as great an extent by 
cost of energy, the currents flowing in the two branches 
for maximum economy are no longer in phase with the 
load. 

Division of current, to obtain maximum economy 
in operation, is the desirable operating condition for 
fractional loads but when the total load demand is 
equal to, or approaches the full kilovolt-ampere of the 
system, the rating limitations of the apparatus and 
line may demand considerable departures from di- 
vision of currents as determined by the consideration 
of maximum economy. In order to deliver a maximum 


Station A Station B 


Transmission Line 


Load 
Fig. 1—ELEMENTARY DIAGRAM OF INTERCONNECTED SysTEMS 
Output, the division of current must be such as to ob- 
tain the maximum utilization of the apparatus. 

It is a relatively simple matter to obtain a measure 
of the extent to which the use of ratio control increases 
the maximum load which a given system can deliver 
to a given point without sacrificing constant voltage 
at the two busses. This may be done by determining 
quantitatively the limitation which exists when the 
System is operated in which only throttle and generator 
field control are employed. 
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Voltage Relations. We shall assume that the load to 
be delivered may be concentrated on either bus of the 
two stations A and B, Fig. 1, and that it is desired to 
maintain voltages of busses A and B constant and 
independent of the load demand. 

Assuming that the flow of power will sometimes be 
in one direction and sometimes reversed, the regulation 
drop in the transmission line and interconnecting 
transformers should be zero. Therefore, equating 


Fie. 2—Vo.ttTaGce RELATIONS IN INTERCONNECTED SysTEMS 


O A—Equals voltage of bus near load, 
O B—Equals voltage of bus far from load, : 
@ —Equals phase angle of current in transmission Line 


the expression for regulation to zero, we have ap- 
proximately: 


(% I R) cos 0 — (% I R) sin 6 = O 
from which 


% I R 
IR 


From this formula it is evident that the maintenance 
of the two busses at constant voltage at all loads 
involves the operation of the transmission line at a 
leading power factor cos 0 the value of which is de- 
termined from the ratio of resistance and reactance of 
the line. 


A more exact solution can be obtained graphically 
by plotting the vector diagram of the transmission 
line voltages, Fig. 2. The premises of the problem 
make the three voltages an isosceles triangle O A B in 
which the impedance drop of the line is the base A B 
and the sides are the bus voltages of the two stations. 
From this diagram we may write: 


tan 0 = (1) 


, IZ 
sina = 00 (2) 
tan (0 ee - 
where 
O A = Voltage of bus near load, 
O B = Voltage of bus far from load, 
2a = Phase angle between voltages O A & O B, 
0 = Phase angle of current in transmission line at 


load end, 

%ILR&%IX = Line constants including step-up 
and step-down transformers. 

These equations are plotted in Fig. 4 by means of 
which it is possible to determine readily the phase 


592 


angle 0 of current in the interconnecting transmission 
line when the per cent impedance drop and the ratio of 
resistance to reactance is known. 


Current Relations. The corresponding current 
relations can be easily derived from the vector 
diagram, Fig. 3, showing the current relations in 
terms of the power factor of the load being de- 
livered and the power factor of the transmission 
line. In this it is assumed that the currents sup- 
plied by the two systems to the load are equal, 


B 
0 a N 


C 


A 


3—CURRENT RELATIONS IN INTERCONNECTED SYSTEMS 


O B—Equals current in transmission line, 

B A—Equals current at Station “A”, 

O A—Equals load current 

Load power factor cos ¢ equals 95 per cent 

Angle of lead in transmission line 9 equals 20 deg. 


F 1a. 


under which condition the triangle of current O B A is 
isosceles where O A is the load current lagging an angle 
$ behind the voltage, O B is the current delivered by 
the transmission line at the angle 0, and BA is the 
current delivered by the local bus. A measure of the 
effectiveness of the transmission line and distant 
station in helping out the local station is determined 
by the ratio OC /OB, the point C being determined 
by making C A and BA equal to each other. This 
ratio, which may be called the transmission utility 


PERCENT IZ LINE DROP 
oo ¢e¢°9 


PERCENT IR = PERCENT IX 


ra Sta 
DEGREES © LEADING 
PHASE ANGLE OF CURRENT IN TRANSMISSION LINE 
4—RELATION BETWEEN TRANSMISSION LINE CHARACTER- 
ISTICS AND PHASE ANGLE FOR ZERO-LINE Drop 


F 1a. 


factor, can be expressed mathematically by the equa- 
tion derived directly from Fig. 3. 

T, =OC/OB = 2cos (6+ ¢)-1 (4) 

This equation is plotted in Fig. 5, from which for 

various values of phase angles of currents in the trans- 
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mission line and for various power factors of load, the 
transmission utility factor can be determined. 

By means of Figs. 4 and 5 it is possible to determine 
the resulting transmission utility factor, when the trans- 
mission line constants are known, for any power factor 
of load. The curves show exactly how much is sacri- 
ficed in order to obtain constant potential on the two 
busses. 

Rating of Transmission Line Less than Generating 


Stations. In the preceding analysis it was assumed 
a 
O 
| 
Q) 
= 
oc 
tad 
= 
2 
2 , As olf 
oS 0.84 A raz AFER 
ZA LINT 
0.80 
0.2 0.4 0.6 a Hi 
TRANSMISSION UTILITY FACTOR 
Fic. 5—TRANSMISSION UrtiLITY Factor oF TRANSMISSION 
SYSTEM AND DISTANT GENERATOR;{ = 1.0 
1.00 
~ 0.96 
o 
z 
u- 0.92 
a 
Lal 
= 
© 0.88 
a 
< d 
3 iy, S 
° Z] D 
if, AAEE SE 
oo IAT TAT LAH 
0.2 0.4 0.6 0.8 
TRANSMISSION UTILITY FACTOR 
Fic. 6—TRANSMISSION UTILITY Factor oF TRANSMISSION 


SYSTEM AND DISTANT GENERATOR; f = 0.8 


that the kilovolt-ampere rating of the transmission 
line was equal to the kilovolt-ampere rating of 
the generating stations, and for that reason the 
current in the transmission line and the current 
in the local generating station were made equal 
to each other. It may be, however, that the kilo- 
volt-ampere rating of the transmission line is less than 
the rating of the stations, and for that reason, it becomes 
desirable to consider the case in which the division of 
load between the two stations is unequal. It is de- 
sirable, therefore, to have utility factor curves for 


le m 
k'a . 
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various ratios of current in transmission line to current 
in generator nearest to the load. Let 


Current in Transmission Line 
Current in Generator nearest to Load 


The curves, Figs. 5, 6, and 7, correspond to values of 
F=1,F = 0.8 and F = 0.5, respectively. 

It is of interest to note that in all of these cases, 
Figs. 5, 6, and 7, that a transmission utility of 100 per 
cent is obtainable only when the currents in the trans- 
mission line and in the generators of both stations are 


=F 


LOAD POWER FACTOR 


0.2 0.4 0.6 0. 
TRANSMISSION UTILITY FACTOR 
7—TRANSMISSION UTILITY Factor or TRANSMISSION 
SYSTEM AND DISTANT GENERATOR; f = 0.5 


F 1a. 


all in phase with the load current, no matter what the 
power factor of the load may be, and thus it is evident 
that the maintenance of constant potential on the two 
busses cannot be obtained under the conditions assumed 
without sacrificing the utility factor. 


CASE II: ONE-Way FLOW OF POWER—LINE DROP 
IN INTERCONNECTING LINE MAINTAINED CONSTANT 

In case I, a two-way flow of power was assumed; con- 
sequently it was necessary to equate the line drop 
to zero. If the flow of power is in one direction only, 
it is sufficient that the line drop be maintained constant 
at all loads. A typical case is to assume 10 per cent 
line drop. For these assumptions, Fig. 8 has been 
determined giving the relations between the trans- 
mission line constants and phase angle of current in 
the transmission line. Fig. 8 is to be used in conjunc- 
tion with transmission economy curves, Figs. 5, 6, and 7. 


EXAMPLE FOR CASES I AND II 


Transmission utility factors are determined in the 
following examples, in which constant voltage is main- 
tained at two busses, by field control alone. 


3. It should not be inferred that all of the assumed operating 
conditions in the above examples represent good practise. They 
are merely cited to show the inherent difficulty of operating 
with field control alone. In the first example where a trans- 
mission factor of 18 per cent is obtained, the power factor 
in the generator is so poor, about 15 per cent lagging, that 
it is doubtful whether the generator could deliver its full kilo- 


volt-am pere. 
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Two stations, A and B, 14 miles apart, interconnected 
by a 66-kv. transmission line, have a rating of 80,000 
kv-a. At this load, the line characteristics including 
step-up and step-down transformers are: 


Per Cent 
Reactance drop = 82.5 
Resistance drop = 7.5 
Impedance drop = 33.5 
r/x = 0.23 


Power factor of load = 85 


To determine the value of using ratio control in con- 
nection with the above conditions, it is first necessary to 
examine the operating conditions or limitations which 
exist if the two station busses are maintained at con- 
stant potential by means of generator field control only, 
that is, without employing ratio control or other voltage 
regulating devices. These conditions impose upon the 
system the necessity of maintaining the current in the 
transmission line at a definite phase angle, the values 
of which, as determined from Figs. 4 and 5, are: 

For two-way flow of power (Fig. 4) 0 = 22-deg. leading 
For one-way flow of power (Fig. 8) 0 = 4-deg. leading 

The values of transmission utility factor for various 
conditions of operation as determined from Figs. 5, 6, 
and 7 are given in column 4 of the accompanying table. 
This value is a measure of the usefulness of the distant 
station under the conditions assumed. It means that 


PERCENT IZ LINE IMPEDANCE 


2 2 g IZL 
0.6 ; 
0.5 
æj 
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æ 
T 
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TCLLEL LC EDE AAS 
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N CURRENT foe CURRENT 
LEAD 


LAG 
ANGLE 6 IN DEGREES 


Fig. 8—RELATION BETWEEN TRANSMISSION LINE CHARACTERIS- 
TICS AND PHASE ANGLE FOR 10 Per Cent Linge Drop 


although in each case the distant generator and trans- 
mission line are loaded to the rated kilovolt-ampere of 
the line, they are effective only to the extent indicated 
by the percentages given in column 4. 


CASE III. COMPARISON OF SYNCHRONOUS CONDENSERS 
WITH TRANSFORMER RATIO CONTROL EQUIPMENT 


Comparison of Ratings. When used for the 
purpose of enabling the system to hold bus volt- 
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semi-infinite solenoid is given by a similar expression 
involving x2 and zx, in place of z, and 2; as follows: 
M = 27° ænN [zı — r, BY — z: + r, BY] (3) 
It follows naturally that the mutual inductance of 
coils S and P with centers x cm. apart as in Fig. No. 4 
is the difference between (2) and (3), i. e., (2) — (3) 
which gives as the final formula for the mutual induc- 
tance between two concentric coaxial solenoids 
M =2r a nN  [r, B! — r: B! — r; BY + r, B1] (4) 
Mutual inductance in centimeters 
Smaller radius of solenoids in centimeters 
Larger radius of solenoids in centimeters 
Length of a solenoid in centimeters 
Length of A solenoid in centimeters 
Turns per centimeter of a solenoid 
Turns per centimeter of A solenoid 
/x? + A? for each value of x 
Function of the ratios A?/r? and a?/r? for each 
value of z as defined in equation (2). Values 
of B may be taken from Table 3. 


S+P S-P 
2 t= 2+ 9 


Wt Ss yore 


g% — 


S- P 

t= 2 

SELF-INDUCTANCE OF SOLENOIDS 

In order to calculate the net inductance of a pair of 
solenoids it is necessary to calculate the self-inductance 
of each. One of the most convenient methods of doing 
this is that given by Nagaoka as follows: 

L=4rarvsk (5) 

which gives the inductance in centimeters. The factor 
K isa function of the ratio of the diameter to the length 
of the coil and the values of K are available: in any 
book that treats on inductance. 


AXIAL FORCE IN Two COAXIAL SOLENOIDS 


When the magnetic centers of two coaxial solenoids 
coincide there will be no axial force tending to move 
the coils asa whole. But if the magnetic centers of the 
coils do not coincide there will be a force tending to 


S+P 
ty = 2 +p 


cause a still greater separation of the magnetic centers. 
This force will depend upon the stored magnetic energy 
and the rate at which the energy is changed by the 
differential motion of the coil, t. e., 
d W 
Air r 


3. Bul. No. 169, Bureau of Standards. 
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1 
= 2 
9 LI 
stored magnetic energy in joules 
10’ ergs or dyne-centimeters 
inductance of circuit in henrys 
maximum value of currents 
10’ dL 
9 eee 
I a dynes (6) 


oe 


J=- “9 


In the pair of solenoids or transformer coils being 
considered | 


L=L,+0,—2M,, (7) 


L = Net inductance or leakage reactance of 
transformer 

L, = Self-inductance of primary 

L., = Self-inductance of secondary - 

M, = Mutual inductance between primary and 
secondary 


Since the self-inductance of neither the primary nor 
secondary coil will be affected by any change in their 
relative position, there results 
dL 
dx 


go 
~ l de 


(8) 


d M 
Since M is given by equation (4), de is given by the 


derivative of this equation. Rewriting (4) for inches 
and henrys, 


2Tr?aanN 
Maas > B 
there results 
d M 2manN x 
de 7 24: DP 
and 
d L 4AmaænN x 
qe a 


When (9) is substituted in (6), the force, after chang- 
ing from dynes to pounds, is found to be 


f = 44 PatnN 0 Y EF 


In this expression, I is the maximum value of current 
and to use the usual effective value we must write 


-D 
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TABLE I 
a | ALC LTAGES 
= 0.888 I? a? sy > Rid COMPARISON OF CALCULATED AND MEASURED VO 
J = 0.888 1 a? m N 10 r 2 (10) FOR WINDINGS SHOWN IN FIG. 6 
Fig. 65 
This expression gives the force in pounds when the A E 
dimensions are in inches and F is defined as in equation — 
1). P -S 3850 4023 3820 
(1). The value of F may be taken from Table II nae ees ree aes 
P -Q 665 1471 1318 
FORCE ON INDIVIDUAL COILS ae oe op i885 4770 
To find an expression for the force between a solenoid Aa nS ore ree eats 
and a single coil we proceed as above, t. e., integrate to PS —@Q 1725 1862 1725 
find the mutual inductance between the coil and the- T - 9 529 a00 ai 
č n é : s AVi aaa oao 100.6 100 95.6 
solenoid and then differentiate this expression to fire- 
the force. The mutual inductance between two circles, TABLE II 
Fig. 5, is given by VALUES OF F 
F — 4?/P a?/r? ml. 0.9 0.8 0.7 0.6 
ao = Ba ees 1. (2.2955) 1.9280 1.6833 1.5090 1.3803 
M=8rvaA VK (11) 0.95 1.7660 | 1.6280 | 1.5089 | 1.4076 | 1.3211 
0.9 1.5369 1.4731 1.4058 1.3395 1.2767 
In this expression F and E are elliptic integrals, avail- ee tair | who: T aaa ioa 
i 0.8 1.3310 1.2921 1.2524 1.2131 
0.7 1.2212 1.1944 1.1665 
i 0.6 1.1497 1.1304 
i A 1.1005 
| 
i | at/2 =0.5) 0.4 0.3 0.2 0.1 
1 oe = {-—--e 
1. 1.2816 1.2036 1.1397 1.0860 1.0400 
| Fic. 5 0.95 1.2471 1.1835 1.1283 1.0802 1.0377 
0.9 1.2187 1.1658 1.1179 1.0746 1.0354 
able from published data in works on inductance,‘ to the 2:95 e e o o E ewes 
ul K hi hi d fi ed 0.8 1.1739 1.1358 1.0990 1.0640 1.0310 
- modulus K which is defined as 0.7 1.1389 1.1106 1.0823 1.0542 1.0267 
| K 4 a A 0.6 1.1102 1.0891 1.0673 1.0451 1.0226 
= (r 4 r )2 0.5 1.0858 1.0702 1.0538 1.0365 1.0185 
| | 2 1 0.4 1.0646 | 1.0534 1.0413 | 1.0284 1.0146 
| r? = (A +a} +r 0.3 1.0382 | 1.0299 | 1.0208 | 1.0108 
r? = (A-a} +r 0.2 1.0192 | 1.0135 1.0071 
i ° è 0.1 1.0071 1.0035 
| The mutual inductance between one of the circles and a 
| solenoid is obtained by integrating (11) over the range S TABLE III 
from z = 2, tox = z, which gives VALUES OF B 
A?/2 |a/2=l.| 0.9 0.8 0.7 0.6 
_ ARF-~E 1. (0.8506) | 0.8689 | 0.8861 | 0.9024 | 0.9179 
M=8rnNvVaA Í — dr 0.9 0.8845 | 0.8956 | 0.9071 | 0.9187 0.9304 
x ~K 0.8 0.9149 0.9227 0.9317 0.9411 
0.8 
0.7 0.9357 | 0.9430 | 0.9505 
0.6 0.9530 | 0.9590 
0.5 0.9669 
o <2 
eee, va A [S D ] a/? = 0.5) 0.4 0.3 0.2 0.1 
S zı 1. 0.9328 | 0.9471 | 0.9609 | 0.9743 | 0.9873 
0.9 0.9422 0.9540 0.9657 0.9772 0.9887 
0.8 0.9506 0.9603 0.9701 0.9800 0.9900 
Upon differentiating this and substituting in the force  °-” Serer ps meeps a oe mre 
equation there results 0.6 0.9652 | 0.9717 | 0.9784 | 0.9854 | 0.9926 
een 0.5 0.9718 0.9769 0.9823 0.9880 0.9939 
aA 0.4 0.9780 | 0.9819 | 0.9861 | 0.9905 0.9951 
f = 0.698nN 24 [D — D) 12 
S (12) 0.3 0.9867 | 0.9897 | 0.9930 0.9964 
r 0.2 0.9933 0.9954 0.9976 
f = Forcein pounds 0.1 0.9977 | 0.9988 
n = Turns per inch of solenoidal coil 
N = Turns in single coil TEST APPLICATION 
a os e e e s 
A Radius a ee inches The method has been checked by the calculation of 
cam “scr 7 a ae reactance for complicated arrangements of windings, on 
_® = Length of solenoid inches the basis that if the voltage can be calculated accurately 


4. Bul. No. 169, Bureau of Standards. then the force calculation as based on the differential 
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of the voltage equation will be established as reliable. 
This was done because the voltages can be measured 
much more easily than forces. 

In Figs. 6A and 6B are shown diagrams of two trans- 
formers for which voltage calculation was made. The 
agreement of calculated and measured voltage shown in 
Table I is reasonably close. These are high voltage 
transformers having extra insulated end turns so that 
the turns are not distributed uniformly over the high- 
voltage coils. This has an effect which is greater as the 
portion of the winding considered is less, but these 


Total Force 


20 
Displacement of Magnetic Centers 
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calculations have been made as for a uniform dis- 
tribution. 

Forces for a representative transformer have been 
calculated and the results are shown in Figs. 7 and 8. 
The coil forces in Fig. 8 are for a displacement of 
about 14 in. and the sum of the individual coil forces 
totals to the value on the curve in Fig. 7. In this 
case the forces are relatively low on account of the 
rather high reactance of the transformer for which these 
calculations are made. The displacement which gives 
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the maximum is higher than would ever occur in a well 
designed transformer. 


Discussion 


W. S. Moody: The problem of taking care of mechanical 
forces in transformers became a really difficult one for the 
practical designing engineer some fifteen or twenty years ago. 
Previous to that, the power available in case of a short circuit 
and the size of transformers were not sufficient to require much 
more than good judgment on tbe part of the engineer to provide 
the necessary mechanical support. But with the increase in 
size, and more particularly with the increase in the available 
power, the necessity of accurate calculation of these forces 
arose. Ever since, therefore, we have welcomed most cordially 
the assistance of the ablest mathematicians and physicists who 
have shown interest in this difficult problem. 

Time and again we have felt that the problem was fully 
solved, that one’s design might be assuredly safe in every respect; 
but with the ever increasing complexity of transformer designs, 
now seldom consisting of two simple windings, but with three 
and even four complex windings, with many taps and the conse- 
quent inability to distribute equally the ampere-turns in all 
cases, new features have arisen showing that the previous 
study of the subject had not been on a broad enough gage to 
include all the variables in such complex designs. 
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So we still welcome such assistance as we have so generously 
received from our mathematical and physical friends. 

After formulas have been developed to calculate accurately 
the mechanical forces resultant from all possible combinations of 
ampere-turns (if that time ever does come) we shall still have 
the interesting problem of making those formulas practical 
for use in “every-day” calculations. Such formulas as have 
been talked aboutin this paper are excellent for the general study 
of transformer design but when it comes to every day designs, 
which. must be produced promptly and cheaply, one can see 
that these formulas are very burdensome and that there is 
necessity for short-cut methods giving equal accuracy. For 
this we must use special mathematical calculating machines, 
such as specially designed slide-rules and other forms of calcu- 
lating machinery that make it possible to use the principles of 
these fundamental formulas in the daily routine of productive 
design. 

F. H. Kierstead: There are often simplifications of difficult 
circuits that may be made in the calculation of the forces between 
these circuits. I wish to illustrate such a case. 

Many times it is necessary to calculate the forces between 
two conductors (carrying currents) which have such a form 
that no standard formula applies. Usually time does not 
permit of deriving an accurate formula for the special case. 
Approximate calculations which are generally accurate enough 
can be made by replacing the actual circuits by equivalent ones 
to which the standard formula applies. As an example to 
illustrate this method let us take the case of the forces between 
a large and a small reactor with parallel but not co-axial axes. 
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The accompanying figure shows the position of the reactors 
relative toeach other. From the standpoint of forces the reactors 
can be replaced by the circular filaments W, X, Y, and Zand the 
forces calculated between these filaments are the forces between 
the reactors. It is, however, difficult to calculate the force 
between two parallel unequal circles not coaxial. To facilitate 
this calculation the smaller circle can be replaced by the arcs of 
areles G-F and H-I (which are co-axial with the circular fila- 
ments of the larger reactor) and the radial lines G-H and F-I. 

Standard formulas are available for calculating the force 
between co-axial circles and, therefore the forces between the 
filaments of the large reactor and circles of which ares G-F and 
H-I form a part are easily calculated. The forces between the 
filaments of the large reactor and ares G-F and H-I bear the 
same relation to the forces between the complete circles that 
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Fig. 1—Diıacram REPRESENTING THE EQUIVALENT FILA- 
MENTS UsED IN CALCULATING THE Forces BETWEEN A LARGE 
AND A SMALL REACTOR 


the length of the arcs bear to length of the complete circles. 
Since that part of the equivalent circuit represented by G-H 
and F-] is radial to the filaments of the large reactor, there is no 
force between it and the filaments of the large reactor. Since 
the current in the are G-F is in opposite direction to that in arc 
F-I the forces are in opposite directions. 

H. B. Dwight: Mr. Clem's paper is an interesting example 
of a case where it is desirable to have both an inductance formula 
and a force formula, not only because a knowledge of the induc- 
tance is useful, but because the inductance is more easily mea- 
sured than the force. 

Mr. Kierstead’s trapezoid solution of the special problem 
is interesting to me personally. In 1917, I was asked to make 
an estimate of the force between two air-core reactors which 
were mounted side-by-side with parallel axes. As I had no 
formulas that I could use at that time for two circles, I used 
the device of representing one of the circles by a trapezoid, the 
same as Mr. Kierstead has described. I had not seen it pub- 
lished before, and perhaps Mr. Kierstead can say if there was a 
previous announcement of it. My publication of this was in 
the Electrical World of June 16, 1917. . 

Later, I was able to calculate the repulsion between circular 
coils with parallel axes, and in the Trans. A. I. E. E., 1919, 
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page 1678, Fig. 2, there is given a comparison between the 
circular-coil solution and the trapezoid solution. The curves 
lie very close together. 

There is a formula in Gray’s ‘‘Absolute Measurements” which 
may be of interest. If the axes of two coils meet in a point, a 
calculation is given by which the mutual inductance and repul- 
sion can be obtained. 

F. W. Grover: (communicated after adjournment) Mr. 
Clem has developed a new formula for the mutual inductance of 
coaxial solenoids, which offers some points of interest. 

The Rosa formula for the mutual inductance of a solenoid and 
coaxial circular filament (Bull. Bureau of Standards 3, p. 209; 
1907, formula (56) Sci. Paper, Bureau of Standards) is made the 
starting point. This formula, although very convergent for 
a wide range of cases, involves certain polynomials X2» which, 
for long solenoids, may assume values so large as to cast doubt 
upon the degree of convergence. By a simple algebraic sub- 
stitution Clem eliminates these polynomials, and obtains a 
transformation of the Rosa equation in which appear as variables 
only the ratios of the radii to the radius vector from the center 
of the circle to the circumference of the end turn of the solenoid. 
Since these variables lie in value between zero and unity as 
limits, this expression of Clem’s is better adapted to tabulation 
than is that of Rosa. It is worthy of note that, making the 
proper changes to reduce to the same system of nomenclature, 
Clem’s expression is seen to be identical with that derived by 
Lorenz, (Wied. Ann. 25, p. 1, 1885; also (53) Sci. Paper 169, 
Bureau of Standards). 

The derivation of Clem’s formula for the mutual inductance of 
coaxial solenoids from this formula for a solenoid and circle is 
straightforward and may readily be extended to obtain further 
terms of the series, if desired. The resulting new expression is 
readily used, and for practical calculations is much superior to 
the related formula of Gray, (Abs. Meas. 2, Part I, p. 274, or 
(40) Sci. Paper 169, Bureau of Standards) which has heretofore 
been the only formula available for this case, except the absolute 
complicated elliptic integral formulas. For example, the 
solution of Example 41, Sci. Paper 169, Bureau of Standards, 
by Clem’s formula gives as a result 1086.2, the true value by the 
absolute formula being 1086.55. Using Gray’s formula directly 
the result is 1092.3, and to obtain an accuracy equal to Clem’s 
it is necessary to subdivide the coils and to sum the results for 
the different pairs of sections. 

Although Clem’s derivation is for the case where the coils are 
separated axially, it applies also to the case of overlapping coils. 
For the important case where the coils are concentric, only two 
main terms have to be calculated instead of four. For this case 
Clem's formula compares very well with the accurate formula of 
Searle and Airey, (Lon. Electrician, 56, p. 318, 1905, or (43) 
Sci. Paper Bur. of Stand.) which is the special form taken by 
Gray’s general formula for the concentric case. 

One precaution in using Clem’s formula should be mentioned. 
When the coils are far apart, the main terms (rı + ry) —(72 + rs) 
give the result as the relatively small difference of two larger 
numbers. However, these quantities may readily be calculated 
by a calculating machine to a sufficient number of places. 
Another obvious method is to expand them in series, but this is 
advantageous only for very distant coils. 
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Transformer Tap Changing Under Load 


BY L. H. HILL 


Associate, A. I. E. E. 
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Synopsis.—Changing the voltage ratio of transformers under 
load ia now a recognized and established procedure. Methods 
of changing taps under load are discussed, illustrated, and compared. 


INTRODUCTION 


T'i development of reliable equipment for changing 
the voltage ratio of transformers without discon- 

necting the load has, in effect, created a new type 
of apparatus ranking with the induction regulator or 
synchronous condenser in importance. 

Transformers provided with equipment for tap chang- 
ing under load, however, do not labor under the inherent 
disadvantages incident to the use of the other two kinds 
of apparatus. The rapid growth in popularity of this 
equipment has been due to the fact that for certain 
applications, a simpler, more compact, more reliable, 
sturdier, more effective, and cheaper piece of apparatus 
can be obtained by this than with the older forms of 
- equipment. 

The application of transformers provided with equip- 
ment for changing taps under load is very wide. Per- 
haps one of the most important is in connection with 
transformers used to tie together two large systems or 
parts of systems. Of next importance are units used 
for bulk voltage regulation of a secondary bus or to 
compensate for voltage drop in transmission circuits. 
Other interesting applications are those involved in the 
variation of voltage applied to rotary converters and 
furnace transformers. ` 


METHODS OF TAP CHANGING 


There have been numerous methods devised and, at 
least to a limited extent, used to change the voltage 
ratio of transformers under load. These may be 
divided into two classes—those changing the ratio in 
steps and those changing the ratio along a smooth curve. 


CHANGING THE VOLTAGE RATIO IN STEPS 


. The majority of schemes proposed and used for chang- 
ing the voltage ratio under load change the ratio in 
steps. Roughly, these may be divided into two general 
classes, —(1) those using duplicate paralleled windings 
in the transformer, each normally carrying one-half 
of the load, but adapted for carrying the entire 
load during the time that the taps on the other are being 
changed ; and (2), those using a single winding with a 
preventive resistance, reactance, or auto-transformer 
across the taps involved in the transition. 
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Eguipment for obtaining smooth curve voltage control is discussed , 
as well as combination voltage and phase-angle control. 
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THE PARALLEL WINDING METHOD 

Fig. 1 indicates schematically a winding arranged to 
change taps under load by means of the parallel winding 
method. 

Each of the parallel circuits contains a tap changer or 
ratio adjuster, usually located inside the transformer 
tank, and a circuit breaker, which is outside of the trans- 
former tank. 

When taps are changed, one of the paralleled circuits 
is opened by means of the circuit breaker in its re- 
spective section and the taps are changed while the 
winding carries no load. During this period the entire 
load is carried by the other winding. When the first 
circuit breaker closes, the two sections of the windings 
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1—ScHEMATIC DIAGRAM AND SEQUENCE CHART OF SWITCH 
OPERATIONS FOR THE PARALLEL WINDING METHOD 
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are paralleled with unequal taps and a circulating 
current exists. This is for a short time only, as the 
second breaker opens immediately, permitting the taps 
to be changed at no-load on the second winding, while 
the first carries the total load. After this, the tap 
changing operation is completed by closing the breaker 
on the second winding with the result that the two 
paralleled sections again operate on equal taps. 

During the interval of tap changing, one of the paral- 
leled windings carries double normal current. The 
windings are ordinarily designed with sufficient capacity 
to carry this abnormal current during the tap changing 
operation and differential protection between windings 
is provided to guard against accidental overloading fora 
longer period of time. 
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A transformer designed to change taps under load 
by means of the parallel winding method is illustrated 
in Fig. 2. 

SINGLE WINDING METHOD 

The other methods used in addition to the parallel 
winding method fall into the class which uses a single 
winding in the transformer with a preventive coil or 
some other device to limit the current during the tran- 
sition period from one tap to the next. 


Probably the oldest form of equipment for tap chang-: 


ing under load employed the Stillwell regulator prin- 
ciple, which uses a preventive resistance temporarily 
bridged across taps to limit the current during the tran- 
sition period. 

| Equipments have also been made, to a limited extent, 
using a preventive reactance in the circuits instead of 
the resistance used with the original Stillwell scheme. 


2—20,000-Kv-a., 66,000-VoLt, 60-CycLE TRANSFORMERS 
USING PARALLEL WINDING METHOD 
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A much simpler scheme than either of these two 
consists of using a preventive auto-transformer with a 
mid-point tap, as schematically shown in Fig. 3. A great 
many units have been built employing this method. 

To obtain the full winding of the transformer in the 
circuit, switches 1 and 6 are closed. The circuit is then 
through the full transformer winding and divides 
through the preventive auto-transformer, one-half 
being through one side of the auto-transformer and one- 
half being through the other half in the opposite di- 
rection. The voltage of the transformer is therefore 
the voltage induced in the entire winding. To change 
taps, switch 6 is opened and 2 is closed. This connects 
the auto-transformer across the two taps and, since the 
line lead is attached to the center of the preventive 
auto-transformer, the line voltage becomes the same as 
it would have been had the line lead been attached to a 
tap midway between the two actually brought out. 

Similarly, to change taps still further, the process is 
repeated in this manner, (Fig. 3). 
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In the earlier installations built using this method, 
the switches and preventive auto-transformers were all 
mounted separately and apart from the main trans- 
former tank. In later equipments, since the preventive 
auto-transformer has no moving parts and can be made 
entirely reliable, it is mounted inside the main tank 
and supported from the main transformer. 
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Fig. 4 illustrates an installation of transformers using 
this type of apparatus. The tap changing equipment is 
contained in the sheet iron house next to the transformer 
tank. 

The tap leads are all brought through the side of the 
transformer tank, and are connected to the circuit 
breakers mounted in the upper portion of the steel 
house. 

The circuit breakers are mechanically connected to 
the operating mechanism on the floor below. 


Fia. 66,000-V oLT, 
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For a short time during the transition period, one-half 
of the auto-transformer winding carries all of the load 
current of the transformer, while the other half of the 
winding is open. The load current is then the mag- 
netizing current, and the voltage across the preventive 
auto-transformer tends to rise somewhat above normal. 
To limit this voltage to a low value, the design of the 


584 


auto-transformer is such that the core becomes saturated 
‘ when the voltage reaches a value slightly above normal. 

In changing from one voltage to another, two opera- 
tions are required; namely, the opening of one circuit 
breaker and the closing of another. Since the circuit 
breakers are operated mechanically by means of cams on 
a drive shaft, the correct sequence of operation is 
assured at all times. 
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Fig. 5—SCHEMATIC DIAGRAM AND SEQUENCE "CHART OF 
SINGLE-WINDING METHOD USING THE SIMPLIFIED PREVENTIVE 
AvutTo-TRANSFORMER 


SIMPLIFIED PREVENTIVE AUTO-TRANSFORMER METHOD 


The preventive auto-transformer method, using a 
short-circuiting switch across the auto-transformer, 
has recently been simplified still further by merely the 
elimination of the short-circuiting switch and the use 
of an auto-transformer designed to carry the trans- 
former full load current in either half of the winding with 
the other end disconnected. 

Fig. 5 illustrates schematically the winding arrange- 
ment when this method is used. To obtain the entire 
transformer winding in the circuit, switch 1 is closed 
and the current passes through the transformer winding 
and one-half of the preventive auto-transformer. This 
gives a small impedance drop through the auto-trans- 
former which is in series with the transformer. Since 
the drop is almost entirely reactive, its effect on regula- 
tion is practically negligible at power factors above 65 
per cent. 

To change taps one step, switch 2 is closed, placing 
the auto-transformer across the two taps, and giving a 
voltage on the mid-tap of the auto-transformer midway 
between the two actual tap voltages. 

To change taps another step, switch 1 is opened and 
the conditions become as before, with the other half 
of the auto-transformer carrying the full current of the 
transformer. 

To change taps still further, the process is continued 
in the same manner, as may be followed in detail from 
the sequence chart, Fig. 5. 

It may be seen that, by this development, the process 
of tap changing has apparently reached its utmost 
| simplicity for step-type tap changers with one switch 
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operation to change taps, and in every other tap change, 
the switch closing instead of opening. 

When full load current is passed through one-half 
of the auto-transformer with the other half open, the 
full-load current of the main transformer as in the case 
of the other auto-transformer method becomes the 
exciting current of the auto-transformer. Under this 
condition, there are no neutralizing ampere-turns from 
the other half, so that the transformer becomes a 
reactor. Air-gaps are provided in the core to give 
low impedance when operating in this manner which, 
of course, makes the exciting current, when operating 
as an auto-transformer across taps, higher than 
ordinary. 

SWITCHES FOR TAP CHANGING SERVICE , 


Circuit-breaker devices for tap changing service have 
entirely different conditions to meet than the ordinary 
circuit breaker. The ordinary breaker is designed for 
relatively infrequent operations with a few operations 
interrupting many times normal current at line voltage. 

The switch for tap changing duty, on the other hand, 
is called upon to merely transfer current from one 
circuit to another, and, while it must be insulated for 
the service voltage, it opens but a small fraction of 
line voltage and usually not more than twice normal 
line current. Instead of calling for a few operations 
with high interrupting capacity, it must be able to stand 
a great number of operations without losing its adjust- 
ment but with very low interrupting capacity required. 
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A switch for tap changing service is never called upon 
to interrupt a short circuit except in the remote possi- 
bility of short circuit on the system occurring during a 
tap changing operation. Even in this case the voltage 
to be interrupted would be very low but the current 
would, of course, be considerably higher than normal. 
In fact, the service required of a switch for tap changing 
service, approaches that of a heavy duty ;contactor 
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switch. Fig. 6 illustrates a transformer provided with 
equipment for tap changing under load, using a specially 
designed switch to meet these requirements, a very 
simple, compact, and sturdy mechanism. The single 
winding method, using the simplified preventive auto- 
transformer, was employed. 

All mechanical equipment is isolated from the main 
transformer tank. The switches are contained in a 
separate oil-filled compartment on the side of the trans- 
former case and the operating mechanism is contained 
in the housing below with a connecting tube enclosing 
the drive shaft which enters the upper compartment 
through an oil tight stuffing box in the bottom. 


The general construction of the switch itself may be 
seen in Fig. 7. Condenser bushings through the side 
of the transformer tank support the stationary and 
movable contacts which are arranged to give the rolling 
action common with heavy-duty contactor switches. 
The rolling action is such that the arcing is taken at 
the tips so that the current carrying parts always 
remain in good condition. Opening and closing is 
definitely fixed in the proper sequence by the mechani- 
cal operation of the cams as in the case of the equip- 
ment using circuit breakers. The toggle mechanism 
assures quick opening, but in case of sticking or contact 
weld, the cams force the opening. 


CONTROL OF TAP CHANGING EQUIPMENTS 


Tap changing equipments are normally arranged for 
remote electrical control by the operator, with auxiliary 
arrangements for manual operation in case of failure 
of motor or control voltage. 


The electrical control is such that after the operator 
has initiated a tap change, auxiliary mechanically 
operated switches on the equipment assure the com- 
pletion of the tap changing operation irrespective of the 
action of the operator. Remote electrically operated 
position indicators of the dial type or of the indicating 
lamp type are generally used. 


Tap changing equipments may also be built to operate 
under automatic control. The transformer illustrated 
in Fig. 6 was arranged to automatically control the 
voltage at a given point within predetermined limits. 

The automatic control is initiated by a rise or fall in 
the low-voltage potential acting through a long time 
delay relay. l 

The use of automatic control with step type tap 
changers places unusual responsibility on the reliability 
of the apparatus. On account of the greater number of 
operations likely to be obtained with equipment respon- 
sive to the action of fluctuating line voltages, the time 
delay relay must be introduced to eliminate unnecessary 
operations—also to prevent the possibility of the tap 
changer operating during short circuits. Since a short 
Circuit on the system tends to reduce the voltage, there 
would be a tendency for the tap changer to operate 
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With automatic control of step type equipment 
it is necessary also to design the control equipment to 
free the motor-actuating circuits from the voltage- 
responsive circuits as soon as the motor-actuating cir- 
cuits have become energized. 

When transformers are operated as single-phase units 
in a bank with individual tap changing mechanisms or 
when two banks are operated in parallel, it is essential 
that out-of-step operation be guarded against. In all 
such cases, the automatic equipment is locked out of 
service and an alarm sounded. 


COMPARISON OF STEP TYPE TAP CHANGING METHODS 


Satisfactory tap changing equipments have been 
built using the two fundamental methods of step-type 
tap changing. There are certain inherent advantages, 
however, pertaining to each. 

The single winding method requires fewer taps in the 
transformer for a given number of operating positions 
and gives a simpler transformer winding than the other 
method. On account of the less number of taps it is 
easier also to bring all operating parts outside of the 
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Fig. 7—SpeciaL SwitcH DESIGNED FOR TaP CHANGER SERVICB 


transformer tank when this method is used. In 
addition, the fewer number of switch operations give the 
preventive auto method a decided advantage. 

With the parallel winding method, however, when a 
wide range of taps in small steps is desired, a more 
compact equipment may usually be obtained by the 
use of the tap changer inside the main tank. This is- 
particularly advantageous with small three-phase units 
where space limitations make it difficult te mount all 
equipments outside the main tank. 


EQUIPMENT FOR CHANGING TRANSFORMER VOLTAGE 
RATIO IN SMOOTH TRANSITION 


An interesting modification of the simplified preven- 
tive auto-transformer scheme of tap changing is ob- 
tained if the two halves of the preventive auto- 
transformer are replaced by the two sections of a series 
transformer—in combination with a small induction 
regulator. l 

Such a combination is called a step induction regula- 
tor and has been used principally for bus regulation and 


to apply variable voltage in a smooth curve to ee 
transformers, testing transformers, and synchronous 


during the short circuit to raise the voltage, which in 
itself would be undesirable. 
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converters. It has been applied also to transformers 
used for interconnecting two systems. Referring to 
Fig. 8, the switches 1, 2, 3, 4, and 5 are called selector 
switches while A and B are called transfer switches. 
The induction regulator may be a standard feeder 
regulator with the addition of slip-rings to make the 
rotor suitable for continuous rotation. 

Rotation of the induction regulator rotor through 
180 deg. changes the voltage in its winding from a 
maximum in one direction to a maximum in the other 
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Fig. 8—ScHEMaATIC DIAGRAM AND SEQUENCE CHART FOR STEP 
INDUCTION REGULATOR EQUIPMENT 


direction. In the application to step induction equip- 
ment, the voltage of the regulator is added to or sub- 
tracted from a transformer tap to provide means for 
transferring from one tap position to the next and in- 
cidentally obtaining an infinite number of operating 
positions in between. 

Referring to Fig. 8, if the entire voltage of the trans- 
former winding is desired, selector switch 1 and transfer 
switch A would be closed with the regulator rotor in 
the position of zero buck and boost. 

To reduce the effective transformer coil voltage, 
the regulator is rotated to increase the voltage. At 
the position of maximum regulator voltage, the series 
transformer is designed so that the voltage of each half 
of the series winding is exactly the same as one-half 
the tap voltage. 

At this point, switches 2 and B may be closed, since 
the half of the series winding connected to switch 1 
reduces the effective coil voltage the same amount that 
the half connected to 2 adds to the voltage up to that 
point. Since the potential at the two points is the 
same, they may be connected. Continued rotation 
of the mechanism opens switches A and 1 and the volt- 
age Of the series transformer adds to the coil voltage 
of switch 2. As the regulator is rotated further, the 
voltage of the series transformer half decreases to zero 
when the line voltage becomes equal to the coil voltage 
up to tap 2. Continued rotation repeats the process 
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to the next tap, as may be followed in detail from the 
sequence chart of switch operations Fig. 8. 

Any of the infinite positions of the induction regulator 
become operating positions so that an infinite number of 
steps in voltage may be obtained between the extreme 
tap position. 

It would be possible to eliminate the series trans- 
former with this equipment, by building a special regu- 
lator with two sets of secondary coils. The use 
of the series transformer is desirable, however, 
not only because it eliminates the necessity of 
making a special regulator winding, but it isolates 
the induction regulator from the transformer circuits. 
The use of the relatively weaker induction regulator, 
therefore, does not reduce the inherent mechanical 
and electrical reliability of the main transformer.. 


When the range of voltage regulation is exceptionally 
large, it is economical to modify the above scheme by 
switching the induction regulator along an auxiliary 
winding, which, in turn, is switched along the main 
winding at less frequent intervals. The taps are 
changed on the auxiliary winding in the same manner 
as described above and the voltage of the auxiliary 
winding either added to or subtracted from the taps of 
the main winding. 

Assuming that the voltage i is to be increased, one of 
the auxiliary windings is connected to a tap such as 
tap 1 of the transformer, and the induction regulator 
switched along the auxiliary winding until the voltage 
of the double secondary windings is added to the auxil- 
iary winding. The voltage added to tap 1 is then the 
same as the voltage of the winding between taps 1 and 2 
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minus the voltage of one winding of the series trans- 
former. There will be no change, therefore, in voltage 
if the second double secondary winding is connected 
to tap 2 so that its voltage is subtracted from the tap. 
The voltage may be increased further by disconnecting 
the auxiliary winding from tap 1, and rotating the regu- 
lator rotor so that the voltage of the second auxiliary 
winding plus the voltage of one winding of the double 
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secondary winding is added to tap 2. The connections 
are then changed as before, so as to subtract the voltage 
of one winding of the series transformer from tap 3. 
Further increases of voltage are obtained beyond tap 3 
in asimilar manner. 

An interesting application of the step induction 
regulator principle is illustrated in Fig. 9, where the 
voltage applied to a 2500-kv-a., synchronous converter 
is varied in the ratio of 2 to 1, giving a voltage range of 
50 per cent in smooth transitions. By the use of 
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Fig. 10—SxeETCH or TRANSFORMER PROVIDED WITH STEP- 
INDUCTION REGULATOR EQUIPMENT BUILT INTEGRAL WITH It 


voltage regulating equipment of this kind it is possible 
to cover a wide voltage range without the use of booster 
type converters. 

In Fig. 10 is illustrated the possible compact and 
simple arrangement of step induction regulator equip- 
ment with all moving parts external to the main unit 
but with the series transformer inside the main case. 
The selector and transfer switches are mechanically 
operated contactor switches driven by the regulator 
` in the proper sequence. 


COMPARISON OF STEP TYPE AND STEP INDUCTION 
REGULATOR METHODS 


The step induction regulator is well adapted for use 
where bus or transmission circuit voltage is to be con- 
trolled, particularly where automatic control is desired. 
In this case, automatic control merely calls for a volt- 
age actuated relay with time delay, giving a much more 
simple control equipment than is possible with the step 
type equipment. When automatic control is used, the 
number of tap changing operations is usually greater 
than otherwise so that the step induction regulator 
units are particularly adaptable on account of the fact 
that there is no burning of the contacts and therefore 
less maintenance required. 

When the range in taps to be covered is not too large, 
and if small steps are not required, the step type 
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equipment is more desirable-on account of the somewhat 
simpler equipment. 
SEPARATE REGULATING UNITS 

The tap changing equipments heretofore considered 
have been applied directly to the transformer unit. 
On account of the fact that no additional transformer 
units are required, this generally gives the cheapest, 
most efficient, and most compact equipment to change 
the voltage. | 

There are applications, however, where modifications 
of this simple arrangement are desirable. 

In general, tap changing mechanisms are so far 
practicable for direct use in circuits up to 33,000 volts 
or carrying not more than 1200 amperes. By using these 
units in the star connection of solidly grounded systems 
it is possible to apply them to transformers of much 
higher voltage by placing the tap changer in the 
grounded end. 

In case of delta connections above 33,000 volts or 
ungrounded star windings of higher voltage, the use of a 
separate regulating unit becomes desirable at present. 

The use of a separate regulating unit may be desirable 
also from other considerations. For example, if it is 
desired to obtain voltage control with transformers 
already installed, the separate regulating unit becomes 
very useful. In some cases the need for voltage regu- 
lation may not be permanent, so that a separate regu- 
lating unit may be used with the idea that itmay 
later be transported to some other location. 
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Fig. 11—ScnHematic DIAGRAM OF SEPARATE REGULATING UNIT 


The use of separate regulating units, however, is 
accompanied by the requirement of more floor space, 
lower over-all efficiency on account of the extra trans- 
formers required, higher installation cost on account of 
the interconnections, etc., required between the reg- 
ulating unit and the main unit. | 

Fig. 11 illustrates schematically the winding arrange- 
ment for a separate regulating unit. By suitably 
arranging the ratios of the respective series and exciting 
units, the tap changing equipment may be used to cover 
a wide range of applications. Both the series and ex- 
citing transformers may be mounted in the same case, 
to reduce the number of bushings and simplify the 
connections and installations. 
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In the case of equipment for tap changing under load 
designed to operate on high-voltage ungrounded units, 
the auxiliary series and exciting windings may be built 
into the same unit in such a way as to reduce the 
number of auxiliary windings and cores and increase 
the over-all efficiency. Assume, for example, a unit 
with tap changing under load required on a 120,000- 
volt delta winding. The series transformer as shown 
in Fig. 12 may be used but the exciting transformer 
in the separate regulating equipment may be replaced 
by a third winding in the transformer as shown. 


COMBINATION VOLTAGE AND PHASE ANGLE CONTROL 


When systems become larger and interconnections 
become more frequent, cases will arise where phase- 
angle control, as well as voltage control, may be re- 
quired to obtain satisfactory results. This condition 
will exist where a substation is supplied from two 
sources with interconnecting lines of different 
impedances. 

It appears that the contro] necessary will be of the 
order of plus or minus 10 per cent in-phase voltage with 
a phase-angle control of approximately plus or minus 
6 deg. This means that an in-phase component of 
plus or minus 10 per cent, and a quadrature component 
of plus or minus 10 per cent, each independently adjust- 
able, should be super-imposed upon one of the lines at 
some suitable point. 

These problems may be worked out, using two induc- 
tion regulators, two transformers, or by means of a 
single multi-winding transformer. 


REGULATION METHODS 


Under this scheme, taking a 24,000-volt line carrying 
25,000 kv-a. as an example, two 1250-kv-a., three- 
phase, induction regulators, adapted for 5 per cent 
regulation on 25000 kv-a. and connected in series 
may be used. The primaries of these regulators are 
energized by means of a three-phase transformer, 
24,000 to 4800 volts, 3300-kv-a. capacity. The output 
of the two regulators in series may be stepped up by 
means of a 2500-kv-a. series transformer so as to buck 
and boost the 24,000-volt line 2400 volts in either di- 
rection due to the two 5 per cent windings in series. 
Because of the fact that a three-phase regulator rotates 
the voltage vector—that is, it is fixed in magnitude but 
is variable in phase—the first regulator will add to the 
line voltage a voltage vector which is equal in magnitude 
to 5 per cent of the line voltage but whose phase angle 
with respect to the line voltage (depending upon the 
relative position of the rotor and stator of the regulator), 


may swing to any position in a complete circle pivoted: 


upon the end of the line voltage vector. The regulator 
itself may be supplied with slip-rings so that it is capable 
of continuous rotation. The terminal voltage of the 
regulator is therefore represented by a circle of radius 
5 per cent. To this, a second regulator is connected 
in series having an independent control, the terminal 
voltage of the second regulator describing a 5 per cent 
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circle having its center located on the circle described 
by the first regulator, with the result that the terminal 
voltage of the second regulator may be adjusted at 
any point within a radius equal to 10 per cent and may 
therefore give a phase angle control of the line voltage 
of approximately 6 deg. and also a maximum in-phase 
buck or boost of 10 per cent either way. 


TRANSFORMER METHOD > 


In the second method, two transformers of 2500-volt 
capacity each may be used with primaries wound for 
24,000 volts and secondaries wound for 2400 volts, 
each rated for 24,000 volts series connection with the 
line and equipped with tap changing under load 
covering a range from plus 2400 volts to minus 2400. 
The first transformer is arranged with its primaries 
star connected so that the secondary is in phase with the 
line. The second transformer has a delta-connected 
primary and by properly selecting the secondary wind- 
ing, a secondary in quadrature with the line is obtained. 


Fig. 12—Scuematic DIAGRAM SHOWING APPLICATIONS OF 
Low-Vo.trace Tap-CHaANnGING Equipment To H1iaH-VOLTAGE 
TRANSFORMERS 


These two windings are placed in series with each 
other and with the line, and it is therefore possible to 
impose upon the line an in-phase voltage component 
of 10 per cent plus or minus and also a quadrature 
voltage component of 10 per cent plus or minus, each 
being controlled independently. By a manipulation 
of the two transformers in effect, it is evident that any 
degree of in-phase voltage regulation and any degree of 
phase-angle control within the limit of the apparatus 
may be obtained. 

The losses in the case of the regulator method are 
approximately double the transformer method. 


MULTI-WINDING TRANSFORMER METHOD 

By using a multi-winding transformer, the equip- 
ment may be still further simplified. Instead of using 
two transformers a single three-phase, three-winding 
transformer may be used. One winding is the exciting 
winding and the others are connected to give two 
voltages in series but displaced from each other by 
60 deg. This would take the place of the two separate 
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transformer windings in true quadrature. This ar- 
rangement results in a very decided decrease in the size 
of the transformer tank and also an increase in the 
over-all efficiency of the transformation, and results in a 
considerable reduction in cost. 

In either of transformer equipments, any of the types 
of tap changing equipment may obviously be used. 


CONCLUSION 
The development of reliable sturdy apparatus for 
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changing transformer voltage ratio under load has 
opened up a new field with enormous possibilities. 
While it can be seen that equipment of this nature is 
not inexpensive, yet it will generally be found that if 
voltage control of large capacity is desired, the use of 
transformers arranged for changing taps under load 
will be found economically desirable. 


Discussion 
For discussion of this paper see page 599. 


Characteristics of Interconnected Power Systems 


As Affected by Transformer Ratio Control 
BY L. F. BLUME! 


Associate, A. I. E. E. 


Synopsis.— Operating characteristics of interconnected systems 
in which voltage is maintained constant by varying field of the 
generators is compared with operating characteristics, when, in 
addition to the control of generator field, transformers equipped with 
© ratio control are employed. The use of transformers with variable 
ratio introduces a flexibility in operation which permits the division 
of wallless currents between generating stations independent of 
collage held at the generator busses. 


HE steady and rapid growth of the use of variable 

ratio transformers in connection with intercon- 

nected central stations makes it of interest to 
state the fundamental characteristics of apparatus in 
systems which make these equipments desirable. 
In a paper? before the Institute two years ago, Mr. Al- 
brecht indicated their field and compared their charac- 
teristics with induction regulators and synchronous 
condensers. The purpose of the present paper is to 
focus attention on a few of these characteristics in order 
to indicate how quantitative values may be obtained. 


The various kinds of voltage control now being used 
on power Systems are: 


1. Voltage control by meansof generator field current, 

2. Synchronous condensers or phase modifiers by 
means of which the power factor in transmission lines 
is improved and thus better regulation obtained, 

3. Voltage ratio control, either by means of trans- 
formers or induction regulators. 

The above methods of voltage control will be con- 
sidered in connection with specific, typical cases, al- 
though in the most practical instances it is admitted 
that the problem is more complicated than the assump- 


tions of this paper imply. The principles as outlined - 


here, however, are applicable, with proper modifica- 
tions, to the more complicated ones. The four typical 
cases to be discussed are: 


1. Where two generating systems are connected 
by means of transmission line and power may flow in 
either direction, 

2. Where two generating systems are connected 
by means of transmission line but one-way flow of 
power only is required, 

3. A generating system with a synchronous condenser 
floating on the end of the line, l 

4. Transmission line loop. 


1. Transformer Engineering Dept., General Electric Co., 
Schenectady, N. Y. 


2. H. C. Albrecht, Transformer Tap Changing Under Load, 
A. I. E. E. Trans., Vol. 44, 1925, p. 581. 
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A comparison is made of the use of synchronous condensers for 
the purpose of tmproving regulation as compared with the use of 
transformers equipped with ratio control. 

The elementary conditions which govern the current distribution 
in a loop, L, are determined in terms of impedance characteristics 
of the net-work. The equipments necessary to control the current 
distribution and at the same time maintain good regulation in the 
loop are indicated, 


CASE I: Two-Way FLOW OF POWER OVER TRANSMIS- 
SION LINE CONNECTING Two STATIONS 


With two central stations connected together by 
means of an interconnecting transmission line (Fig. 1) 
the operation of the system involves the control of: 


1. The division of energy between the two stations, 

2. The division of wattless kilovolt-amperes, 

3. The voltage at the two busses. 

The controls available are (a) throttle control, 
(b) field control, (c) voltage ratio control. It is evident 
that the division of energy between the two stations 
is not determined by the electrical characteristics but 
by the characteristics of the prime mover and the 
throttle control. Field control at the two stations 
does not affect the energy flow, but determines for each 
load demand the voltages on the two busses, together 
with the division of reactive kilovolt-ampere between 
the stations. But field control cannot independently 
determine the bus voltages and division of reactive 
kilovolt-ampere. Either can be controlled, but not 
both simultaneously; thus the field control may be 
used to hold the bus voltages equal and constant for 
all loads, under which condition the division of re- 
active kilovolt-ampere between the stations is deter- 
minable but uncontrollable. Conversely, by means of 
field adjustments it is possible to control the division 
of reactive kilovolt-ampere between the stations or 
what amounts to the same thing, the power factor in 
the line, but when this is done, voltage control on the 
two busses is sacrificed. The voltage of one point on 
the system may be held constant, but the other bus 
voltage will vary through a range which is equal to the 
regulation drop between the two busses. 


In order to control, independently of each other, the 
three characteristics, namely, energy division, reactive 
kilovolt-ampere division, and voltage at both busses, it 
is necessary to introduce a third independent control. 
This is readily accomplished by introducing variable 
voltage ratio between the two busses variable under 
load. 


Thus, by means of the insertion of variable ratio 
between the two busses, it becomes possible to maintain 
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both bus voltages constant at all loads, which means 
that the regulation drop between the two busses is 
zero, and at the same time, to obtain any desired di- 
vision of current between the two stations. With the 
flexibility of operation thus obtained, the bus voltage 
of the two stations may be maintained constant, and 
at the same time the division of current between 
stations may be adjusted so as to obtain either 

A. Maximum electrical efficiency, 

B. Maximum economy in operation, 

C. Maximum utilization of apparatus. 


Although all three of the above are desirable aims, 
it is rarely possible to obtain them simultaneously. 
For example operating for maximum electrical 
efficiency is simultaneous with operation for maxi- 
mum economy only when the cost of energy de- 
livered by station A to the load is equal to the cost of 
energy delivered by station B to the load. With 
equal energy cost, the division of current to obtain 
maximum efficiency depends entirely upon the relative 
losses in the two branches. 

When the cost of energy in branch A and branch B, 
including the transmission line, differ materially, 
maximum economy is secured by shifting a portion of 
the load kilowatts from the station in which the cost of 
energy is greatest to the other station. This results in a 
reduction in efficiency but an increase in economy. 
As the division of reactive kilovolt-ampere for maxi- 
mum economy is not affected to as great an extent by 
cost of energy, the currents flowing in the two branches 
for maximum economy are no longer in phase with the 
load. 

Division of current, to obtain maximum economy 
in operation, is the desirable operating condition for 
fractional loads but when the total load demand is 
equal to, or approaches the full kilovolt-ampere of the 
system, the rating limitations of the apparatus and 
line may demand considerable departures from di- 
vision of currents as determined by the consideration 
of maximum economy. In order to deliver a maximum 


Station B 


Transmission Line 


Station A 


Load 
Fic. 1—ELEMENTARY DIAGRAM OF INTERCONNECTED SYSTEMS 
output, the division of current must be such as to ob- 
tain the maximum utilization of the apparatus. 

It is a relatively simple matter to obtain a measure 
of the extent to which the use of ratio control increases 
the maximum load which a given system can deliver 
to a given point without sacrificing constant voltage 
at the two busses. This may be done by determining 
quantitatively the limitation which exists when the 
system is operated in which only throttle and generator 
field control are employed. 
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Voltage Relations. We shall assume that the load to 
be delivered may be concentrated on either bus of the 
two stations A and B, Fig. 1, and that it is desired to 
maintain voltages of busses A and B constant and 
independent of the load demand. 


Assuming that the flow of power will sometimes be 
in one direction and sometimes reversed, the regulation 
drop in the transmission line and interconnecting 
transformers should be zero. Therefore, equating 


Fie. 2—VouTAGeE RELATIONS IN INTERCONNECTED SYSTEMS 


O A—Equals voltage of bus near load, 
O B—Equals voltage of bus far from load, 
o —Equals phase angle of current in transmission Line 


the expression for regulation to zero, we have ap- 
proximately: 


(% I R) cos 0 — (% I R) sin 0 = O 
from which 


% IR 
%IR 


From this formula it is evident that the maintenance 
of the two busses at constant voltage at all loads 
involves the operation of the transmission line at a 
leading power factor cos 0 the value of which is de- 
termined from the ratio of resistance and reactance of 
the line. 


A more exact solution can be obtained graphically 
by plotting the vector diagram of the transmission 
line voltages, Fig. 2. The premises of the problem 
make the three voltages an isosceles triangle O A B in 
which the impedance drop of the line is the base A B 
and the sides are the bus voltages of the two stations. 
From this diagram we may write: 


tan 0 = (1) 


ZIZ 
sina = 309 (2) 
tan (0 RL 
n(0-a)= TX (3) 
where 

OA = Voltage of bus near load, 
OB = Voltage of bus far from load, 
2a = Phase angle between voltages O A & OB, 
0 = Phase angle of current in transmission line at 


load end, 

%IR&%IX = Line constants including step-up 
and step-down transformers. 

These equations are plotted in Fig. 4 by means of 
which it is possible to determine readily the phase 
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angle 0 of current in the interconnecting transmission 
line when the per cent impedance drop and the ratio of 
resistance to reactance is known. 


Current Relations. The corresponding current 
relations can be easily derived from the vector 
diagram, Fig. 3, showing the current relations in 
terms of the power factor of the load being de- 
livered and the power factor of the transmission 
line. In this it is assumed that the currents sup- 
plied by the two systems to the load are equal, 


B 
0 a N 
C 


A 


3—CuRRENT RELATIONS IN INTERCONNECTED SysTEMS 


O B—Equals current in transmission line, 
B A—Equals current at Station “A”, 


Fia. 


O A—Equals load current 
Load power factor cos ¢ equals 95 per cent 
Angle of lead in transmission line 9 equals 20 deg. 


under which condition the triangle of current O B A is 
isosceles where O A is the load current lagging an angle 
@ behind the voltage, O B is the current delivered by 
the transmission line at the angle 6, and BA is the 
current delivered by the local bus. A measure of the 
effectiveness of the transmission line and distant 
station in helping out the local station is determined 
by the ratio OC /OB, the point C being determined 
by making C A and BA equal to each other. This 
ratio, which may be called the transmission utility 
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factor, can be expressed mathematically by the equa- 
tion derived directly from Fig. 3. 


T. = OC/OB = 2co0s (0 + ¢)—1 (4) 


This equation is plotted in Fig. 5, from which for 
various values of phase angles of currents’in the trans- 
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mission line and for various power factors of load, the 
transmission utility factor can be determined. 

By means of Figs. 4 and 5 it is possible to determine 
the resulting transmission utility factor, when the trans- 
mission line constants are known, for any power factor 
of load. The curves show exactly how much is sacri- 
ficed in order to obtain constant potential on the two 
busses. 

Rating of Transmission Line Less than Generating 
Stations. In the preceding analysis it was assumed 
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that the kilovolt-ampere rating of the transmission 
line was equal to the kilovolt-ampere rating of 
the generating stations, and for that reason the 
current in the transmission line and the current 
in the local generating station were made equal 
to each other. It may be, however, that the kilo- 
volt-ampere rating of the transmission line is less than 
the rating of the stations, and for that reason, it becomes 
desirable to consider the case in which the division of 
load between the two stations is unequal. It is de- 
sirable, therefore, to have utility factor curves for 
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Two stations, A and B, 14 miles apart, interconnected 
by a 66-kv. transmission line, have a rating of 80,000 


kv-a. At this load, the line characteristics including 


various ratios of current in transmission line to current 
in generator nearest to the load. Let 


Current in Transmission Line 
Girrent in Generator nearest to Load Step Up ATG SEPARO transonnens ate. 
The curves, Figs. 5,6, and 7, correspond to values of Per Cent 
F =1,F = 0.8 and F = 0.5, respectively. < 
It is of interest to note that in all of these cases, Reac tance drop = 82.5 
: pages as Resistance drop = 7.5 
Figs. 5,6, and 7, that a transmission utility of 100 per lnnpedaneedie = 935 
cent is obtainable only when the currents in the trans- re p - 023 


mission line and in the generators of both stations are 
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all in phase with the load current, no matter what the 
power factor of the load may be, and thus it is evident 
that the maintenance of constant potential on the two 
busses cannot be obtained under the conditions assumed 
without sacrificing the utility factor. 


CASE II: ONE-WAY FLOW OF POWER—LINE DROP 
IN INTERCONNECTING LINE MAINTAINED CONSTANT 


In case I, a two-way flow of power was assumed; con- 
sequently it was necessary to equate the line drop 
to zero. If the flow of power is in one direction only, 
it is sufficient that the line drop be maintained constant 
at all loads. A typical case is to assume 10 per cent 
line drop. For these assumptions, Fig. 8 has been 
determined giving the relations between the trans- 
mission line constants and phase angle of current in 
the transmission line. Fig. 8 is to be used in conjunc- 
tion with transmission economy curves, Figs. 5, 6, and 7. 


EXAMPLE FOR CASES I AND II 


Transmission utility factors are determined in the 
following examples, in which constant voltage is main- 
tained at two busses, by field control alone.’ 


3. It should not be inferred that all of the assumed operating 
conditions in the above examples represent good practise. They 
are merely cited to show the inherent difficulty of operating 
with field control alone. In the first example where a trans- 
mission factor of 18 per cent is obtained, the power factor 
in the generator is so poor, about 15 per cent lagging, that 
it is doubtful whether the generator could deliver its full kilo- 
volt-am pere. 


Power factor of load = 85 


To determine the value of using ratio control in con- 
nection with the above conditions, it is first necessary to 
examine the operating conditions or limitations which 
exist if the two station busses are maintained at con- 
stant potential by means of generator field control only, 
that is, without employing ratio control or other voltage 
regulating devices. These conditions impose upon the 
system the necessity of maintaining the current in the 
transmission line at a definite phase angle, the values 
of which, as determined from Figs. 4 and 5, are: | 
For two-way flow of power (Fig. 4) 0 = 22-deg. leading 
For one-way flow of power (Fig. 8) 0 = 4-deg. leading 

The values of transmission utility factor for various 
conditions of operation as determined from Figs. 5, 6, 
and 7 are given in column 4 of the accompanying table. 
This value is a measure of the usefulness of the distant 
station under the conditions assumed. It means that 
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although in each case the distant generator and trans- 
mission line are loaded to the rated kilovolt-ampere of 
the line, they are effective only to the extent indicated 
by the percentages given in column 4. 


CASE III. COMPARISON OF SYNCHRONOUS CONDENSERS 
WITH TRANSFORMER RATIO CONTROL EQUIPMENT 


Comparison of Ratings. When used for the 
purpose of enabling the system to hold bus volt- 
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OASE 1: TWO-WAY FLOW OF POWER 


Stations A and B Having Equal Ratings, Transmission Line Rating = 
80,000 Kv-a. 


1 2 3 


Transmission 
Utility Factor 


With field|With ratio 


Ratio transmission control control 
Rating station | line rating to station only only 

A and B ratings per cent per cent 
Fig. 5 80,000 kv-a 1 18 100 
Fig. 6 | 100,000 “ 0.8 30 4 
Fig. 7 160,000 “ 0.5 42 “ 


CASE II: ONE-WAY FLOW OF POWER 
Station B and Transmission Line Rating = 80,000 kv-a. 


1 2 3 4 


Transmission 
utility factor 


With field|With ratio 


Ratio transmission control control 
Rating line rating to station only only 
Station A ratings per cent per cent 
Fig. 5 80,000 kv-a 1 62 100 
Fig. 6 | 100,000 “ 0.8 66 “ 
Fig. 7 160,000 * 0.5 72 “ 


ages at both ends of the line constant and inde- 
pendent of load changes, the synchronous condenser 
must compensate for the regulation of the line and inter- 
connecting transformers. The condenser floating on 
the end of the line takes an additional wattless load 
the value of which, expressed in per cent of transmission 
line rating, is to be determined. The regulation due 
to the addition of the condenser load must be made 
equal and opposite to the regulation due to load. 
Hence 


~ I X 


[% Kwa). + % Kva R a 
where 
% (Kv-a.). = Rated leading kilovolt-ampere of con- 
denser, 
% (Kv-a.).! = Rated lagging kilovolt-ampere of con- 
denser, 
Co I X = Per cent reactance drop of line without 
condenser, 
œ k = Per cent regulation of line without 
condenser, 


from which the condenser rating can be determined 
when the regulation of the line, without condenser, 
is known. 

The rating of load ratio control equipment for the 
same duty is: 


CT 
win (Kv-a.)rc = o (12) 
Combining equations (11) and (12) 
%, I X 
cr ` - 3 “CO 
1/2 [ oe (Kv-a.)e + ṣo (Kv-a.) 100 
= % (Kv-a.)rc (13) 
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which means that line reactance determines the rela- 
tive size of condenser and ratio control apparatus for 
the same performance. 

In equations (12) and (13) the fraction 14 is inserted 
assuming that the ratio control equipment has equal 
plus and minus ranges. This is generally, but not 
always, the case. 

These equations determine the sum of the leading 
and lagging ratings of the condenser. They also show 
that as far as voltage control is concerned, it is im- 
material how much of the sum is lagging and how 
much is leading. 

Assuming that the first cost per kilovolt-ampere of 
ratio control equipment is appreciably less than the cost 
per kilovolt-ampere of synchronous condenser, it be- 
comes evident from equation (13) that the first cost of 
ratio control equipment is inherently much less than 
the synchronous condenser. 

Increased Output of System Due to Condenser. The 
costs of the two equipments are not directly comparable 
owing to the fact that the use of the condenser increases 


~L Fo 


I 


Fig. 9—CURRENT DIAGRAM SHOWING EFFECT OF SYNCHRONOUS 


CONDENSER ON TRANSMISSION LINE CURRENTS 


the output of the system. The amount can be deter- 
mined from Fig. 9. As the maximum load is increased 
by the condenser current, the energy remaining con- 
stant, we can write: 


(Kv-a.). cos œ = (Kv-a.)r cos 0 
or 
os 6 


(Kv-a.). = (Kv-a.)r ad 


cos ġ ) 


where 
(Kv-a.)r = rating of generating plant, 
(Kv-a.). = Kv-a. delivered to load, 


which means that the ratio of the power factor of the 
load to the power factor of the line determines the 
increase in kilovolt-ampere of system on account of the 
condenser. 


Perhaps the best way of obtaining an equable cost 
comparison between the use of a condenser and ratio 
control equipment is to determine the extra cost 
involved when ratio control is used to increase the 
system kilovolt-ampere by the ratio cos @/cos ¢. 
Ordinarily this merely involves providing the generators 
and interconnecting transformers with a correspond- 
ingly greater current carrying capacity. The increase 
in current in the overhead transmission line does not 
necessarily involve an increase in copper since the only 
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practical effect of the increased current is greater line 
losses and increased regulation drop. An exception 
to this should be noted in the case of underground 
cables where the consideration of operating tempera- 
tures may make it undesirable to increase the maximum 
current. In this case the saving in cable equipment 
secured by employing the synchronous condensers 
may more than off-set its greater first cost. 

Saving in Line Losses Obtained by Means of Syn- 
chronous Condenser. Consideration must also be given 
to the fact that the synchronous condenser, by im- 
proving the power factor of the line currents, decreases 
the copper losses in the line. The ratio of line copper 
losses with and without using the condenser is given 
by the expression: 


cos @ ) 


Loss ratio = ( 
cos 0 


(15) 
- Improving, by condenser, the power factor from 80 
per cent to 95 per cent, for example, reduces the line 
loss 25 per cent. Where poor power factor of load is 
combined with inherently large line losses, the saving 
in losses at full load due to the use of condensers is 
considerable. 

The actual saving in loss, however, is less than may 


0 


C 
A 
Fig. 10—CurRRENT DIAGRAM FOR’ FRACTIONAL LOADS 


SHOWING EFFECT OF SYNCHRONOUS CONDENSER WITH MAXIMUM 
LAGGING CURRENT EQUAL TO MAXIMUM LEADING CURRENT 


be inferred from the above, on account of the fact that 
under usual operating conditions the load factor is 
considerably less than unity. At fractional loads, the 
saving in losses resulting from the condenser is very 
much reduced, and at light loads, when the condenser is 
operating lagging, the line losses are actually increased 
by the condenser. It is reasonable to expect, therefore, 
that under normal conditions of load, the actual net 
saving in line losses is much less than the value ob- 
_ tained for full load conditions. 

From this it appears that the saving in line losses is 
very much affected by (a) the load factor and (b) the 
ratio of leading and lagging rating of the synchronous 
. condenser. 
= Losses in Condenser vs. Losses in. Ratio Control 
-~ Apparatus. Furthermore, the net line losses saved by 
= Condenser are off-set partially by the fact that the 
_ transformer ratio control apparatus is inherently 
_ considerably more efficient than synchronous con- 
. densers, for several reasons: 

_ 1. Onaccount of the smaller kilovolt-ampere rating 
Of transformers, 
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2. On account of the inherently higher efficiency 
of transformers, 

3. On account of the fact that in transformer ratio 
control, both the core and copper losses may be variable. 
The core loss varies from maximum to minimum when 
voltage ratio is shifted from maximum value to unity 
and the copper losses vary from maximum to minimum 
with changes in load. 

To form a correct comparison between the two 
equipments, the actual values of the various losses Just 
cited must be carefully estimated and capitalized. 


EXAMPLE ILLUSTRATING CASE III 
Assuming the following conditions: 


Per Cent 
Line reactance drop................. 29 
Line resistance drop................. 7 
Power factor of load................. 86 


it is desired to compare the use of ratio control equip- 
ment with a synchronous condenser when used to 
maintain voltage at both ends of line constant. Under 
these conditions the line regulation without the con- 
denser is 22.7 per cent. By equation (12) the rating of 
ratio control equipment necessary to maintain voltage 
constant is 11.3 per cent of the kilovolt-ampere of the 
load. 

By equation (13) the rating of the condenser is 
per cent (kv-a.). + per cent (kv-a.).1 = 70 per cent 

The synchronous condenser performance depends 
upon the ratio of the leading and lagging rating of the 
condenser. Assuming equal leading and lagging rat- 
ings, in other words, per cent (kv-a.). = per cent 
(kv-a.).! = 35 per cent, current relations are obtained 
as shown in Fig. 10. At full load the addition of the 
condenser brings the line power factor up to 99 per cent. 
The ratio of line power factor to load power factor is 
1.14, which means that the system rating has been 
increased by 14 per cent, equation (14). The full load 
line losses by equation (15) are 77 per cent of what 
they would be without the condenser. The triangle 
OBD in Fig. 10 gives the current relations for full 
load; OC is the condenser current at no load; arid the 
line C D B is the locus of the line current as the load 
increases from no-load to full load. At the intersect D 
corresponding to half load for Fig. 10, the condenser is 
not contributing. For less than half load the condenser 
is increasing the line losses, and for loads greater than 
half load the line losses are decreased by the condenser. 

The current diagram, Fig. 11, corresponds to the 
assumption that the leading rating of the condenser is 
46.5 per cent and the lagging rating is 23.5 per cent. 
The chief difference between Figs. 10 and 11 is the 
position of the intersect D, which now occurs at 33 per 
cent load. It is evident that operation, in accordance 
with the assumption upon which Fig.11 is based, means 
a greater saving in line losses for a. given load factor 
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than operation in accordance with conditions assumed 
for Fig. 10. 


CASE IV. TRANSMISSION LINE LOOP 


Under cases I and II it was shown that by the help of 
one voltage control equipment constant voltage can be 
maintained at two points and at the same time any 
desired current relation obtained. The principle can 
be extended to any number of stations operating on a 
line so that with N stations and N — 1 voltage control 
equipments it is possible to maintain the bus voltage 
constant at N stations and at the same time secure any 


Fig. 11—Current DIAGRAM FOR FRacTIONAL LoaD, sHOW- 
ING THE EFFECT OF SYNCHRONOUS CONDENSER WITH MAXIMUM 
LAGGING CuRRENT 50 Per Cent oF Maximum LEADING 
CURRENT 


desired division of current in each portion of the line. 

At each station voltage control may be inserted 
between high and low voltage of the power transformers 
as shown in Fig. 12, or the variable voltage may be 
inserted in series with the line as shown in Fig. 13. In 
the former case the over-all regulation of the line is 
unaffected, whereas in the latter case the variable 
voltage being inserted in the line itself, not only the 
station bus voltage but also the line voltage, is affected. 


Fig. 12—TRANSMISSION LINE Loop ProvipED WITH IN-PHASE 


AND QUADRATURE VOLTAGE CONTROL 


When the two ends of the lines a and b, in either 
Fig. 12 or 13, are connected together forming a loop, 
it is desirable to know whether complete current 
flexibility is still obtainable. It is evident for example, 
that if the currents in the four portions of the line, in 
Figs. 12 and 13, are to be independently variable, a 
variable voltage exists between a and b which is the 
resultant of the impedance drops in the four lines. 
This voltage (e) varies in value and in phase from time 
to time depending upon how much the currents are 
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changing in the line. We may write for the voltage 
between a and b for Fig. 12 


e= Í, Z, +I:Z: + I; Z, + LZ, 
where 


I, I, 0; I, are the currents desired in the lines; 
Zı Z: Zs Z, are the corresponding line impedances. 
For Fig. 13 the expression becomes: 
e = I Zı + lıZı: + I; Z; + I Zı— €2— €3— e; 
where 


€», €3, €, are the control voltages inserted in the line at 
stations 2, 3, and 4. 

If the loop is formed by connecting a and b without 
inserting any control equipment, the voltage (e), as 
given in the above equations, is short-circuited and a 
circulating current flows throughout the loop, the value 
of which is given by the expression, 


I. = e/(Zı + Z: + Z: + Z.) 
The line currents have now become 


Iı + I. 
I,+ 1, 
I; + I. 
I, + Tz 
It is evident that the desired currents, J,, Ia, Is, I,, can 


Fig. 13—-TRANSMISSION LINE Loop PrRovipDED wits IN-PHAsE 


AND QUADRATURE VOLTAGE CONTROL 


be obtained only in the remote coincidence that these 
currents happen to be of such values as to make the 
resultant voltage (e) zero. The alternative is to intro- 
duce into the line a voltage which is always equal and 
opposite to (e). Therefore, if the ends a and b are to be 
connected without interfering with current flexibility, it 
is necessary to bridge the points a and b with a voltage 
which is equal to, and in phase with, the vector sum of 
the impedance drops in the lines. 

The insertion of such a low impedance voltage bridge 
between points a and b in which the voltage and also 
the phase angle are independently controllable can be 
accomplished by two ratio control equipments, one 
providing the proper in-phase voltage and the other 
providing the proper quadrature voltage. (See note 
following.) 

In general, a transmission line loop in which a maxi- 
mum current flexibility is desired together with N points 
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maintained at constant potential, requires N voltage 
ratio controls and one quadrature control. 


Although two independent controls, consisting of an 
in-phase and a quadrature control, are necessary to 
obtain complete flexibility, nevertheless, under particu- 
lar conditions of load variation, one ratio control equip- 
ment is sufficient for loop control.‘ 


For example, when the currents J,, I» Iz, Ia vary 
during the load cycle in such a manner that the resultant 
voltage (e) changes in value but not in phase, it is then 
only necessary to determine the phase angle of (e) with 
reference to the line voltage, and to design loop control 
equipment having this angle. 


Loop control may be needed to prevent excessive 
current flowing in portions of circuit as, for example, 
when underground cables are used having a limited 
current rating, or it may be desired in order to be able 
at all loads to obtain a minimum of energy loss in the 
loop. In the latter case the exact setting of the control 
equipment can be calculated readily. 

Current Distribution with Reference to Obtaining 
Minimum Energy Losses in Loop. At the end of this 
paper, equations are developed which give the condition 
for current distribution so as to obtain minimum energy 
losses in the loop. These equations show that the 
criterion for minimum losses is the condition that the 
vector sum of the resistance voltage drops around the 
loop should be zero. This criterion can always be met 
by means of two control equipments if they are so 
adjusted as to allow a circulating current to flow 
through the loop in accordance with 


RI.+ 2rI=0 
. Where 


I,is the circulating current, 
R is the total resistance of the loop, 


r I is the vector sum of the resistance drops (not 
including the drop due to circulating current). 


To obtain this current distribution, the control equip- 
ments must introduce the following voltages into the 
line: An in-phase voltage equal to 


e = Ji 2X1 +Jo%e + Js £s + ete. 
and a quadrature voltage equal to 
je = izi + t£ + 1323 + ete. 


An important particular case is when the ratio of 
resistance to reactance in each portion of the line is 
equal; that is, when 


4. Loop control ean also be obtained by means of two poly- 
phase inductive regulators, the series windings being mounted 
in the line and connected in series with each other. Each 
regulator inserts in the line a constant voltage with phase angle 
variable from zero to 360 deg. By adjusting their phase 
angles, the combined voltage introduced into the line can be 
made any desired value and any angle. 
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where R and X are the total resistance and reactance 
of theloop. Then 


iI Mi _ _ 
R t= R 3 = R 


tı = 


When these values are substituted in the equations for 
e and j e, they reduce to the following simple form: 


je= Sri 
e - Sir 


But by the conditions of the problem ir = 0 and 
2 jr =0. It therefore follows that both e and je 
are zero. The important conclusion follows that 
when the ratios of resistance to reactance in each 
portion of the loop are all equal to each other, the 
currents distribute in the loop so as to obtain minimum 
copper loss, when the loop is closed without voltage 
inserted. Loop control equipment is therefore neces- 
sary only by virtue of the fact that the various portions 
of line have different ratios of resistance to reactance. 

Acknowledgment is hereby made to Raymond 
Bailey, P. J. Walton, W. W. Lewis, H. O. Woods and 
M. B. Mallett for their assistance in the preparation 
of this paper. 

An appendix with equations to find the current 
distribution in a loop with reference to obtaining 
minimum energy losses in a loop is Included in the 
complete paper. 


Appendix 
To find the current distribution in a loop with reference 
to obtaining minimum energy losses in loop. Copper 
losses in loop for any current distribution such as 
shown in Fig. 12 can be written 
L = Ti 1,2 + T» Le? + T; 13° + ete. 
+719 + rejè + raj? + ete. 
With a circulating current 7, + fe the copper losses 
become 
L=r, (ii HHT: (tg + Te)? + r3 (23 + te)? + ete. 
tri (Ji F Je)? +r: (Je + Je) + r3 (Js + Je)? + etc. 
Expanding: 
L =r, i? + ro 72? + rt + ete. 
+ Ri? + Qr,t; + rete + 7373 + ete.) i 
T Tij +r: J£ + 1; jx + etc. l 
+ RJE +2 (riji t+ Trejo + Ysja + etc.) i, 
where R = total resistance of loop. 
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To find circulating current for minimum lass: 
dL 


= 2R2. + 2(r; on +r: Ta + r3 13 + etc.) = 0 


d 2. 

dL : : : ; 

d = 2 Rje +2 (r1Jı + rojo + 73jJ3 + etc.) = 0 
Therefore 


: Tı tı + fete + 7323 + ete. 
a - 


i Tiji + T2J2 + 7373 + ete. 
ine eee 


are the in-phase and quadrature components of circu- 
lating current which, added to currents 7; + ji, 22 + Ja 
73 + Jz etc., result in a minimum loop loss. These 
equations may be written: | 


ari 
te = — R (1) 
l Dr 
Ji T R ` (2) 


These equations mean that minimum losses are 
obtained in a loop when a circulating current is allowed 
to flow equal to the vector sum of the resistance drops 
due to the original currents, divided by the total 
resistance of the loop. 


These equations may also be written: 


Ri + Lri=0 (3) 
Rj. + Lrj =0 (4) 
or 
uria+i.) =0 (5) 
Èr +j) =0 (6) 


From the last equation it is evident that the con- 
dition for minimum loss in a loop is a current distribu- 
tion in which the vector sum of the resistance drop is 
zero. It is evident from these equations that in a d-c. 
loop or in an inductance less a-c. loop, the currents nat- 
urally divide so as to give the minimum copper loss. 

In a loop with inductance, it is necessary to determine 
the summation of inductance drops under the conditions 
of minimum loss as given by equations (5) and (6). 
The summation of reactance volts when circulating 
current 7, flows is for the in-phase currents: 


je = (4, + i) Ay + (t2 + te) X: + (i + te) X; + etc. 
and for the quadrature currents 
e = (Ji +J) X1 + (J: + J) Xe + (Js + Je) X; + ete. 
Substituting equations (1) and (2) 

5 


i aT ; Vir 
jen on BEE) a4 (o SEE) 


Amd 


(i Vv it) x 
+ l3 — R 3 + etc. 


(7) 
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e= (j - jz žir) y, 


(. Bir 
+ (.— T) y, + ete. 


(8) 


which gives the resultant or unneutralized voltage 
(e+e). In order to maintain this distribution of 
current, a voltage equal and opposite to e + j e must 
be inserted in the loop. 


In the particular case when 


—— . Se ee OS lll oe 


where 


X = total inductance of loop, 
R = total resistance of loop, 


then 
fi 
Lı = p X 
To 
Tı = R X 
T3 
t: = -p X ete. 


Substituting the above in equations (7) and (8), both 
e and je reduce to zero from which the important 
conclusion follows that if ratio inductance to resistance 
in all portions of the loop is equal, current distribution 
for minimum loss naturally occurs and therefore loop 
control is unnecessary. 
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May 1927 
Discussion 
CHANGING TAPS ON TRANSFORMERS UNDER LOAD 
(HILL) 


CHARACTERISTICS OF INTERCONNECTED POWER 
SYSTEMS AS AFFECTED BY TRANSFORMER 
RATIO CONTROL 


(BLUME) 


E. F. Gehrkens: The subject of voltage control is an 
exceedingly important one and it was so recognized as far back 
as 1882, at which time an automatic generator voltage regulator 
for d-c. machines was developed. 

When the a-c. system was introduced and large generating 
units were built, two types of feeder voltage regulators were 
developed, —the switch or step type and the induction type. 

Each design has its advantages and disadvantages, and in 
order to eliminate the disadvantages so far as possible, as long 
ago as 1898, a combination of the two was designed and built 
for the control of electric furnaces.? 


This combination is justified only in case large regulating 
units are required, and the delay in the development in this design 
was due partly to the lack of sufficient demand to warrant the 
expense and to difficulties of design; for although the theory 
and connection diagram are simple, the mechanical design is 
extremely difficult. Previous to 1898 induction regulators hav- 
ing capacities of 700 kw. were also built for the same purpose 
and while the latter was the more simple in design and operation, 
the former was less expensive and more efficient with a better 
power factor. , 

For lighting systems requiring relatively small regulators, the 
induction type is the recognized standard because of its simplicity 
and low cost, but for power and interconnecting lines requiring 
large regulators, the selection of the regulator depends upon the 
requirements and the cost. In design, the induction type is 
limited to approximately 13,000 volts, and for use on higher- 
voltage systems it requires an exciting and a series insulating 
transformer. This increases the cost and the losses. The switch 
type can be built for use in much higher voltage circuits and 
therefore has the advantage. 

In the combination of the switch and induction types, the 
switch element may be used in a high-voltage circuit, but the 
induction element requires the insulating transformers or 
transformer windings. The choice between the switch and the 
combination type of regulator depends again upon the require- 
ments. On long single lines, or even on long multiple inter- 
connections, it would seem that the switch type should be satis- 
factory because of the high resistance and reactance of such 
lines, but for short lines or a combination of short and long lincs, 
a more uniform voltage change may be required. In case the 
regulators are operated by hand or motor, a finer adjustment 
can be obtained by the combination type, but in case this type 
is operated automatically, about as close a regulation as can be 
obtained is one per cent either way from normal; that is, the 
combination type of regulator corresponds to the switch type 
having one per cent steps, and on this basis the deciding factor is 

probably the price. 

The switch or step type is certainly the simpler in construc- 
tion and has a higher efficiency and should therefore be used 
wherever conditions warrant. 

Mention was made of the desirability of in-phase and out-of- 
phase control for parallel connecting lines. The results obtain- 
able by the use of two polyphase induction regulators were fully 
illustrated and described in the London Electrician of Nov. 6, 
1914, but the system has not been generally adopted by operating 
companies because of the cost and the difficulty of making this 
arrangement automatic. However, as the multiplying of lines 
increases and the necessity of controlling both the wattless and 


3. See Electrical World, Janua:y 7, 1899. 
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the power current in such lines is recognized, this arrangement 


‘will undoubtedly be more generally used. 


F. F. Brand: Mr. Hill has outlined very well in his paper 
the different methods in use for changing transformer taps under 
load, and he has brought out the difference between the two 
principal schemes—the one of using parallel circuits, and the 
other of using the preventive reactance or auto-transformer. 

I am inclined to take issue with him on the application of two 
different schemes, as I would consider that the scheme of using 
the preventive auto-transformer to derive mid-voltage between 
taps is more applicable to small transformers, and the other 
scheme of using parallel circuits is better adapted to large 
transformers. l l 

For a 20,000-kv-a. transformer with taps 5 per cent apart, 
and with a preventive reactance used to derive the mid-point, 
the nominal size of the reactor is approximately 1000 kv-a., and the 
losses in the reactor would be of the order of 10 to 20 kilowatts. 
Furthermore, on this scheme in those positions in which the 
preventive auto-transformer is used to derive the mid-voltage, | 
there exists a circulating current which is constant irrespective 
of load conditions, and the losses in the reactor and that portion 
of the winding through which the circulating current flows must 
be considered a part of the light-load transformer loss. 

Also the use of the preventive auto-transformer to derive the 
mid-point does not give equal voltage steps, and a difference in 
the voltage derived from the true mid-point is greater the lower 
the power factor. For instance, at 80 per cent power factor and 
full load, the voltage actually derived is of the order of 134 per 
cent from one tap and 314 per cent from the other tap instead of 
214 per cent from each. 


Better conditions of obtaining the true voltage required are 
obtained if the circulating current is increased, but this obviously 
increases the losses in the tap portion of the transformer, the size 
of the tap portion, and the size and losses of the auto-transformer. 

It is quite true that the preventive auto-transformer scheme 
enables a slightly simpler winding to be used than parallel 
circuits, although it should be understood that it is not necessary 
in the parallel-circuit scheme to provide two complete parallel 
paths throughout the total winding. It is necessary to parallel 
only a portion of the winding to obtain sufficient reactance be- 
tween these portions to limit the circulating current to a reason- 
able value in the transfer position. In fact, modern practise is 
to use a single-circuit winding including the tap portion and a 
parallel-cireuit portion sufficient to obtain necessary reactance 
between these parallel portions. There are, therefore, only nine 
taps on a winding designed to give nine voltages, each tap being 
carried through two ratio adjusters respectively connected in 
circuit with the parallel portions. 


When it is considered that in order to obtain the necessary 
reactance control, paralleling portions of the winding is unde- 
sirable, the preventive reactance, or auto-transformer, connected 
externally to the transformer winding, may be used. Ratio 
adjusters are used to select the taps, and the normal operating 
position is with both ratio adjusters on one tap. The current 
then divides in the halves of the preventive reactance, and the 
ampere-turns neutralize one another; therefore, the voltage drop 
is practically negligible. This scheme cuts the size of the pre- 
ventive reactor to half that of when the reactor is used to derive 
the mid-voltage between taps. The losses are therefore less, 
and circulating current exists only at the time of transfer. 


The question of whether or not it is desirable to reduce the 
number of operations depends principally upon the reliability 
of the apparatus to accomplish the tap changing. To my mind, 
the elimination of circulating-current losses at periods of light 
load, and the fact that one obtains an exactly equal division in 
voltages by the plan when the normal operating position is always 
at both ratio adjusters on one tap, far outweighs the slightly 
more complicated operating mechanism. 

Referring to Mr. Blume’s paper—it seems to me there is a good 
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opportunity for the combination of load-ratio control trans- 


formers and synchronous condensers on transmission-line work. ` 


As he has pointed out, there are certain advantages in each type 
of control. The synchronous condenser has the advantage of 
controlling power factor, and therefore the possibility of reducing 
the losses. If used in combination with variable-ratio trans- 
formers, it is quite possible to reduce the losses under certain 
operating conditions; for instance, on the light-load condition, 
& synchronous condenser, if used to control the voltage draws 
lagging current, increases the line current and line losses, and the 
losses in the condenser of course increase as the current increases. 
When using a variable-ratio transformer, it should be quite 
possible to do away with lagging requirements of a condenser, 
except, perhaps, when it is necessary to hold down voltage on 
a long, lightly loaded, high-voltage line, when the voltage 
increases due to capacity charging current. 

With a variable-ratio transformer it is possible to reduce 
leading kv-a. requirements of the condenser. That is, in the 
case of lines of very poor regulation it is not necessary to raise the 
power factor to unity or to leading in order to maintain proper 
voltage regulation. The combination of these two, that is 
condenser and variable-ratio transformer, may easily result in 
both cheaper equipment and very much lower losses over the 
average operating conditions. 

H. O. Stephens: At first thought, one would be inclined to 
question why so many different methods of changing transformer 
voltage under load are used and if it would not be better and more 
economical in the long run to standardize upon one method? 


This is a perfectly logical question, but the very nature of the: 


object to be accomplished makes it difficult to standardize 
upon one scheme that would be universally applicable. The 
variations in voltage and current are so great that one type of 
circuit-interrupting device can hardly be used throughout the 
range and if the voltage as well as the current to be interrupted 
is high, it is desirable to keep the number of circuit-interrupting 
devices as small as possible for the sake of economy and size. 

Additional complications, such as auto-transformer connec- 
tions, tertiary windings, ete., that may be introduced into the 
transformer, demand that the designer be given considerable 
latitude in his choice of equipment. However, it is very desirable 
to standardize upon as few methods as possible and considerable 
help in this direction can be given by the users of the apparatus 
by slightly modifying their requirements to meet the exigencies 
of design. 


There is a tendency among certain operators to demand 
extremely small voltage steps on transformers equipped with 
load-ratio control which I believe, in most cases, is not justified. 
Even when automatic operation is specified, taps in steps less 
than 21; per cent can hardly be considered necessary. It should 
be remembered that with 215 per cent taps, the voltage can be 
adjusted to within 114 per cent of the desired value. 


An induction regulator, which is generally considered to be a 
very satisfactory voltage-regulating device, requires at least a 
plus or minus variation of 1 per cent from the desired voltage 
for the contact-making voltmeters to function, and usually this 
difference is 115 to 2 per cent, so that the transformer with 215 
per cent taps can be operated to give virtually as good regulation 
of voltage as an induction regulator. For this reason I believe 
the extreme refinement supposedly accomplished by the use of 
the so-called "step induction regulator” with a transformer with 
taps is an unnecessary refinement. When desired, a very small 
percentage in tap variation can readily be accomplished by the 
multiple winding scheme of transformer operation. 

W. M. Dann: I think Mr. Stephens has hit the nail very 
squarely on the head when he talks about standardization of 
tap-changing-under-load equipment. Of course, this field of 
tap-changing under load is really in its infaney in spite of the 
pioneer equipments that have been in use for several years. 
The trend in the design has been very much toward simplifica- 
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tion and standardization. I am very much in sympathy with 
Mr. Stephens’ remarks about the demands of the industry itself. 
If we can get the operators to simplify some of those demands and 
make use of equipment that has already been designed and 
installed, it will help very materially towards that ideal of 
standardization. 

K. A. Oplinger: It is unfortunate that no standard termi- 
nology exists upon the general subject of changing taps on trans- 
formers under load. Equipment for this purpose is usually 
called a tap changer but at other times the term ‘‘ratio adjustor” 
is used. The N. E. L. A. has started to collect data on equip- 
ment for controlling the voltage ratio of transformers under load 
and already a number of reports has been published covering 
these data. Although this equipment has developed very rapidly 
during the past two years, it is now fairly well standardized and a 
uniform terminology would be very desirable. 

For example, the single-winding method, as described in the 
reports mentioned above, appears under the title of ‘‘multiple- 
switch method.” This method has also been called the ‘‘pre- 
ventive-auto-transformer method” because a preventive auto- 
transformer or protective reactance is switched along the 
transformer taps. This method was one of the first employed 
to change transformer taps under load. i 

The term ‘“‘single-winding method” appears to be most appro- 
priate for this particular scheme as it is comparable with the term 
‘“double-circuit method” which requires double windings on the 
transformer. 

With reference to the automatic control of tap changers, an 
interesting application is under consideration at the present time 
in which the tap changer will automatically control the flow of 
wattless kv-a. between two generating stations in inverse pro- 
portion to the load on the two stations. A transformer with 
equipment for changing taps under load is to be used as a tie-in 
between the two stations and as the load on one station is in- 
creased the tap changer will automatically operate to transfer 
the wattless kv-a. to the other station. Thissame control might 


also be arranged to regulate the wattless kv-a. in direct propor- 


tion to the load of the two stations. 


Other methods of automatic control may be arranged to have 
the tap changer limit the exchange of wattless kv-a. between 
stations or to have the tap changer responsive to changes in 
power factor. 


J.S. Lennox: Mr. Hill brought out one point that I think is 
a very good one, and that is that with the parallel-winding 
method, the transformer must be protected against an accidental 
stoppage of the mechanism leaving a load on one-half of the 
winding. It is for that reason, I think, that the parallel-cireuit 
method has developed into what Mr. Hill calls a single-winding 
method, but distinguished from the arrangement that Mr. Hill 
has described in his paper by the fact that the circuits are broken 
in a separate device from the one that changes the tap connec- 
tions, and by so doing, it is possible to place inside the trans- 
former adjacent to the windings, a tap device of such simple and 
sturdy design that it involves no maintenance problem, and 
permits the use of small steps. Therefore, there is low deteriora- 
tion of the contacts in the contact-making device placed outside 
the transformer tank and easily accessible for renewal of contacts. 


L. H. Hills Mr. Brand made a comparison of the two 
methods emploved,‘the single-winding method and parallel- 
winding method, and he mentioned the increase in loss by the 
use of the preventive auto-transformer. It is obviously true 
that additional loss will be introduced by the introduction of 
additional apparatus. However, with the  parallel-winding 
method, additional loss is also introduced in a more indirect 
manner. kReactance is required to effect the tap change regard- 
less of the method used, so that if the parallel-winding method is 
used the windings must be so arranged and so interlaced that 
sufficient reactance will be obtained between them to limit the 
current to a reasonable value during the transition period. That 
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ordinarily means making the core of the main transformer larger 
and naturally introduces additional loss, although as a general 
thing it is true that it is not as large as would be obtained by 
means of the preventive auto-transformer. | 

He also mentioned that in the single-winding method using the 
simplified preventive auto-transformer, unequal steps were ob- 
tained. Naturally, when the equipment is operating with one- 
half of the preventive auto-transformer in series with the line, 
it acts as a small series reactor. Since the drop is almost entirely 


¿reactive it is subtracted from the theoretical tap voltage at right . 


angles, which at the higher power factors does not cause any 
appreciable unequality in tap voltages. The difference in 
reactance obtained on the two different operating positions of the 
preventive auto-transformer must be taken into account, 
however, under certain conditions of paralleling. 

For example, assume a transformer with four per cent imped- 
ance, and with a two-one-half per cent tap, or five per cent in volt- 
age across the whole winding of the preventive auto-transformer. 
The impedance volts at full load through one-half the auto- 
transformer in series with the line would be about one per cent 
or an increase in reactance from four to five per cent on alternate 
taps, which would not give good paralleling conditions with a 
transformer which did not use the preventive auto-transformer. 
However, with a transformer with eight per cent impedance, the 
change from eight to nine per cent impedance would be pro- 
portionally less, and can be compensated for by making the 
impedance of the main transformer winding midway between the 
two values, giving good paralleling conditions. 


In cases where very close paralleling is required or even assum- 
ing conditions where the transformers are to be operated at very 
low power factor, when the impedance drops and unequality 
of steps might be of some importance, it becomes a simple 
matter to use the short-circuiting switch shown in Fig. 3 of my 
paper. In that case, the series impedance drop is eliminated 
entirely. 

These things are merely a matter of detail design, and we feel 
the same as Mr. Lennox, that the two methods, single- or parallel- 
winding, could be changed from one to the other at will. The 
point is that the method using a preventive auto-transformer is 
fundamentally a single-winding method as distinguished from a 
parallel-winding method. A number of variations of the single- 
winding method is possible. For conditions of ordinary design, 
the range in taps to be obtained is generally not more than 20 or 
possibly 25 per cent in steps which ordinarily would not require 
more than 6 circuit breakers. 

If it is desired to cover a very wide range, for example, 100 
per cent range by this method, it is true it would not be desirable 
to add 5 or 6 more switches, as it would make a large and ex- 
pensive mechanism. In this case, the switches in each tap lead 
may be contactors or some sort of ratio adjustors with auxiliary 
circuit breakers in the two end connections to the preventive 
auto-transformer to open and close the circuits. Even with this 
type of equipment the few taps required by the single-winding 
method make it possible to place all switches outside of the main 
tank, so that all moving parts are external to the main case. 

In all the equipment which we have built with the exception 
of the early installation using the parallel-winding method, all 
switches were outside of the tank, and our policy in now building 
the single-winding method exclusively is based on experience with 
both types. We have built these 20,000-kv-a. single-phase units, 
which are large units, with the parallel-winding method, and we 
have built units up to 25,000 kv-a. with a single-winding method, 
and we are now building some 33,000 kv-a. single-phase units 
using the single-winding method. 

A comparison of the parallel-winding method and single-wind- 
ing method when used to obtain a typical range of eight, two 
one-half per cent taps may be of interest. 

With the single-winding method five taps and five switches 
are required. With the parallel-winding method, nine taps are 
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required in each winding or a total of 18, making almost four 
times as many taps and switches. 

The measure of the inherent reliability of equipment for a 
certain performance is based on the amount of apparatus and 
moving parts required and the amount of operations of that 
equipment, and the amount of circuit interruptions of that 
equipment are a measure of the maintenance required and 
performance to be expected over a long period of time. To 
change taps by means of the parallel-winding method there are 
required at least six switch operations, whereas but one is required 
with the single-winding method, or in case the short-circuiting 
switch is used, there are but two. 

In the case of the parallel-winding method there are two 
circuit interruptions per tap change. In the case of the single- 
winding method a circuit is closed instead of opened on every 
alternate tap change giving the equivalent of one-half a circuit 
interruption per tap change over the whole range. 

With the parallel-winding method, it is not commercially 
practical to build each of the windings capable of carrying the 
whole load current continuously. Each winding is overloaded 
during the tap-changing operation and a protective system is 
needed to protect the windings in case of accidental stoppage of 
the equipment during a tap-changing operation. With the 
single-winding method no winding is overloaded during the 
tap-changing operation. 

The few taps and switches needed with the single-winding 
method permit mounting all moving parts outside of the main 
tank, which is desirable from the standpoints of maintenance, 
operation, and safety. 

The equipment developed for use with the single-winding 
method is very simple. Proper sequence of all switch operations 
is assured by positive mechanical drive using simple gears and 
linkages. 

In the parallel-winding method, there is a great amount 
of mechanism needed inside the tank which must be connected to 
the operating mechanism outside, in order to assure proper 
sequence of operations between the internal switches and the 
external circuit breakers. 

The statement has been made that the parallel-winding 
method is more applicable to large units. I have already men- 
tioned some of the large units which have been built using the 
single-winding method. We recently built some three-winding 
units rated at 20,000 kv-a. water-cooled (25,000 kv-a. forced- 
cooled), single-phase on each winding. They were arranged to 
change taps under load on two windings, one 66-kv. and the other 
132-kv. solidly grounded. To change taps with the single- 
winding method, five switches are used in the grounded end of 
each winding. The transformer has but few taps in it, a single 
winding, (no complicated interlacing of paralleled sections) 
and the two preventive auto-transformers are mounted at each 
end of the core, making a very simple arrangement for handling 
one of the largest and most complicated cases of tap changing 
under load likely to be encountered. 

With the parallel-winding method a very complicated trans- 
former with a great number of taps would result which would be 
very difficult to bring out. It would be necessary to interlace 
two 132,000-volt windings and two 66,000-volt windings, giving 
the equivalent of a 5-winding transformer, which is a simple 
3-winding transformer when the single-winding method is used. 

The separate regulating unit has been proposed as being 
desirable for such cases and that is undoubtedly true if the 
parallel-winding method is used, because it is very undesirable, 
in fact impracticable, to build such a transformer with the 
parallel-winding method while it is entirely practicable and 
simple to do it with the single-winding method. The single- 
winding method can be applied to any size and rating of trans- 
former by the use of the series transformer for very high-voltage 
applications. 

The separate regulating Amit has certain definite fields of 
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application, for example, where it is desired to use the voltage- 
control equipment on different parts of the system, or where the 
main units are already installed and additional control is desired. 
However, in the ordinary installation of single-phase units the 
tap changers can be put on each of these units including the 
spare, giving a very simple, reliable, and efficient form of 
installation. l 

It is true that when the spare transformer is used there are 
four separate mechanisms to operate with each bank. If a 
separate three-phase regulating transformer is used, as was 
mentioned, it is necessary to install underground or overhead 
structures to connect to the main units which, of course, increases 
the installation costs and space required and introduces far more 
losses than the preventive auto-transformer introduces with the 
single-winding method on the main transformers. The separate 
regulating unit generally has two cores, an exciting transformer 
and a series transformer, which obviously are much larger than 
in the auto-transformer used with the single-winding method, 
and naturally introduce a very considerable operating loss. 

The regulating unit has the advantage that it does keep all the 
moving parts outside of the main transformer case, which is 
very desirable. But, the same thing is done with the single- 
winding method on the main units. The three-phase regulating 
unit has the additional drawback, that no spare tap-changing 
equipment is available as is the case when four single-phase 
transformers or seven single-phase units are used. Spare 
tap-changing equipment is becoming almost as important as spare 
capacity for the transformer. 


There is one other place where the separate regulating unit 
might be desirable. In case the three-winding unit first men- 
tioned had been arranged with an ungrounded neutral, so that it 
would be necessary to use the series transformer, in order to 
keep the tap-changer voltage down to a low value, then it would 
require two series transformers, in each winding. The series 
transformers are ordinarily placed inside the tank, along with the 
preventive auto-transformer and that would make quite a large 
number of transformers all in one tank. In the case of such a 
very special application it might be desirable to use a separate 
regulating unit, but even then, the single-phase regulating unit 
for the reasons Just mentioned, has some advantage over the 
three-phase unit. Single-phase units of that type are now being 
built. 


Mr. Stephens mentioned that on account of the steps required, 
it seems hardly necessary to use the step induction-regulator 
equipment. That is true perhaps in many cases from that point 
of view, although on account of the fact that no circuit inter- 
ruptions are required for a tap change it is very good from a 
maintenance point of view, since it may be operated very fre- 
quently without any deterioration on the contacts or oil as would 
be the ease with any step type of equipment; for this reason it 
is well suited for electric furnace operations or in synchronous- 
converter or certain automatic-substation applications. 

L. F. Blume: In the paper by Mr. Hill, mention is made of 
the use of a preventive auto-transformer bridging across adja- 
cent transformer taps. This auto-transformer is described as 
being physically of a relatively small size, but designed to operate 
at high-flux density. Operating with one contactor open, with 
the entire load current flowing in one winding of the auto-trans- 
former, the saturation of the iron in the reactor prevents exces- 
sive voltage drop. 

I am inclined to believe that this method of operation Is open 
to the objection that the saturation of the iron in apparatus 
connected in series with a circuit introduces serious wave dis- 
tortion in the line voltage. 

Before coming to the conclusion that the arrangement having 
the fewer number of taps is to be preferred to the one using a 
greater number, consideration must be given toa number of advan- 
tages which are obtainable by the use of more taps. First, by 
increasing the number of taps, it becomes possible to reduce the 
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voltage short-circuited and also makes it possible to avoid having 
a circulating current in an operating position, both of which 
materially add to the electrical efficiency. 

Second, increasing the number of taps reduces the energy 
which must be ruptured, and on this account both the wear on 
contacts and the deterioration of oil are effectively reduced. 
The result of this is that contacts and oil must be changed less 
often when more taps are employed. 

Although these arguments are negligible when ratio control is 
used for relatively small kv-a., in the larger equipment they 
become very appreciable and cannot be ignored. 

P. H. Thomas: The tap-changing transformer is in many 
ways a substitute for the synchronous condenser. It is a simple, 
cheap, and effective method of accomplishing the same results 
under certain conditions. The great value of our synchronous 
type of apparatus, however, is its automatic quality. We 
can set it in a system with the proper regulators and then changes 
that have to be made due to changes in load and accidental 
conditions will occur automatically. In the most modern ap- 
paratus or in apparatus which is to be built hereafter, they occur 
sufficiently quickly to prevent synchronous apparatus dropping 
out of step. 


This is an entirely different thing from adjusting conditions by 
hand to reduce power factor or to get a satisfactory voltage for 
customer circuits. 


To have the tap-changing outfit the equivalent of the syn- 
chronous condenser for this sort of work, it is necessary that it 
be able to operate quickly enough to produce the necessary 
changes before the loss of synchronism and other things which we 
fear when sudden load conditions occur. That is one of the sides 
of the question that must be studied very carefully, the speed of 
action and the automatic control of the tap changes. It may be 
in response to voltage; it may be in response to power transmitted 
over some circuit; it may be in response to power factor; it 
may take account of positive and negative power factor; it may 
be dependent upon circuit-breaker operations, or many other 
conditions.—according to the particular place in which the tap 
changing is to be used. 


Take, for example, a tie line between two large systems which 
must pass current backward and forward, according to the varia- 
tions of load, perhaps at different times of the day. That is an 
exceedingly exacting duty on a transmission line and transformers 
and calls either for a wide change of power factor if the voltage 
is to be maintained constant at the two ends with a change in 
direction of the load, or a change of tap ratios. 


If the large systems are to operate successfully in parallel, 
relying on the use of tap changers to control the interchange of 
power backward and forward, without disturbing voltages, they 
must act very rapidly, and they must act under the control of 
the necessary factor to produce such a result. 


I don’t know just how successful the present apparatus will be 
in that sort of thing, and I wonder if some of the authors could 
give us a little information as to what extent the tap-changing 
operations can be counted upon to meet accidental and auto- 
matically controlled changes in load. 


L. H. Hill: Many types of automatic control to meet more 
or less steady-state conditions have been developed. The 
only installations in service that I know of are responsive 
only to voltage changes. The six 12,000-kv-a. units, illustrated 
in Fig. 6 of my paper, are operating under automatic control 
and maintain the bus pressure approximately constant. Under 
automatic control the tap-changing equipment is of course sub- 
jected to considerably more severe duty than would be met with 
under ordinary manual control. Under manual control, the 
tap-changing equipments in operation generally average not 
more than five operations a day, whereas under automatie 
control they may operate ten times as many. 


To eliminate unnecessary operations and avoid hunting it is 
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desirable to insert some time delay, the length depending on the 
application. 

It is also perfectly feasible to work out automatic control to 
transfer the power at a constant power factor. 

Mr. Oplinger mentioned a case where the tap changer will 
automatically control the flow of wattless kv-a. between two 
generating stations in luverse proportion to the load on the two 
stations. There is almost an infinite number of arrangements 
that can be used for automatic control under these more or less 
steady-state conditions. However, for the purpose of using 
tap-changing equipment to effect the stability of a system under 
transient conditions, the present equipment is hardly adequate, 
because the ordinary tap-changing operation requires a matter 
of seconds. With our equipment, it requires about four sec. to 
change one tap. It would be entirely practicable to increase 
this speed perhaps to one sec., which would even then be hardly 
short enough to do much good under transient conditions. 

Mr. Blume in his later discussion mentioned that when the 
auto-transformer is connected in series with the line it might 
give trouble, due to harmonics. I think Mr. Blume is confusing 
some of the earlier auto-transformers which we used and which 
were provided with the short-circuiting switch. When the short- 
circuiting switch is used the auto-transformer can be used 
working high on a saturation curve, so that it saturates under 
double-load conditions but in that case it is short-circuited when 
in series with the line, so there is no voltage available to put 
harmonies on the line. 

When the auto-transformer is used in this manner without 
a short-circuit switch, then as mentioned on the third page of my 
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paper, the auto-transformer is provided with air-gaps in its core, 
so that the core does not saturate and a straight-line characteris- 
tic is obtained. 

L. F. Blume: I wonder whether Mr. Thomas in his discus- 
sion did not have in mind more particularly the longer high- 
voltage lines. As far as 1 know, the use of tap-changing equip- 
ments has been applied for the most part to the shorter lines, 
by which stations not so very far apart are interconnected, 
where the power to be transmitted is large, and where the re- 
actance between stations is not great, as it is in very long-distance 
transmission lines. 

In long-distance transmission, the effect of capacitance and 
of line reactance introduces problems which were not considered 
in the paper. It was assumed that line capacitance could be 
neglected, and that the amount of line reactance was insufficient 
to introduce the question of stability. 


In the longer lines, where the reactance is high, the paper shows 
that the higher reactance means that the kv-a. required for a 
synchronous condenser to maintain constant voltage is pro- 
portionally smaller than ratio-control equipments. For example, 
comparing a low-reactance line with a high-reactance line, the 
size of the synchronous condenser required to maintain constant 
voltage with increasing reactance does not increase in kv-a., 
but the size of the ratio-control apparatus is directly proportional 
to the reactance. 

So, for the longer lines, ratio-control apparatus is not only 
relatively more costly, but also on account of other considera- 
tions, such as stability, is probably unsuitable. 


Studies on Sparking in Air 
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Synopsis.—Sparking voltages and gradients in air between 
spheres of unequal diameters and between two cylinders placed with 
their axes perpendicular to each other in space (called cross-cylinders) 
have been determined. Complete tables giving the coefficients of 
gradient corresponding to any given spacing and radii, have been 
tabulated, the formulas used being those of Kirchhoff and Russell. 
For cross-cylinders, an approximate formula has been developed. 


INTRODUCTION 


PARKING voltages and gradients between needle- 
points and spheres have been measured by many 
investigators. It has been theoretically shown! 

that the relation between the sparking voltage and the 
spacing, when the spacing is so large that corona pre- 
cedes a spark-over, should conform to a linear law. 
Such is, in fact, the case for the needle-gap, as shown by 
F. W. Peek? and others. For spheres, it has also been 
shown by Peek’ and A. Russell‘ that for large spacings 
under twice the radius of the spheres, the results seem 
to indicate a constant sparking gradient for a given size 
of spheres when both of them are insulated and are at 
equal and opposite potentials, the middle of the high 
voltage winding of the transformer being connected to 
earth. As for the case when one of the spheres is 
grounded with the high potential applied to the other 
insulated sphere, all experimental data seem to contra- 
dict this view.*"* In this case, the sparking gradient 
decreases rapidly at first and then gradually increases 
with the spacing. 

The existing theory to explain these phenomena is 
mainly due to Peek, who assumes that air has a con- 
stant dielectric strength, an assumption fairly well 
borne out by the corona measurements on concentric 
cylinders and parallel wires. Inasmuch as this theory 
was extended from the phenomenon of corona, it seems 
advisable to study the problem of sparking in air by 
using different kinds of electrodes, namely, two spheres 
of unequal diameters and two. cylinders placed with 
their axes perpendicular to each other in space (called 
cross-cylinders, for brevity) to see if similar relations 
exist and to derive a law for sparking based on the more 
definite form of the theory of ionization as first formu- 
lated by J. S. Townsend and later extended by Bergen 
Davis to the corona measurements on concentric 
cylinders and parallel wires. It is thus seen that the 
present investigation falls into two parts: namely, the 
determination of the sparking voltages and gradients 
for the above types of electrodes, and the formulation 
of a theory to explain the more or less empirical re- 
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In the theoretical discussions, the more definite form of the theory 
of ionization by collision as given by Bergen Davis has been extended 
to the sphere-gap and a relation has been deduced to account for 
the variation of the sparking gradient as investigated in the first 
part of this work, which is in substantial agreement with those 
found by F. W. Peck, A. Russell, and others. 

s 


s * * * 


lation of Peek and Russell based on the known laws of 
ionization by collision. 


Part I 


SPARKING VOLTAGES AND GRADIENTS BETWEEN UN- 
EQUAL SPHERES AND BETWEEN CROSS-CYLINDERS 


Formulas and Tables for the Calculation of the Mazi- 
mum Gradients between Unequal Spheres and Cross- 
Cylinders. The case of two conducting spheres is of 
classical interest, being among the problems first suc- 
cessfully solved by Poisson by using his famous integral. 
Clerk Maxwell? also gave a solution but it was too 
complicated to be of any service in a numerical work. 
The first workable formula was given by Kirchhoff!'. 
It was put into a manageable form by A. Russell!5, 
who proved the case for two equal spheres by the 
method of an infinite series of images, while G. R. 
Dean'* solved the same problem by using hyperbolic 
functions and zonal harmonics. In the appendix to 
follow, it will be shown how Russell’s reasoning can be 
extended to the general case of two spheres of un- 
equal diameters. From the proof it will be seen that 
the gradient at the surface of the spheres on the line 
of centers may be calculated from the following 
relations: i 


G, = Vi Fı/X — V Fa/X 
and 

G: = Va Foe/X = Vi Fi:/ X 
in which X = spacing between the spheres, G, = the 
gradient at the surface of the smaller sphere, V, = the 
voltage on the smaller sphere, and G, and V», the cor- 
responding values for the larger sphere. The different 
F’s will be called coefficients of gradient. The double 
subscript adopted is similar to the notation used in 
electrostatics for the coefficients of capacity, or of 
induction, or of potential. By giving appropriate 
values to the different V’s, these general formulas 
will be found to be applicable to the different arrange- 
ments that are investigated: namely, when V, = — V, 
= V/2, the case when both spheres are at equal and 
opposite potentials, V being the potential difference 
between them; and when V, = O or when V: = O, 
the two cases when one of the spheres is grounded. 
Thus for the case when both spheres are insulated and 
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are at equal and opposite potentials, the two coefficients 
of gradient may be taken as: 

F, = (Fi: + F2)/2, and F: 
respectively. 

The various F’s are expressed in convergent series, the 
arguments of which are functions of the ratios b to a, 
ratio of radii, and X to a, ratio of spacing to the smaller 
radius. The values for these when b = a, 2. e., when 
the spheres are equal, have been given by other in- 
vestigators!’. In the following tables only F,, and F2, 
are given; the values for F: and F2, except for the case 
when one sphere has infinite radius, can be made to 
depend on those of F,ı and F», by a reciprocal relation 
which will be discussed fully in the mathematical 
appendix. 

For ready reference and interpolations, Figs. 1, 2, 3, 
and 4 giving values of Fi Fe, F22, and Fz are herein 
attached. 

For the case of cross-cylinders, because of the lack 
of symmetry, it is not possible to obtain an exact solu- 
tion of the problem by using known methods of mathe- 
matical analysis. In Appendix II, an attempt has been 
made at an approximate solution, the basic principle 
of which is quite similar to that employed by Dean'® 
in deriving an approximate solution for two equal 

spheres. It will be seen that for the case in which both 
equal cylinders are insulated and are at equal and oppo- 
site potentials, the coefficients of gradient F are given 
by the following table of values, using which the values 
of the maximum gradient can be calculated from the 
relation: 


(Faz + Fy.) /2, 


G= /JS2VF/X 


where G is the gradient, V the effective potential 
difference, and X the spacing. 


Apparatus, Method of Measurement, Etc. Five sizes 
of spheres were used in the investigation, their diameters 
as measured by calipers being 25.0 cm., 20.2 cm., 15.0 
cm., 10.0 cm., and 5.05 cm. They were made by 
soldering together two hemispherical bowls that were 
spun from copper. Their shape was quite satisfactory, 
as measurements of the curvature by means of a sphe- 
rometer did not vary more than one per cent. The 
shanks were brass tubes, projecting 60 cm. from the 
spherical surface, each tube having a diameter about 
one-eighth of that of the sphere to which it was fitted. 
For the determination of sparking between a sphere and 
a plane, sphere of infinite radius, two sizes of plane 
surfaces were used, one being about 50 cm. in diameter 
and the other 150 cm. At short spacings, it was found 
that the determinations were practically the same, 
using either plate. Only when the spacing became 
large, about one-sixth of the diameter of the plate, 
did deviations begin to appear. From this, it was con- 
cluded that with the 150-cm. plate, the sparking 
voltages as measured might be assumed to be indepen- 
dent of the diameter of the disk for spacings smaller 
than 25 cm., which was the upper limit contemplated 
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in the investigation. The small disk, 50 cm., was a 
cast iron plate with the surface carefully scraped. The 
larger circular plane, 150 cm., was made of galvanized 
sheet iron with a 34-in. (2-cm.) lead tubing soldered all 
around the edge. 


Three pairs of cross-cylinders were used: one pair 
with 25-cm. in diameter being 48 in. (122 cm.) long 
excluding the hemispherical ends, and the other two 
pairs, both 5 in. (12.7 cm.) in diameter, being in two 
different lengths, namely, 24 in. (61 cm.) and 48 in. 
(122 cm.), respectively. They were supported hori- 
zontally at the ends at about four feet (120 cm.) from 
ground. 


The method of voltage measurement was by com- 
parison with a pair of standard 25-cm. spheres, the 
sparking curves being those given by the A. I. E. E. 
standards. Two transformers, both having the center 
of the high voltage winding grounded, were first cali- 
brated against the 25-cm. sphere-gap to determine 
their ratios of transformation. Knowing these, the 
sparking voltages on unequal spheres and cross- 
cylinders were determined from the readings on the 
low voltage: side of the transformer. The voltage 
ranges of the transformers were approximately 150 kv. 
between terminals for the smaller unit and either 250 
kv. or 500 kv. between terminals for the larger unit, 
according to whether the low voltage side was connected 
in series or in parallel. The wave shape of the low 
voltage supply was very nearly sinusoidal. The 
frequency was 60 cycles. 

In all of the determinations, the atmospheric density 
was corrected for. The correction factor was taken to 
be simply 3.92B/(273 + t) to reduce all observations to 
the standard condition of 76 cm. Hg and 25 deg. cent., 
B being the barometric reading in cm. Hg and ¢ the 
temperature in degrees centigrade. 


Experimental Data and Results. In the following 
tables, the coefficients of gradient have not been en- 
tered, their values being interpolated from the curves 
constructed from the tables of values already given, 
Figs. 1, 2, 3, 4. Calculations for the gradients were 
made only for cases in which the spacing was under 
twice the radius of the smaller sphere, as beyond this 
spacing there was good reason to suspect the formation 
of corona before a spark-over so that similar computa- 
tions would become meaningless. 


Each value is the average of five consecutive readings. 
Unless otherwise indicated, deviation from this average 
is small and negligible. 

The symbols at the head of each column are: 

aand b = radii of spheres, in cm., 

X = spacing between the spheres, in em., 

V sparking voltage when both spheres. are in- 
sulated and are at equal and opposite potentials, in 
kv. eff., 


V, = sparking voltage when small sphere is insulated 
and the large one grounded, in kv. eff., 
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V: = sparking voltage when large sphere is insulated 


and the small one grounded, in kv. eff., 


G= vV 2V F/X; Gi= v2 VıFı/X; and Ga 
= 4/2 V.F2,/X are the maximum gradients at the 
surface of the small sphere corresponding to the three 
arrangements, in crest kv. per cm., 

Gz = V2 V F/X; Giz = V/ 2 VF 2/X; and 
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Goo = V2 V F/X are the corresponding maximum 
gradients at the large sphere, in crest kv. per cm. 

Summary of Results. Part of the above data has been 
plotted into several sets of characteristic curves. From 
these (Figs. 5, 6, 7, 8) the following points may be 
inferred: 
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1. Unstable Part of the Curves. There is a part in 
each sparking curve where the sparking voltage is not 
definite. These parts have been shown as dotted lines. 
The irregularities at these portions are presumably due 
to the formation of excessive corona and begin at a 
separation somewhere around three or four times the 
diameter of the smaller sphere. 


TABLE I 
COEFFICIENTS OF GRADIENT FOR SPHERES 


Values of Fi 
b/a = ratio of radii; X = spacing 


b/a 


x 
z 
ad 
8 
3 
a 


. 50 .00 ro) 
0.0 1.00 1.00 1.00 1.00 1.00 
0.2 1.01 1.09 1.11 1.12 1.14 
0.5 1.08 1.25 1.29 1.32 1.36 
0.8 1.25 1.44 1.49 1.54 1.60 
1.1 1.46 1.66 1.72 1.78 1.86 
1.4 1.70 1.90 1.97 2.04 2.12 
1.7 1.96 2.15 2.22 2.30 2.40 
2.0 2.23 2.41 2.48 2.57 2.68 
TABLE II 
COEFFICIENTS OF GRADIENT FOR SPHERES 
Values of F31 
b/a = ratio of radii; X = spacing 
X/a 0.50 2.50 5.00 
0.0 1.000 1.00 1.00 1.00 1.00 1.00 
0.2 0.999 1.07 1.09 1.11 1.12 1.14 
0.5 0.969 1.15 1.22 1.27 1.32 1.36 
0.8 0.905 1.19 1.31 1.43 1.52 1.60 
1.1 0.856 1.20 1.38 1.56 1.71 1.86 
1.4 0.816 1.21 1.43 1.67 1.89 2.12 
1.7 0.782 1.21 1.47 1.76 2.05 - 2.40 
2.0 0.756 1.20 1.49 1.84 2.20 2.68 
TABLE III 


COEFFICIENTS OF GRADIENT FOR SPHERE AND PLANE 


Values of Fs: = Fis 
X/a = spacing divided by radius of sphere 


X/a Fo 
1.1 0.702 
1.4 0.642 
1.7 0.590 
2.0 0.545 
TABLE IV | 
COEFFICIENTS OF GRADIENT FOR CROSS-CYLINDERS 
Both Electrodes Insulated 
X = spacing: a = radius of cylinder 
X/a F 
0.0 1.23 
0.2 1.29 
0.5 1.35 
0.8 1.41 
1.2 1.44 


2. General Character of Curves of Series I, Both 
Spheres Insulated, and Series II, Small Sphere Insu- 
lated. These two series as shown by Figs. 5 and 6, 
show that the more nearly equal are the diameters of 
the spheres the higher is the sparking curve. Thus 
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the highest curve is the one for equal spheres as inter- 
polated from the data of the A. I. E. E. standards while 
the lowest curve is the one between a sphere and a plane. 

3. General Character of Curves of Series III, Large 
Sphere Insulated and Small One Grounded. The same 
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conclusions cannot be reached in this case as in the 
previous two cases, Fig. 7. When the diameters of the 
spheres do not differ greatly, the sparking curve bends 
over much more than the corresponding curves in the 
other two series. A probable reason for this will be 
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given when the sparking gradients are studied. It 
will also be seen that the sparking curve between a plane 
and a sphere is again lowest. 


4. Sparking Gradients for Series I. From the tables, 
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it is seen that the sparking gradients G, at the smaller 
sphere are very nearly constant for a given size of the 
smaller sphere within the range of the spacings investi- 
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gated. The general relation is: the smaller the radius, 
the higher the sparking gradient. 

5. Sparking Gradients for Series II. The values for 
Gii, 1. ., when the smaller sphere is insulated, will be 
seen to increase somewhat with the spacing. This 
increase seems to be greater as the ratio of the radii, 


TABLE V 
UNEQUAL SPHERES 
2a = 5.05cm.; 2b = 10.0 cm.; b/a = 1.98 


X V Vi 
2.03 | 38.5] 39.8 
3.05 | 51.0] 50.7 
4.06 | 61.0] 58.6 
5.08 | 69.4] 64.5 
6.10t| 76.2] 71.6 
7.61 85.5| 77.1 
9.65 | 95.8] 82.0 

12.70 | 107 88.1 
17.75 | 125* | 101* 
22.85 | 141* | 108* 


tFrom this point on, the gradient was not calculated on account of the 
formation of corona. 


*Individual readings varied considerably from the average value here 
given. 


TABLE VI 
UNEQUAL SPHERES 
2a = 5.05cm.; 2b = 20.0 cm.; b/a = 4.00 


X V Vi Gi Gu Ga Ga Giz G2 
2.03 36.7 | 36.8 Se.7 | Bene | aor 1-32.61 24.1 28-2 
3.05 47.2 | 46.4 39.0 | 39.7 | 38.3 18.5 17.4 19.5 
4.06 55.4 | 53.3 39.4 | 40.4 | 38.7 | 15.9 | 13.9 | 17.8 
5.08 62.0 | 59.0 39.8 | 41.5 | 38.3 | 14.2 | 12.6 | 17.18 
6.60ł| 70.5 | 64.7 

7.62 76.5|70.1 

9.65 85.5 | 75.0 

12.70 94.8 | 80.3 

17.78 | 124 88.3 

22.86 | 134* !99.0 

TABLE VII 
UNEQUAL SPHERES 
2a =5.05cm.; 2b = œ; b/a = œ 

X V Vi Va Gı Gu G21 G2 G22 
2.03 34.8 | 35.1 | 35.1 | 38.8 | 39.2 ! 39.1 | 18.6 | 18.8 | 18.7 
3.05 43.0 | 43.3 | 43.3 | 38.7 | 39.0 | 39.0 13.5 | 13.7 | 13.7 
4.06 49.0 | 49.4 | 49.2 | 39.2 | 39.4 | 39.2 10.3 | 10.4 | 10.3 
5.08 54.3 | 53.8 | 54.3 | 40.8 | 39.9 | 40.3 8.22| 8.10| 8.15 
6.60t| 60.0| 59.4 | 60.0 

7.62 62.5| 61.6 | 62.3 

10.16 67.2 | 66.7 | 67.5 

12.70 75* TRE | TLS 

17.78 85* 81.5 | 85.2 

22.86 ! 100* 93* 95.1 

TABLE VIII 
UNEQUAL SPHERES 
2a =10.0cm.; 26 = 15.0 cm.; b/a = 1.50 

X V Vi Ve Gi Gi Gu | Ga Giz G22 
2.03 41.7 | 41.8| 41.8] 34.4 | 34.7 | 34.2 | 30.3 | 30.2 | 30.6 
3.05 59.4] 58.5| 59.4| 35.1 | 35.3 | 34.5 | 29.4 | 28.4 | 30.1 
4.57 82.6| 79.0| 84.0; 36.3 | 36.7 | 34.8 | 28.5 | 26.0 | 30.6 
6.60 | 104 97.5) 112 36.1 1.37.8 | 32:9 -20:4 .) 21.2 1 82:2 
8.64 | 122 110 135 26.0: | 38.5. | 33.2 1:26:58 17.9 | 34.0 
10.16 | 132 118 151 25.8 | 89;2 1 31.8 24.6 16.0 | 35.7 
12.70t| 148 128 168 

15.24 | 163 145 178 

20.32 | 187 152* 194 

25.40 | 206 145* (| 203 
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b/a, is more nearly unity. Thus for equal spheres, this 
increase will be found to be greatest and for a plane and 
a sphere, it is almost entirely negligible. 

6. Influence of G: and Gi2. For the two series above 


TABLE IX 
UNEQUAL SPHERES 
2a = 10.0 cm.; 26 = 25.0 cm.; b/a = 2.50 


x | v Va V: Gi Gu | Gu G3 Giz | Gn 
2.03 42.0| 41.8| 41.8] 35.6 | 35.2 | 35.2 | 28.3 | 28.6 | 28.3 
3.05 58.3| 57.4| 57.8) 36.1 | 36.0 | 35.3 | 26.0 | 25.2 | 26.1 
4.57 77.0) 75.1| 77.6| 36.2 | 36.3 | 35.2 | 22.6 | 21.2 | 23.7 
6.60 96.5; 92.1] 101 36.2 | 37.1 | 35.2 | 19.7 | 17.0 | 22.5 
8.64 | 112 104 121 36.4 | 37.7 | 34.8 | 17.9 | 14.1 | 22.4 

10.16 | 122 112 135 35.7 | 38.5 | 34.2 | 17.1 | 12.5 | 22.5 
12.70t} 137 122 157 

14.73 | 148 ; 173 

18.29 bee 136 

21.34 | 173 oie 

25.40 | 184 142 

TABLE X 
‘UNEQUAL SPHERES 
2a =10.0cm.; 25 = œ; b/a = œ 

x V V1 Va Gi Gu Gai Gs Gis G2? 
2.03 39.9| 39.5) 39.5] 35.7 | 35.2 | 35.2 | 24.2 | 24.0 | 24.0 
3.05 | 53.1| 53.2| 52.9| 35.4 | 35.5 | 35.2 | 20.2 | 19.6 | 20.0 
4.57 68.8) 68.0| 68.5] 35.7 | 35.2 | 35.8 | 15.8 | 15.6 | 15.6 
6.60 82.6] 82.2) 82.0) 35.9 | 35.7 | 35.6 | 11.7 | 11.6 | 11.6 
8.64 92.4| 91.7| 92.5] 36.2 | 36.0 | 36.2 8.89| 8.83] 8.90 

10.16 99.6] 99.5] 99.5] 37.0 | 36.9 | 36.9 7.55) 7.55) 7.55 
12.70t| 108 107 108 
15.75 | 119* | 116* |117 
19.30 | 122* | 134* |128 
25.40 | 133* |138* |142 
TABLE XI 


UNEQUAL SPHERES 
2a m= 15.0 cm.; 2b = 20.2 cm.; b/a = 1.345 


2.03 42.5] 42.4| 42.5| 33.0 | 32.9 | 32.9 | 31.8 | 31.8 | 31.8 
3.05 60.7 | 60.5) 60.6) 33.0 | 33.2 | 32.7 | 30.0 | 29.7 | 30.2 
4.57 85.7! 84.1| 86.0] 33.4 | 33.7 | 32.7 | 29.2 | 27.8 | 30.2 
6.60 | 113 108 117 33.6 | 34.3 | 32.5 | 28.2 | 25.1 | 31.3 
8.64 | 137 129 146 34.0 | 35.3 | 32.2 | 27.4 | 23.2 | 32.6 
10.67 | 157 143 171 34.0 | 35.9 | 31.2 | 26.7 | 20.2 | 34.1 
13.71 | 182 160 198 34.1 | 36.8 | 28.5 | 26.1 | 17.1 | 35.7 
15.24 | 191 ix 34.8 25.8 A 
16.76t| .. 172 
19.30 |218 182* 
22 . 86 we 199* 
25.40 | 248 205* 
TABLE XII 
UNEQUAL SPHERES 
-2a=15.00cm.; 2b = œ; b/a = œ 
X V Vi V3 G1 Gi Ga G3 Gis Gee 
2.03 40.5} 41.1} 41.8] 33.5 | 34.0 | 34.5 | 25.7 | 26.1 | 26.5 
3.05 56.9; 57.0) 56.5| 33.8 | 34.0 | 33.6 | 22.9 | 23.0 | 22.8 
4.57 75.9| 75.5| 74.8] 34.0 | 33.7 | 33.4 | 19.1 | 19.7 | 18.8 
6.60 94.7| 94.6] 94.5] 33.7 | 33.8 | 33.7 | 15.2 | 15.2 } 15.2 
8.64 | 109 109 110 34.1 | 34.1 | 34.3 | 12.2 | 12.2 | 12.4 
10.67 | 120 121 122 34.2 | 34.2 | 34.7 | 10.0 | 10.1 | 10.2 
13.71 | 135 133 137 35.0 | 34.4 | 36.0 7.85) 7.72) 7.94 
16.76t| 146 144 149 
19.30 | 155 153 160 
22.86 | 165 166* | 172 
25.40 | 170 171* | 180 
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discussed, the influence of the gradients at the surface 
of the larger sphere, 7. e., of Gz and Gız, seems to be 
negligible since they vary between wide limits. It is 
probable that they do not have any primary effect in 


TABLE XIII 
-UNEQUAL SPHERES 
2a = 20.2cm.: 2b =o; b/a = œ 


xX V V; Və Gi Gu Ga G3 Gis Ga 
2.03 | 41.1] 40.0! 41.5] 32.4 | 31.6 | 32.7 | 26.7 | 26.8 | 26.9 
3.05 | 59.0| 58.1] 58.3] 32.9 | 31.8 | 32.5 | 24.6 | 24.3 | 24.4 
4.57 80.7} 80.1] 79.9] 32.8 | 32.6 | 32.5 | 21.5 | 21.3 | 21.2 
6.60 | 104 104 103 33.0 | 32.8 | 32.5 | 18.1 | 17.9 | 17.8 
8.64 | 123 122 122 33.0 | 32.8 | 32.8 | 15.2 | 15.1 15.2 
10.67 | 137 136 138 32.8 | 32.8 | 33.0 | 12.9 | 12.8 | 13.0 
13.21 | 153 151 154 33.3 | 32.8 | 33.4 | 10.8 | 10.8 | 10.9 
16.25 | 168 165 172 33.6 | 33.0 | 34.4 8.83; 8.65} 9.05 

20 .32t| 183 180 190 
25.40 | 196 194 214 
TABLE XIV 
UNEQUAL SPHERES 
2a = 25.0cm.: 2b = ow; b/a = œ 

x V Vi Ve G; Gir Ga) G3 Gis Goa 
2.03 | 41.0] 41.0] 41.6] 31.5 | 31.5 | 31.5 | 27.0 | 27.0 | 27.1 
3.05 | 58.6] 58.4] 58.2] 31.6 | 31.4 | 31.4 | 25.1 | 25.0 | 24.8 
4.57 82.2] 81.3] 81.9) 31.7 | 31.5 | 31.6 | 22.5 | 22.2 22.4 
6.60 | 107 108 31.4 | 31.4 | 31.6 | 19.0 | 19.0 | 19.4 
9.15 | 131 135 31.0 | 31.5 | 31.9 | 15.9 | 16.1 | 16.3 

11.18f| 147 152 31.0 | 31.5 | 31.9 | 13.9 | 14.2 | 14.4 
13.71 | 165 172 31.3 | 31.7 | 32.6 | 12.0 | 12.2 | 12.5 
17.27 | 186 195 31.6 | 32.1 | 33.3 9.83) 10.0 | 10.4 
21.34 | 205 32.3 8.00 
25.40 | 221 32.8 6.72 
TABLE XV (A) 
CROSS-CYLINDERS 
Diameter = 12.7 cm.; net length = 61 cm. 
Both Electrodes Insulated 
x V G xX V G 
2.23 45.7 30.3 7.14 134 30.4 
3.17 64.3 30.1 9.65 169 30.0 
4.32 88.5 30.5 11.15 188 29.6 
5.86 113 30.4 12.50 192* 2a 
*Sparking across the ends; not reliable. 
TABLE XV (B) 
CROSS-CYLINDERS 
Diameter = 12.7 cm.; net length = 122 cm. 
Both Electrodes Insulated 
G X V G 
30.3 9.75 171 30.3 
30.3 11.86 195 30.1 
30.5 14.00 221 29.7 
30.7 15.40 242 30.2 
30.5 16.50 255 30.3 
TABLE XVI 
CROSS-CYLINDERS 
Diameter = 25.0 cm.; net length = 122 cm. 
Both Electrodes Insulated 
xX V G X V G 

2.62 54.5 29.7 9.60 179 28.5 

3.81 77.7 29.1 12.38 221 28.2 

5.03 99.5 29.4 14.40 245 27.8 

7.95 151 28.5 17.60 291* š 


*Sparking across the ends; not reliable. 
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causing the sparking, which, as already pointed out, 
seems to be mainly governed by the gradients G, and 
G,ı at the smaller sphere. 

7. Sparking Gradients for Series III. For the third 
series, namely, that in which the smaller sphere was 
grounded with the high voltage applied to the large 
sphere, the sparking gradient G», at the surface of the 
smaller sphere sometimes increases and sometimes 
decreases with the spacing while the values of G2, 
îi. e. the gradient at the larger sphere, are not always 
smaller than G.;. In fact, for the cases in which the 
sparking curves in the third series bend over and inter- 
sect the others as noted in (3) above, the gradient 
Go. increases and finally becomes larger than G2; 
see Tables VIII and XI. In these cases it is probable 
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that the law of sparking should be formulated to take 
account of the influence of both G2. and G.,. Thisisa 
probable explanation why the curves in this series bend 
over much more than the corresponding curves of the 
other two series. 

8. Comparison of Curves for the Three Series. 
When the same pair of spheres is used, it will be seen 
that the sparking curve is highest: when the smaller 
sphere is grounded and lowest when it is insulated, with 
the case when both spheres are insulated and are at 
equal and opposite potentials falling in between the 
two. For the arrangement when one sphere has in- 
finite radius, i. e., a plane, all three curves are practi- 
cally the same. 
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9. Data on Cross-Cylinders. The general relation 
that the smaller the radius, the higher the sparking 
gradient, has been found to be also true in the case of 
cross-cylinders. When the electrodes are at equal and 
opposite potentials, this gradient seems to be a constant 
for the spacings considered. As no mathematical cal- 
culation has been made to determine the sparking 
gradient when one cylinder is grounded, nothing can be 
inferred about this arrangement. Measurements of 
the sparking voltages in this latter arrangement showed, 
however, that the sparking voltages were not far dif- 
ferent from those determined for the former case of 
both insulated electrodes. Because of the flux distribu- 
tion, it will be noted that the sparking curve for cross- 
cylinders lies higher than the corresponding curve for 
spheres with the same radius, Fig. 8. It should also 
be noted, however, that the sparking gradient in the 
case of cross-cylinders is smaller than the corresponding 
value for equal spheres having the same radius. 

From the data on the two lengths of the 12.7-cm. 
cylinders, it will be seen that when the spacing was below 
one-sixth of the net length of the cylinder, no appreci- 
able difference in the sparking voltage was observed 
by using either pair of electrodes. 


Part II 


THEORETICAL CONSIDERATIONS 


Before proceeding to a discussion of the Davis theory 
of the corona, from which it will be shown how to 
derive the relation between the sparking gradient and 
the radius of the sphere, it would be advisable to give a 
brief account of Peek’s theory of the sphere-gap so as 
to afford a ready comparison of the two. Peek! as- 
sumes that air has a constant dielectric strength Go. 
But to cause rupture, energy as well as gradient is 
necessary. Thus corona or sparking does not occur 
when the gradient at the surface of the electrode equals 
G,, because energy has not yet been supplied sufficiently. 
It is only after the gradient at a certain distance away 
from the surface of the electrode equals Go and hence 
that at the electrode exceeds Go, that the energy supplied 
is great enough to cause arupture. Thus due to curva- 
ture of the electrodes, the sparking gradient at the 
electrode with the radius a should satisfy a relation: 


Ga = Go(1+ A/Va) (1) 


in which A is a constant, Go the constant dielectric 
strength of air, and athe radius. From his results on 
concentric cylinders, parallel wires, and spheres, Peek 
finds that the values for Gp vary somewhat for the three 
arrangements. He attributes this variation to the 
unbalancing of the field and claims that the dielectric 
strength of air is probably given by the value 31 kv. 
per cm. as obtained from the determinations on con- 
centric cylinders where the field distribution 1s the same 
on all sides. In the case of parallel wires, there is some 
unbalancing so that G, becomes less, being only 29.8 
kv. per cm., while for spheres, the unbalancing is 
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greatest, in consequence of which the value of Gy is 
also lowest, being only 27.2 kv. per cm. 

Besides this difficulty and the rather indefinite 
magnitude of the rupturing energy required by Peek’s 
theory, it is also necessary to account for the variation 
of the sparking gradients in the cases when one of the 
spheres is grounded. Although arguments have been 
advanced to explain this variation, they are not at all 
convincing”. As Bergen Davis has demonstrated 
how the theory of ionization by collision can be applied 
to the corona formation around cylindrical conductors, 
it appears best to extend this to the case of the sphere- 
gap since our present knowledge and confidence in the 
electron theory is far greater than at pes time of the 
deductions of Davis. 

In order to extend this theory, it is necessary to note 
the main assumptions as follows:?! 

1. On the Agency of Ionization. Under the con- 
ditions of sparking that are being dealt with, ionization 
of the gas molecules is primarily due to the collisions 
with electrons. The ionizations caused by positive 
ions and photoelectric effects are very small and may 
be neglected. 

2. Onthe Energy Required for Ionization. When an 
electron collides with a molecule, ionization will follow 
only when the normal component of the kinetic energy 
of the electron equals or exceeds a certain least value, 
which value is a constant characteristic of the gas. 
Thus for a given density, the number of ionizing im- 
pacts depends on the field intensity. By statistical 
considerations, it can be shown how the number of 
ionizing impacts and the gradient are related. For 
practical purpose, a gradient at which ionization begins 
to be appreciable may be assumed to correspond with 
the value Go of Peek’s formula (1), but not equal to it. 

3. On the Physical Process of Sparking or Corona 
Formation 1n an Alternating Electric Field. Consider 
two concentric spheres for the sake of simplicity. 
Let the rupturing potential difference be applied. 
Suppose the inner sphere is passing through the crest 
value of the positive half of the voltage wave. Imagine 
a concentric sphere M to be the surface at which the 
gradient is Go, 2. e., the value at which ionization by 
collision is appreciable under the given density con- 
ditions. As the inner sphere is at the positive half of 
the wave, free electrons will be moving towards it. 
When these free electrons pass inside of the region within 
the sphere M, ions and electrons multiply due to colli- 
sion. Thus, if there are originally N, electrons at the sur- 
face of M, the number arriving at the inner spherewill 
be greater than No, say Noi. As the voltage wave de- 
creases and finally becomes negative, some of these 
No. electrons will move outward while a number of them 
will disappear, being taken up by the conductor as con- 
vection current. Those that move outward will again 
cause ionization by collision and will at the same time 
recombine with the positive ions that they overtake in 
their course. The net result of this is that at the next 
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half-cycle, when the inner electrode is positive, the 
number of electrons at the surface of the imaginary 
sphere M is greater than No, the original number due 
to the natural ionization of the atmosphere. Call 
this N;. These N, electrons will again produce ioniza- 
tion when they are within the sphere M and the number 
that reaches the inner electrode will be greater than 
N,, say Ni. Of these, a portion will move outward 
as the field changes to negative value and causes, by 
the action already described, the number that moves 
inward in the following cycle to be still greater than 
N,. Continuing the process in this way, it will be seen 
that there will be acycleat which the number of electrons 
at the surface of the sphere M will be such a value, say 
Mo per unit area, that moving under the field intensity 
and distribution, it will yield at the inner electrode an 
ionic density of n electrons perunitarea. This density n 
is high enough to cause the layer immediately around 
the conductor to be conducting and hence the formation 
of corona or a progressive rupture. From this concep- 
tion of the nature of the rupture, it will be noted that 
rupture does not occur immediately after the applica- 
tion of the rupturing voltage but only after the lapse of 
a few cycles. This conception seems to be in good 
agreement with observations on the time lag and tran- 
sient sparking voltages of the different gaps. 

The Law of the Sphere-Gap. Inthe above discussions, 
the spheres have been assumed to be concentric. If 
attention is confined to a small area around the line of 
centers on the surface of the smaller sphere, the same 
considerations will also be true for two spheres external 
to each other. 

To find the relation between n and np, let us for sim- 
plicity again consider two concentric spheres. Denote 
by N, and N, respectively, the number that starts out 
from the sphere M and that arrives at the inner sphere. 
Let œ be the number of electrons produced by one 
electron when it travels through a distance of one centi- 
meter under an electric force of G kv. per em. If there > 
are N electrons passing through a surface, then at a 
small distance d y, the number will be increased by 

aN=aNdy (2) 
If the field is uniform, 2. e., if the gradient is the same 
throughout, a is independent of y and the above can be 
at once integrated. Otherwise the variation of œ with 


y must be taken into account. In any case (2) may be 
written as 


yo 
log N — log No = f ady (3) 


Introducing the ionic densities n and no, equation 


(3) becomes 
yo 
No Yor J ao y (4) 


where K has been written for the first member for 
brevity. 


a 
-~ 


log 
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To integrate (4), it is necessary to express a in terms 
of y. This can be done if the relation between a and G 
is known, because, as will be shown in the Appendix, 
for small distances away from the surface of the sphere, 
the gradient G varies inversely as the distance from the 
center of the sphere. Thus, if Go is the gradient at the 
point on the line of centers whose distance from the 
center of the sphere is yo, and G, is the gradient at the 
surface of the sphere with radius a, then Ga = Go yo?/‘a?; 
and, in general, if y is the distance of a point on the line 
of centers from the center of the sphere, the gradient 
atyisG = Go y?/y? = Ga a?’y?, if y — ais small. 

Regarding the relation between a and G, Bergen 
Davis has developed a formula by considering the 
energy required for ionization as stated in (2) above. 
In terms of the ionization potential v and the mean free 
path L of the electrons, this relation takes the form: 


1 -z v : v ) 
a= 3°” +tgpEil- TI 

where E i is the exponential integral. Using the value 
v = 10.2 volts as found by Bishop” and taking L as 
4 ./ 2 times the mean free path of the molecules in air?‘, 
i.e., 4/2 X 9.83 X 10-*= 5.55 x 10-5cm. for the free 
electrons in air, values of œ can be calculated for dif- 
ferent G’s. A calculation of this sort has been made 
using the tables of Jahnke and Emde* for the values 
of the exponential integral. For values of G covered by 
the investigation, it is found that an empirical quad- 
ratic relation represents the theoretical relation (5) 
very satisfactorily. This relation is: 

a = C (G — G} = 0.1384 (G — 25)? (6) 
where G is in kv. per cm. The agreement between 
(6) and (5) is well shown by the accompanying curve, 
Fig. 9. As relation (5) can not be used for integration 
in finite terms, relation (6) will be used. Also as 
G = Go yo? y’, (6) can be written as 


w] 
y: 


Substituting this into (4) and performing the indicated 
integration, it is found that 


(5) 


a= CGe| (7) 


a 8 G , 
log ae K = 83.7 a| 3 J a 
1 /Ga ) 2 Ga 1| 

3 ( Go Go (8) 


In this form, the equation still contains a quantity 
na of which nothing is known. If it is assumed for the 
present that the total number of electrons crossing any 
spherical surface completely enclosing one of the elec- 
trodes remains always the same, then the density of 
electrons on any such spherical surface will vary in- 
versely as the square of the radius. In the equation 
above given, it is then permissible to put the quantity K 
equal to a constant. Granting such an assumption, 
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the theory then leads to the result that the sparking 
gradient is a function of the radius of the smaller sphere 
only. 

In his theory of the corona, Davis had to do with a 
similar quantity which he assumed to be constant and 
equal to 6 for concentric cylinders and to 4.3 for parallel 
wires. If A is taken as 4 for the sphere-gap, it will be 
found that equation (8) agrees fairly well with the data 
given by the Institute standards and those of the present 
investigation when only the case of symmetrical ap- 
plication of voltage is considered, t. e., when both 
spheres are insulated and are at equal and opposite 
potentials. In fact, changing the square-root function 
to a quadratic function by the following empirical re- 
lation, which will be found to be accurate to within 
half of a per cent for values of X lying between 1 and 2, 
namely, 


v X X- 0.071 X? + 0.630 X + 0.441 (9) 
the relation (8) can be put in the form: 
Ga = (1.105 + n E Go (10) 
With K = 4 and G, as 25, (10) at once becomes 
G, = 27.6 (1 fe 2-26) (11) 
/ a 


whose similarity to the relation of Peek, viz., 
Ga = 27.2 (1 + 0.54/V a) 
or to that of Russell, viz., 
Ga = 27.4 (1 + 0.515// a) 
is very remarkable and striking. 


CONCLUDING REMARKS 


It should be noted that in the above work, the value 
of K has been assumed to be constant. It is the simp- 
lest assumption. On closer examination, it will be seen 
that n, cannot be as simply related to yp as an inverse 
square relation. For instance, as shown by Davis in 
his theory, when the spacing is very short, the electrons 
moving outward will be taken up and neutralized by 
the other sphere and the process of cumulative multipli- 
cation at the surface of the sphere M will not take place 
as readily. In fact, for short spacings, no yo? decreases 
as the spacing (hence A increases) because of the dis- 
appearance of a number of electrons at the surface of 
the other electrode. It is therefore possible to explain 
the rapid increase of the sparking gradient as the 
spacing is decreased to very short values. Thus the 
simple relation of Peek and Russell, which may be de- 
rived from the theory of Davis, appears to be merely 
an approximation giving good results only for special 
cases, namely, when both spheres are insulated and are 
at equal and opposite potentials, in which case it is 
permissible to assume K to be a constant independent 
of the arrangement. As for the cases in which one 
of the spheres is grounded, the value of K is probably 
influenced both by the gradient at the surface of the 
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larger sphere and the spacing between them, so that it is 
no longer a constant independent of the arrangement. 
On this account, it is thus also possible to explain why 
the constancy of the sparking gradient is not of general 
validity. A point of interest to note is that the smaller 
value of Gə, Peek’s notation, for spheres, viz., the 
value 27.6 as against 31 for concentric cylinders or 
29.8 for parallel wires, is a natural consequence of the 
theory and does not require any explanation such as 
that advanced by Peek. l 

The writer is under great obligation to Prof. A. 
Wilmer Duff and Prof. Harold B. Smith for suggestions 
made and for facilities and encouragement in the 
preparation of the paper. 


Appendix I 


COEFFICIENTS OF GRADIENT FOR SPHERES 


Given the radii a and b of two spheres and the distance 
of separation between their surfaces, X, it is required to 
find the field distribution when both spheres are charged 
and when one of them is charged and the other con- 
nected to ground. In particular, the values of the maxi- 
mum gradients at the surfaces of the spheres are to be 
sought. 

Let A, be the center of the sphere with radius a and 
B be that of the sphere with radius b. Suppose first 
that A is at potential V while B is grounded. Puta 
charge, Q, = Via, at A,. This will give to sphere A 
a uniform potential V,. But due to it, the potential 
over sphere B is no longer zero. To reduce the po- 
tential over B to zero, put a second charge Q,’ at B,, 
the point inverse to A, with respect to the sphere B, 1. e., 
A,B.B,B =bandQ,/A: M + Q,'/B: M = O where 
M is any point on sphere B. Due to Q,’ the potential 
over sphere A is now no longer uniformly equal to V.. 
To restore it to the value V,, another charge Q: may be 
put at the point inverse to B, with respect to the sphere 
A, namely, A», which satisfies the relation A, A2. 
A.B, =a. The magnitude of Q: must be such that 
Q:/AoN +Q,'/B,N =O for any point N on the 

sphere A. Continuing the process, it is evident that 
the nth charge Q, inside of sphere A is related to the 
nth charge Q,’ inside of B as follows: 


Q,/Q,’ gN M A,/M B, Fo b/B B.,, (12) 


where M is any point on sphere B, and A, and B, are 
two inverse points with respect to sphere B. Likewise, 
for any point N on sphere A, the relation must hold: 


Qnt1/Qn’ = = N Anti/N B, FNT Ay A„+ı/a ° (13) 
Putting B B,=use' and A, A, = u,, the relation of two 
successive charges is Qn+1.'Q, = Un’ Unti/ab (14) 


To find uw,’ and w,+, in terms of the radii a and b and the 
Spacing X, first locate the two inverse points of the 
spheres, t. e., the two points P and P’ defined by: 

A,P.A,P’=@andBP’.BP=0° (15) 
Denoting A, P/a = t and B P’/b = t’, it will be found 
that ¢ and ¢’ are given by: 
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2adt =d +a- b- y (d4 a b — 4a d 
withhd=a+b+X (16) 


2bdt' = E +b- æ- vy (#@4+ 0 —- a’)? — 406° a? 
The general relation between u,n, un’, and u,+, is, by 
definition of inverse points, as follows: 


(d — Un) Un’ = b? and (d — u,’) Unti = @, (17) 
which gives, on the elimination of u,’, 
Un Unti — (Œ — b?) unt+i/d — jid Hae =o (18) 


(18) can be put into the standard form of a difference 
equation by a change of the variable as follows: 


Un = Vn+1/0n + (Œ — b?) /d (19) 

giving 
vat + Cvi Dv, = O, (20) 

where 
C = (Œœ — b — a?)’dand D = œ b?/d (21) 


The solution of (20) is obtained by putting v, = 2”, 
where z satisfies the quadratic 

2+Cz2+D=0 (22) 
Using the two roots of (22), z, and 22, the general solu- 
tion of (20) is then v, = Az," + B2,” (23) 
where A and B are two arbitrary constants to be de- 
termined so as to satisfy the boundary conditions of the 
problem. Introducing for convenience the value of ¢ 
from (16) into the solution, itis found that _ 

v, = A a" (a/d — t)” + Ba*(a‘d—1/t)". (24) 
To determine the ratio of A to B, the initial condition 
that when n = 1, u, = A, A, =O is used. This 
yields, from (19), 

v/v, = — (Œ — b)/d =a (a'd—t— 1t) (25) 
together with simplification by using (16). Equating 
the ratio v:/v, found from (24) to that given by (25), it 
is found that after reduction and simplification 


B=-At® = —As‘/t? (26) 
where s? = tt’. 
With this value for B, it is found that 
at (sin—4 — 1) 
ne (£ gini — 1) 
and (27) 
b s (E sin 4 — 1) 
“n = tb (s# — 1) 
From (14), the ratio of the various charges is then: 
Qata Un! Unti Sh sit") 
Qa, ab ~ (l= Est) (28) 
Since Q, = Va, 
y o ad o £) gin-2 
Qn = Via (1 — Est” t) 
and (29) 
| V, as” (1— t) 
Q.’ = — Q, Un’ þan 


t (1 — s”) 


On the lines of centers, we have then: 
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Qı Q: Qati 
ag a? T (a — Us)? e ee a (a — Unt)? 
pes Q’ = = Q,’ _ 

(d — u,’ — a)? (d — u,’ — a)? 


for the gradient (or field intensity) at the surface of the 
small sphere due to the voltage V, on it. This can be 


reduced by using the values of Q and u already found, - 


and is: 

V, (qA +e s? (1 — tst) 
Girs a (1 — t) a ices al 

(30) 

or 

V 
Gi = Fu 
with 

X (1 + 0)? ~ s?” (1 — ts’) 
Fu = a (1 — t) (1 + ts‘)? (31) 


n = 


In a similar way, the gradient at the surface of the 
larger sphere due to the voltage applied to the small 
sphere is 


Via (1 — a T s?) na (1 — ts‘) 
b? (t — ier (hp isi)? 

(32) 
If now the large sphere is charged to the potential V. 
while the small one is kept at the potential zero, the 
gradient at the surface of the smaller sphere will be an 
expression similar to (32) with t changed to t’ and b 
toaandatob. It will be more convenient to express 
this analogous expression still in terms of t and then 
it will be found that this gradient is: 


G»: = V,» F/X with 
gnt (t aad gintt) 


YC ~ 
> (t + gintaj? 
O 


a (1 — t) 
The cases when sphere A is charged to the potential V, 
and the sphere B to potential V will have for the 
gradients: 


Gi = Gu + Ga = Vi FX — V2 Fa X 


Gi: = 


Fy, = (33) 


and (34) 


G: == Go» F Gir = V: F’ X — V, Fai X 

the coefficients F», and Fi being of the same form as 
those for F, and F., with all the a’s and 6’s inter- 
changed. Since it is immaterial which sphere is taken 
as the first sphere, it is evident that the values of F's. 
and Fi may be found to depend reciprocally on those 
of F,, and F.,;. Thus it is always true that: 

F, (X b,a b) = Foe (X “a, b'a) 
and 

Fi (X a,b a) = F: (X b,a b). (35) 
The tables that have been previously given for these 
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coefficients were therefore calculated for F, and F», 
only but with values of b/a ranging from zero to infinity 
instead of merely from one. to infinity. 

When this reciprocal relation is applied to the case 
of a plane and a sphere, it will be found that the values 
become indeterminate. But going back to the original 
relation and allowing b to become infinite, it is found 
that the factor outside the summation sign in 
the expressions for Fə: and Fi. becomes simply 


4X//WX +2aX and the corresponding calculations 
can then be made. These values have been given 
in Table III. 

The gradient at a short distance, h, away from the 
surface of the sphare with radius a on the line of centers 
is i 


Q: Q: 
GS) eE ahan » Fe 
ee 
~ (d—-a-—h— uy’)? (d—a—h—u.')? — 
Qi 2h Q: 2h 
— æ (1- a tal-g.. 


Q, Zh ) 
-q age (14 = d—a-—u,’ 
so that in the limit ash > 0 
dG = a + Unt 2G 
da =-2 55 = tg? Ott = a (38) 
0 


This then shows that for short distances away from the 
surface of the sphere, the variation of the gradient is 
inversely as the square of the distance from the center 
of the sphere, a relation that has been given in explicit 
form in the theoretical discussions. 


Appendix II 
COEFFICIENTS OF GRADIENTS FOR CROSS-CYLINDERS 


Pass the plane of the figure, Fig. 10, through the axis 
of one of the cylinders and perpendicular to the other. 
Imagine line charges of q units per unit length to be 
placed at the positions A and B inside of the cylinders 
so that the cylindrical surfaces are approximately at 
the required potentials V/2 and — V/2 respectively. 
Let the distances be as shown in Fig. 10. At 
the point H, the gradient is greatest, its value being 
G = 2q(1/24+1/(2 + X)]. The voltage at H is 
V/2 =2qlog (Z + X)/Z, so that on putting X =n Z 
and eliminating q, the gradient is G = V F/X, where 
the coefficient F is given by 

n (2 +n) 
ym 2(1 + n) log (1 +n) (30) 
To compute this, it is necessary to find n first. Con- 
sider the forces acting at a point P very near to H on the 
same plane. The resultant R is normal to the surface 
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at P so that the tangential components of the two 
constituent forces R, and R», due to the two line charges 
at A and B, respectively, must be equal and opposite 
i. e., R, sina, = R:sin a As R, and R: are inversely 
proportional to the distances r, and r2, SO r1/r2 = (sin aı) 
/(sina:). From the triangle ACP, AP/AC = 
sin a2/sin a), 2. €., 

rı/(R — Z) = (sin ae) /(sin a1) = r2/rı (38) 
As P approaches H, rı approaches Z + X and r, 


becomes Z, so that (38) becomes in the limit Z/(R — Z) 
=(Z+xX) Z (39) 
With X = n Z, this can be reduced to a quadratic in 
n, the solution of which gives: 


X 1 L M 
n=53p 7 3 tp Y (X/R—1)?+8X/R (40) 


Thus, for given values of X/R, n can be computed 
from (40) and substituted into (37) to give the values 
as given in Table IV. 
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Discussion 


W. B. Kouwenhoven: In Mr. Sah’s paper I find no reference 
to the effect of humidity. At the Johns Hopkins University we 
have been conducting an elaborate research upon the effect of 
humidity on the corona-forming voltage; this research is being 
carried out under our direction at the Bureau of Standards at 
Washington. 

A few weeks ago I received a letter from E. S. Lee of the 
General Electric Company, saying that he had found that 
humidity affected his air condenser, and during the same week 
we obtained our first definite information that this was actually 
the case. The presence of humidity in the air has an effect on 
the corona-forming voltage. On perfectly clean surfaces the 
presence of moisture in the atmosphere raises the corona-forming 
voltage slightly, the maximum increase we have found is of the 
order of 1.2 per cent. In order to detect this effect it was 
necessary to refine our method of measuring and check every- 
thing very carefully. At the Bureau of Standards in the re- 
search to which I referred a moment ago, they are measuring 
the wave shape of the voltage directly in the high-voltage side 
of the circuit and have taken every precaution to insure accu- 
racy. I feel that their results are accurate to at least one part of 
a 1000, if not better. 


We have found also that humidity causes a lowering of the 
voltage when a corona forms on dirty or dusty surfaces. This 
lowering of the corona-forming voltage may amount to 5 per 
cent. In future work with the spark-gap it may be necessary to 
use correction tables for correcting for the‘amount of humidity 
in the air at the time of the test. 


A. P. T. Sah: The influence of humidity on sparking voltages 
has been raised. Our experiments show that it is very small. 
It is true that humidity has a very.pronounced effect on the 
sparking voltages when corona precedes a spark-over, fot in- 
stance in the case of the needle gap. But for spherical and 
cylindrical electrodes, spaced at less than twice the radius of 
the smaller electrode, corona does not precede a spark-over. 
Thus in such cases the effect of humidity is negligible as our 
experiments show. 


A Theory of Imperfect Solid Dielectrics 


BY MICHEL G. MALTE 


Associate, A. I. E. E. 


Synopsis.— This paper covers Chapters VII, VIII,and IX of a 
thesis presented by the author to the Faculty of the Graduate School 
of Cornell University, for the degree of Doctor of Philosophy. 

In this thesis a summary is made of the experimental facts 
regarding the anomalous behavior of solid insulating materials 
under varying conditions of potential, time, temperature, frequency, 
humidity, tonizing radiations, and various other factors. 

A bibliography containing about 400 articles dealing with experi- 
mental and theoretical research is appended to the thesis. These 
articles are chronologically arranged and numbered. 

Five tables are given, including references to experimental 
research done on (a) dielectric resistivity, (b) dielectric charge and 
discharge, (c) dielectric constant, (d) dielectric strength, (e) dielectric 
energy loss. 


Part I. 


General Considerations and 
Hypotheses 


A. INTRODUCTION 


HE fact that all theories so far propounded to ex- 
plain the behavior of solid dielectrics have not 
stood experimental verification is an indication of 

the complexity of the phenomena which loom simulta- 
neously whenever insulating materials are electrically 
tested. 

Realizing the futility of a theory built on atomic, 
molecular, or inter-molecular considerations, the author 
proposes to abandon such a mode of procedure until 
our knowledge of the atomic and molecular structure 
of matter is more mature. This, however, does not 
prevent us from generalizing the laws governing the 
behavior of dielectrics nor does it presuppose a complete 
although temporary abandonment of the whole field of 
theoretical work. Indeed, if little is known about the 
physical nature of dielectrics, still less is known about 
that of magnetics. Yet the engineer, in his lust for the 
practical application of magnetic materials and their 
utilization to the highest degree of efficiency, has ut- 
terly forsaken any interpretation of the actual internal 
(molecular and atomic) mechanism of magnetism and 
has applied himself to the generaiization of the gross 
facts in the form of “working laws.” 

While this is not the highway trod by the physicist 
and certainly not scientifically the surest and safest to 
pursue, yet the justification for the engineer’s digression 
is to be found in the very rapid progress made through 
the application of such “working laws.” 

The author’s convictions (a) that the electrical be- 
havior of dielectrics is not only atomic but also molec- 
ular and inter-molecular; (b) that a complete knowledge 
of the atomic structure is a prerequisite to a clear under- 
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Hypotheses are here established which account, in a general way, 
for the observed behavior of solid dielectrics. Definitions of the 
resistivity, permiltivity, electric charge, and electric strength of 
solid dielectrics under both continuous and alternating potentials 
are submitted. Terms are introduced and defined: e. g.,the'‘(i—t)- 
characteristic,” the ‘‘electrization curve,” and the ‘‘hystero-viscosity 
loop.” 

The various energy losses occurring in dielectrics are traced to 
their sources and subdivided into hysteresis, viscosity, and resistance 
losses. Methods are devised for separating the total dissipated 
energy into its three component parts. 

Finally, the classical theory is shown to apply to imperfect solid 


dielectrics if the submitted definitions and terms be adopted. 
+ * * * * 


standing of the molecular and inter-molecular configura- 
tion; and finally (c) that our meager knowledge of the 
atomic structure furnishes but a slight encouragement 
to a prospective mastery of molecular structure, all 
lead him to pursue, gladly although reluctantly, the 
trodden path already followed by the engineer in the 
case of magnetism. : 

Such a course does not, however, prevent our formu- 
lating a picture of the internal workings of dielectrics. 
Indeed, a few general hypotheses will be next outlined, 
not with the view of building a mathematical theory of 
molecular behavior, based on them, but ratner with the 
object of presenting a very sketchy interpretation of the 
internal phenomena which occur in a dielectric. The 
value of these hypotheses consists in their adaptability 
for explaining certain dielectric phenomena. 


B. HYPOTHESES GOVERNING DIELECTRIC BEHAVIOR 


1. We shall first postulate the existence of three 
types of electrons in solid dielectrics: free electrons, 
elastically bound electrons, and viscously bound 
electrons. : 

a. The free electrons are responsible for the process 
of electrical conduction. They actually traverse the 
body of a dielectric and form what is generally termed 
the “leaky current.” The value of that current is a 
function of the number of free electrons present as well 
as the velocity with which they traverse the circuit. 
The existence of such electrons accounts for the phe- 
nomenon of dielectric conductivity. | 

b. The elastically bound electrons are not free to 
traverse the dielectric but are displaced under the action 
of an electric field, from their normal position. Their 
displacement is instantaneous. Moreover, with this 


type of electrons, action and reaction are reversible 


(see Part II-E). The well known phenomenon of 
dielectric polarization is due, in part, to the existence 
of this class of electrons. 

c. The viscously bound electrons form a class which 
possesses characteristics that are intermediate between 
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those of classes a and b. These electrons are neither 
free nor elastically bound. They creep rather slug- 
gishly under the action of an electric field and, in the 
first stages of the field application, act as if they were 
free conduction electrons. But as time proceeds, their 
displacement from the position of equilibrium, in 
some cases, ceases to increase and they assume a new 
fixed position, thereby contributing to the polarization 
of the dielectric and resembling the elastically bound 
electrons in this respect. The existence of this type of 
electrons finds confirmation in the phenomenon of 
residual charge and in the well known shape of the 
‘“‘hystero-viscosity loop” (see Part II-E). — 

2. The foregoing three classes of electrons shall be 
arranged in three descending orders according to the 
elasticity of their bonds. The elastically bound elec- 
trons shall be considered as belonging to the highest or 
first order, the viscously bound electrons to the second, 
and the free electrons to the third order. 

3. Although the electrons existing in a dielectric are 
thus arbitrarily subdivided according to the elasticity of 
their bonds, it must not be supposed that the elasticity 
of all electrons belonging to one class is the same. We 
shall therefore assume, as a separate hypothesis, the 
existence of various degrees of elasticity within every 
class of electrons. The two lines of demarcation be- 
tween the three classes will consist of (1) the reversi- 
bility of action and reaction of the perfectly elastic 
electrons and (2) the absolute freedom of motion of the 
free electrons. 

4. It will be next assumed that the three types of 
electrons, although distinct in their characteristic 
behavior, are physically identical. Therefore, an 
electron belonging to one order may easily assume the 
characteristic behavior of one belonging to a lower, 
or a higher order. Such an electron shall then be 
classified with that order. The external factors which 
determine the characteristic behavior of the various 
electrons are the magnitude of the potential applied, 
the temperature of the sample, the frequency of the 
e.m.f. source, ionizing radiations, the physical con- 
dition of the dielectric, time of potential application, 
humidity of the sample, and the chemical composition 
of the dielectric. Thus, with an increase of applied 
potential, some of the heretofore viscously bound 
electrons might become free electrons and may, in 
their turn, be replaced by some of the elastically bound 
electrons. Confirmation of this hypothesis is to be 
found, for example, in the increase of the dielectric 
conductivity ~y with an increase in the potential 
gradient G. 

5. This change of an electron or a group of electrons 
from a higher to a lower order or vice versa shall be 
assumed to be a discontinuous function of the factor 
causing the change. For example, within a certain 
range of potential the total number of electrons, in a 
given specimen, belonging to any one class, remains 
the same. A change in their number does not occur 
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until the upper or lower limit of that range of potential 
shall have been exceeded. This hypothesis explains 
the results of the conductivity measurements made in 
(54-21),* where a distinct and abrupt change in the 
conductivity of calcite, quartz, rocksalt, and mica 
is noted at certain definite potential gradients, which 
vary from 51 to 10,000 volts per mm. depending upon 
the dielectric. Moreover, it is there shown that the 
same potential limits reveal themselves in the phenom- 
enon of charge where a brisk change in the straight line 
relation of the (Q — E) curve occurs. The existence 
of more than one potential limit is easily explained by 
the third hypothesis. | 

6. The fourth hypothesis presupposes the necessity 
of subdividing the various values that a factor (e. g., 
temperature, potential, etc.) may assume, into several 
ranges, each having for its limits the critical values 
at which the dielectric behavior assumes an abrupt 
change. For example, the various values that the 
potential gradient may assume from zero to G, may be 
subdivided into various ranges A, B,C . .N such 
that Ga, Gs, Ge . . . Gy are respectively the upper, 
and O, Ga, Gs, Ge, . . . Gyn, the lower limits of 
ranges A,B,C, ....N. 7 

7. We shall further postulate that the transfers of 
electrons from one order to another (see the fourth 
hypothesis) are not necessarily superposable. To 
illustrate this hypothesis let Ga be the upper limit 
of the potential gradient for range A, and let N,, N», 
and N;, be the number of electrons in a certain specimen 
belonging to the first, second, and third order, respec- 
tively. Now, if the potential gradient be raised to G 
such that G > G, and then lowered again to G’ such 
that G’ < Ga, the number of electrons belonging to 
each order will then be N,’, N.’, and N3’, such that 
N'EN, No’ £ No, and N;’ 2 N3. The nature of. 
the dielectric, its previous history, the magnitude of G, 
and the time allowed for the internal readjustments to 
ensue, are among the factors which determine the 
values N,’, N.’, and N;3’. This hypothesis explains 
the phenomena of potential hysteresis and tempera- 
ture hysteresis referred to in (1/80, 13,94, 13-02, 38-08, 
39-10, 4-16, 32-16, and 109-21). 

8. Finally, it will be assumed that, for ranges ex- 
ceeding the initial range A, action and reaction are not 
superposable. This at once limits Curie’s law of super- 
position to just that range and further explains the 
phenomena revealed by the researches quoted in 
paragraph 7. 

It is hoped that with the foregoing hypotheses a 
plausible explanation could be made of the various 
phenomena known as dielectric anomalies. As an 
illustration of the application of these hypotheses, the 
phenomenon of residual charge will be explained. 

When an e. m. f. is impressed, for a time (t), on a 
slab of solid dielectric, placed between two metal plates, 
~ #All numbers (eq, 54-21 or 1.89) occurring in this paper, 
refer to articles in the bibliography. 
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a current 7 flows through the connecting wires. This 
current may be divided into two components; the one 
t, leaks through the body of the dielectric, while the 
other, i., results in the accumulation of charge on the 
plates. The conduction current 1, is due to the exis- 
tence of free electrons in the dielectric. The negative 
charge, which accumulates on one of the plates due to 
the charging current îi., exerts a repulsive effect on the 
elastic and viscous electrons of the dielectric, thereby 
displacing them from their natural position of equilib- 
rium. The actual molecular condition of the dielec- 
tric thus electrically stressed, is far from teing known. 
The net result, however, may be visualized by imagining 
the negative charges on the plate as repelling the elastic 
and viscous electrons of the adjacent molecules of the 
dielectric and attracting their protons. This same 
phenomenon is communicated by the successive mole- 
cules to adjacent ones, thereby forming the state 
shown in Fig. 1 where the circles represent polarized 
adjacent molecules. The polarization is not altogether 
instantaneous because it takes the viscous electrons 
some time to attain their final positions of equilibrium. 
The negative and positive charges which appear on the 
surfaces adjacent to the positive and negative plates 
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1—PoLaRIZATION IN A SOLID DIELECTRIC 


respectively act as counter e. m. fs. opposing the action 
of the impressed potential. The e.m.f. due to the 
polarization on each side shall be denoted by the letter 
E,,. Therefore, the total polarization e. m. f. is 2 E,. 
Now, as soon as the impressed e. m. f. is removed, 
the elastic electrons rebound instantaneously to their 
positions of equilibrium, thereby making available, for 
recombination upon short circuit, an equal number of 
electrons. The viscous electrons, however, being more 
or less sluggish, do not return instantaneously to 
their initial positions. The dielectric therefore persists 
in a state of polarization. Owing to this continued 
existence of polarization in the body of the dielectric, 
only a portion of the electrons accumulated on the 
negative plate of the condenser are available for 
recombination at the first discharge; the remainder are 
held by the polarized positive protons of the dielectric. 
If the condenser is allowed to rest after this first dis- 
charge, the internal polarization in the dielectric be- 
comes less intense due to the return of some of the vis- 
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cous electrons to their neutral position. Thus more 
electrons, on the negative plate, become available for 
recombination during the succeeding discharge. This 
process may be repeated ad infinitum or until all the 
viscous electrons have resumed their original neutral 
positions. The dielectric is then in an electrically 
neutral state and its polarization is nil. 


dz + | 
K+) 
| 
l 
| 
l 


2— DECREASE IN THE SPARKING DISTANCE OF A GAS DUE 
TO PLACING A SOLID DIELECTRIC NEAR THE ANODE 


Fia. 


Interesting experiments supporting this view are 
described in (24-00, 12-02 and 23-18) where two knobs 
placed in air are subjected to a potential slightly lower 
than the sparking potential. When a glass rod is 
placed immediately touching the positive knob and 
lying in the space between the knobs, a spark passes, 
but no spark passes at all if the rod is placed anywhere 
else. The explanation of this phenomenon is that the 
polarization of the glass rod results in an effective de- 
crease of the sparking distance, from d, to d. as shown 
in Fig. 2. That this phenomenon does not take place 
when the rod is placed next to the negative electrode 
can be easily explained because it is well known that a 
spark passes more easily when the point is negative and 
the plate positive than when the point and plate charges 
are otherwise. 


Part II. Definitions of Terms 


A. THE RESISTIVITY p OF SOLID DIELECTRICS 


1. Resistivity at Continuous Potential. 
The resistance R of a solid dielectric with a continuous 
applied potential will be defined as: 


Limit 
R= (py, E- 2B I, a) 


The notations used in equation (1) may be visualized 
by referring to Fig. 4. 
From equation (1) the resistivity p will be: | 
p = Ra'd = [(E — 2E,)/I,]. (a/d) (2) 
For continuous potentials, and within the same 
potential range p will be constant. However, p will 
assume lower values as higher ranges of potential are 
reached until at the breakdown potential p becomes 
practically zero. The resistivity defined by equation 
(2) is easily measured because all the quantities on the 
right hand side are determinable. E, is the only factor 
which seems difficult to measure. Its value, however, 
may be experimentally determined as was done in 
(53-15) and (2-25) by first impressing E for a time t, 
then suddenly decreasing E to such a value that t, 
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becomes zero. This new value of E at which 7, = Ois 
the value of 2 E,, while (53-15) shows that if this is done, 
R (at least in the case of quartz and iceland spar) is not 
only independent of E, within certain limits, but it is 
also independent of the time t. 

2. Resistivity at Alternating Potentials. 

The value of p can thus be experimentally determined 
when continuous potentials are used. With alternating 
potentials, the conduction current cannot be experi- 
mentally separated from the charging current. The 
method generally adopted of measuring the power 
dissipated in a condenser and taking p of such a value 
that W = I? R, is physically erroneous, because of the 
fact that the energy dissipated is largely a hysteresis 
loss, and the J? R loss forms but a very small percentage 
of the total dissipated energy (see 2/82, 94-12, and 
17-15). 

Two questions arise in regard to the resistivity when 
alternating potentials are used: 

a. What conception must be formed of p with 
alternating potentials? 

b. If pis a function of the potential range, what 
value of p must be adopted when alternating potentials 
assume instantaneous values which fall within more 
than one potential range? 

The answer to the first question is that the concept 
of p with alternating potentials should not differ from 
that of p with continuous potentials. 

The answer to the second question would lead to a 
definition of an effective resistance which, although 
having no physical basis when the potential gradient 
exceeds the initial range, leads to an approximate 

determination of the true J? R loss when alternating 
potentials are used. Thus let tı, te, . . . . ta be the 
times at which the sinusoidal voltage wave (Fig. 3) 
assumes instantaneous values e;,, €>. . . e, such that 
e = B,,e = Es, . en = Ex, where E,, Es 
Ex are the upper potential limits of the potential 
ranges A,B. . N. 

Then 


lı li 
W = f (tra)? R, d t T R, S (ia) d t 
(0) 


te t2 
Wee = f Gis)? Rudt = Ra f (in)?dt (3) 
by l 


tn 
Sis)? Radt = Ry f (nytt 
bin 1) bn —1) 
where 2,4, tray . . . {Ê are the conduction currents, 
R, Res, . Ry are the resistances and W, Wa . . 
W, are the energy losses that would be obtained at 
continuous potentials lying within the ranges A, 
B... N. 

If hypothesis 8 is correct, then for the initial range 
A, čia will be a sinusoidal function of time. Moreover, 
its effective value will be equal to the final steady value 


Po 
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of the conduction current obtained with a continuous 
potential equal in magnitude to the effective value of 
an alternating potential whose amplitude is E,. 

The value of the first integrand in equation (3) will 
then be 


Wr = Ra f (Ie V2) sin wt dt 
0 
sin 2 w tı 


= 


The other integrands in equation (3) cannot be so 
easily evaluated because, according to the eighth 
hypothesis, we cannot assert that the conduction 
currents I,s . . I~ are sinusoidal. However, if we 
should follow the procedure adopted in obtaining 
equation (4a), the error will be only in the deviation 
of the current from the sinusoidal value. This error, 
for potential gradients lying well below the rupturing 


= (Ley) | t- (4a) 


3—A SINE WAVE OF VOLTAGE 


F ia. 


gradient G,, cannot be very large. We shall “therefore 
evaluate the remaining integrands as was done” in the 
case of the first and obtain: 


sin 2 wt.—sin 2 a] (4b) 


W, = (I Ru) [ (te ti) — 
2w 


sin2 wl, sone wtr- 


— e ae a a 


nesne ehi | (any 


Therefore the total energy dissipated per !4 of a 
cycle is: 


W pn = (Ix? Ry) [o =t) Eo 


(Wat Wate -o Wa) (5) 
But with actual conducting materials the energy loss 
due to the passage of a current of effective value I, 
for a period of time T, 4 is: 
Wn =iR.T 4 
from which 
Rs =4W,, IxT 6) 
The equivalent resistance of a dielectric at sinusoidal 
potentials, having instantaneous values which extend 
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given when the sparking gradients are studied. It 
will also be seen that the sparking curve between a plane 
and a sphere is again lowest. 


4, Sparking Gradients for Series I. From the tables, 
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it is seen that the sparking gradients G, at the smaller 
sphere are very nearly constant for a given size of the 
smaller sphere within the range of the spacings investi- 
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gated. The general relation is: the smaller the radius, 
the higher the sparking gradient. 

5. Sparking Gradients for Series II. The values for 
Gii, 1. ., when the smaller sphere is insulated, will be 
seen to increase somewhat with the spacing. This 
increase seems to be greater as the ratio of the radii, 


TABLE V 
UNEQUAL SPHERES 
2a =5.05cm.; 2b = 10.0 cm.; b/a = 1.98 


X V Vi V2 G, Gu Gai G2 
2.03 38.5| 39.8| 40.6| 38.1 | 40.6 | 38.9 | 27.0 
3.05 51.0] 50.7] 55.3| 38.8 | 41.5 | 39.0 | 24.4 
4.06 61.0| 58.6| 67.8| 39.4 | 42.7 | 38.0 | 22.7 
5.08 69.4| 64.5| 78.5| 39.9 | 43.8 | 36.7 | 21.8 
6.10ł| 76.2| 71.6] 89.0 
7.61 85.5| 77.1 |104 
9.65 95.8 | 82.0|121 
12.70 | 107 88.1 | 138 
17.75 | 125* |101% |152 
22.85 | 141* |108* |156* 


tFrom this point on, the gradient was not calculated on account of the 
formation of corona. 


*Individual readings varied considerably from the average value here 
given. 


TABLE VI 
UNEQUAL SPHERES 
2a = 5.05 cm.; 2b = 20.0 cm.; b/a = 4.00 


X V Vi Gi Gi Gu Ga G12 G2 
2.03 36.7 | 36.8 38.7 | 39.2 | 38.7 | 22.4 | 22.4 | 23.3 
3.05 47.2 | 46.4 39.0 | 39.7 | 38.3 | 18.5 | 17.4 | 19.5 
4.06 55.4 | 53.3 39.4 | 40.4 | 38.7 | 15.9 | 13.9 | 17.8 
5.08 62.0 | 59.0 39.8 | 41.5 | 38.3 | 14.2 | 12.6 | 17.18 
6.60t| 70.5 | 64.7 

7.62 76.5] 70.1 

9.65 85.5 | 75.0 

12.70 94.8 | 80.3 

17.78 | 124 88.3 

22.86 | 134* !99.0 

TABLE VII 
UNEQUAL SPHERES 
2a =5.05cm.; 2b = œ; b/a = œ 

X V Vı V2 Gi Gu Ga G2 Giz G23 
2.03 34.8 | 35.1 | 35.1 | 38.8 | 39.2 ' 39.1 | 18.6 | 18.8 | 18.7 
3.05 43.0 |-43.3 | 43.3 | 38.7 | 39.0 | 39.0 | 13.5 | 13.7 | 13.7 
4.06 49.0| 49.4 | 49.2 | 39.2 | 39.4 | 39.2 | 10.3 | 10.4 | 10.3 
5.08 54.3] 53.8 | 54.3 | 40.8 | 39.9 | 40.3 8.22} 8.10| 8.15 
6.60T| 60.0] 59.4 | 60.0 

7.62 62.5] 61.6 | 62.3 

10.16 67.2| 66.7 | 67.5 

12.70 75* 72.4 | 71.3 

LiT 85* 81.5 | 85.2 

22.86 |! 100* 93* 95.1 

TABLE VIII 
UNEQUAL SPHERES 
2a = 10.0 cm.; 2b = 15.0 cm.; b/a = 1.50 

X V Vı V2 Gi Gi Ga Ga Giz Gar 
2.03 41.7 | 41.8| 41.8] 34.4 | 34.7 | 34.2 | 30.3 | 30.2 | 30.6 
3.05 59.4| 58.5] 59.4 | 35.1 | 35.3 | 34.5 | 29.4 | 28.4 | 30.1 
4.57 82.6| 79.0| 84.0| 36.3 | 36.7 | 34.8 | 28.5 | 26.0 | 30.6 
6.60 | 104 97.5|112 36.1 | 37.8: | 33.9 1 26.4 | 21.1 | 32.3 
8.64 | 122 110 135 36.0 | 38.5 | 32.2 | 25.3 | 17.9 | 34.0 
10.16 | 132 118 151 35.8 | 39.2 | 31.3 | 24.6 | 16.0 | 35.7 
12.70f| 148 128 168 

15.24 | 163 145 178 

20.32 | 187 152% 194 

25.40 | 206 145* (| 203 
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b/a, is more nearly unity. Thus for equal spheres, this 
increase will be found to be greatest and for a plane and 
a sphere, it is almost entirely negligible. 

6. Influence of G, and Giz. For the two series above 


TABLE IX 
UNEQUAL SPHERES 
2a = 10.0 cm.; 2b = 25.0 cm.; b/a = 2.50 


Xx V Vi V2 Gi Gu Gu G3 Gis G23 
2.03 42.0| 41.8! 41.8| 35.6 | 35.2 | 35.2 | 28.3 | 28.6 | 28.3 
3.05 58.3) 57.4] 57.8 | 36.1 | 36.0 | 35.3 | 26.0 | 25.2 | 26.1 
4.57 77.0; 75.1) 77.61 36.2 | 36.3 | 35.2 | 22.6 | 21.2 | 23.7 
6.60 96.5) 92.1] 101 36.2 | 37.1 | 35.2 | 19.7 | 17.0 | 22.5 
8.64 | 112 104 121 36.4 | 37.7 | 34.8 | 17.9 | 14.1 | 22.4 
10.16 | 122 112 135 35.7 | 38.5 | 34.2 | 17.1 12.5 | 22.5 
12.70t, 137 122 157 
14.73 | 148 oe 173 
18.29 a 136 
21.34 | 173 Si 

25.40 | 154 142 
TABLE X 
UNEQUAL SPHERES 
2a = 10.0cm.; 2b =m: b/a = œ 

X V Vi V: Gi Gir Ga G2 Gis G22 
2.03 39.9} 39.5; 39.5] 35.7 | 35.2 | 35.2 | 24.2 | 24.0 | 24.0 
3.05 53.1| 53.2| 52.9] 35.4 | 35.5 | 35.2 | 20.2 19.6 | 20.0 
4.57 68.8) 68.0) 68.5] 35.7 | 35.2 | 35.8 | 15.8 | 15.6 | 15.6 
6.60 82.6; 82.2] 82.0| 35.9 | 35.7 | 35.6 | 11.7 | 11.6 | 11.6 
8.64 92.4| 91.71 92.5| 36.2 | 36.0 | 36.2 8.89| 8.83! 8.90 
10.16 99.6) 99.5) 99.5) 37.0 | 36.9 | 36.9 7.55) 7.55| 7.55 
12.70t} 108 107 108 
15.75 | 119° 116? 117 
19.30 | 122* | 134% 128 
25.40 | 133* 1387 142 

TABLE XI 
UNEQUAL SPHERES 
2a=215.0cm.; 2b = 20.2 cm.; b/a = 1.345 

x V Gis G22 
2.03 42.5] 42.4 9 | 32.9 | 31.8 | 31.8 | 31.8 
3.05 60.7) 60.5| 60 2 | 32.7 | 30.0 | 29.7 | 30.2 
4.57 85.7 7 | 32.7 | 29.2 | 27.8 | 30.2 
6.60 |113 3 | 32.5 | 28.2 | 25.1 | 31.3 
8.64 | 137 3 | 32.2 | 27.4 | 23.2 | 32.6 
10.67 | 157 9 | 31.2 | 26.7 ] 20.2 | 34.1 
13.71 | 182 i 8 | 28.5 | 26.1 | 17.1 | 35.7 
15.24 | 191 ice 34.8 25.8 Di 
16.76t| .. 172 
19.30 | 218 182* 

22.86 bcs 199* 
25.40 | 248 205* 
TABLE XII 
UNEQUAL SPHERES 
2a215.0cm.; 2b = aw; b/a = œ 

x V Vi V3 Gi G31 G3 Gia G23 
2.03 40.5| 41.1] 41.8] 33.5 34.5 | 25.7 26.1 26.5 
3.05 56.91 57.0) 56.5] 33.8 33.6 | 22.9 | 23.0 | 22.8 
4.57 75.9| 75.5! 74.8] 34.0 33.4 | 19.1 19.7 | 18.8 
6.60 94.7] 94.6| 94.5| 33.7 33.7 | 15.2 | 15.2 | 15.2 
8.64 | 109. 109 110 34.1 34.3 | 12.2 | 12.2 | 12.4 
10.67 | 120 121 122 34.2 34.7 | 10.0 | 10.1 10.2 
13.71 | 135 133 137 35.0 36.0 7.85| 7.72) 7.94 
16.76t!| 146 144 149 
19.30 | 155 153 160 
22.86 | 165 1667 | 172 
25.40 | 170 171# 180 
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discussed, the influence of the gradients at the surface 
of the larger sphere, 7. e., of G} and Gi2, seems to be 
negligible since they vary between wide limits. It is 
probable that they do not have any primary effect in 


TABLE XIII 
-UNEQUAL SPHERES 
2a =20.2cm.; 25 = œ; b/a = œ 


xX V Vi Ve G1 Gu Ga G3 Gis Ge 
2.03 41.1| 40.0] 41.5] 32.4 | 31.6 | 32.7 | 26.7 | 26.8 | 26.9 
3.05 59.0] 58.1] 58.3] 32.9 | 31.8 | 32.5 | 24.6 | 24.3 | 24.4 
4.57 80.7) 80.1| 79.9) 32.8 | 32.6 | 32.5 | 21.5 | 21.3 | 21.2 
6.60 | 104 104 103 33.0 | 32.8 | 32.5 | 18.1 | 17.9 | 17.8 
8.64 | 123 122 122 33.0 | 32.8 | 32.8 | 15.2 | 15.1 15.2 
10.67 | 137 136 138 32.8 | 32.8 | 33.0 | 12.9 | 12.8 | 13.0 
13.21 | 153 151 154 33.3 | 32.8 | 33.4 | 10.8 | 10.8 | 10.9 
16.25 | 168 165 172 33.6 | 33.0 | 34.4 8.83) 8.65| 9.05 

20 .32t| 183 180 190 
25.40 | 196 194 214 
TABLE XIV 
UNEQUAL SPHERES 
2a =25.0cm.; 2b = œ; b/a = œ 

x V Vi V2 Gi Gu Gai Ge Gis Gz 
2.03 41.0] 41.0; 41.6] 31.5 | 31.5 | 31.5 | 27.0 | 27.0 | 27.1 
3.05 58.6] 58.4] 58.2] 31.6 | 31.4 | 31.4 | 25.1 | 25.0 | 24.8 
4.57 82.2 81.3 81.9] 31.7 | 31.5 | 31.6 | 22.5 | 22.2 | 22.4 
6.60 | 107 106 108 31.4 | 31.4 | 31.6 | 19.0 | 19.0 | 19.4 
9.15 | 131 133 135 31.0 | 31.5 | 31.9 | 15.9 | 16.1 | 16.3 

11.18t| 147 150 152 31.0 | 31.5 | 31.9 | 13.9 | 14.2 | 14.4 
13.71 | 165 168 172 31.3 | 31.7 | 32.6 | 12.0 | 12.2 | 12.5 
17.27 | 186 188 195 31.6 | 32.1 | 33.3 9.83| 10.0 | 10.4 
21.34 | 205 32.3 8.00 
25.40 | 221 32.8 6.72 
TABLE XV (A) 
CROSS-CYLINDERS 
Diameter = 12.7 cm.; net length = 61 cm. 
Both Electrodes Insulated 
x V G x V G 
2.23 45.7 30.3 7.14 134 30.4 
3.17 64.3 30.1 9.65 169 30.0 
4.32 88.5 30.5 11.15 188 29.6 
5.86 113 30.4 12.50 192* . 


Sparking across the ends; not reliable. 


TABLE XV (B) 
CROSS-CYLINDERS 


Diameter = 12.7 cm.; net length = 122 cm. 
Both Electrodes Insulated 


x V G X V G 
2.74 55.8 30.3 9.75 171 30.3 
3.83 77.7 30.3 11.86 195 30.1 
4.95 96.7 30.5 14.00 221 29.7 
6.43 122 30.7 15.40 242 30.2 
7.95 145 30.5 16.50 255 30.3 

TABLE XVI 
CROSS-CYLINDERS 


Diameter = 25.0 cm.; net length = 122 cm. 
Both Electrodes Insulated 


X V G X V G 
2.62 54.5 29.7 9.60 179 28.5 
3.81 77.7 29.1 12.38 221 28.2 
5.03 99.5 29.4 14.40 245 27.8 
7.95 151 28.5 17.60 291* 


*Sparking across the ends; not reliable. 


610 


causing the sparking, which, as already pointed out, 
seems to be mainly governed by the gradients G, and 
G,, at the smaller sphere. 

7. Sparking Gradients for Series III. For the third 
series, namely, that in which the smaller sphere was 
grounded with the high voltage applied to the large 
sphere, the sparking gradient G», at the surface of the 
smaller sphere sometimes increases and sometimes 
decreases with the spacing while the values of G», 
i. e., the gradient at the larger sphere, are not always 
smaller than Gə. In fact, for the cases in which the 
sparking curves in the third series bend over and inter- 
sect the others as noted in (3) above, the gradient 
G.. increases and finally becomes larger than G21; 
see Tables VIII and XI. In these cases it is probable 
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that the law of sparking should be formulated to take 
account of the influence of both G2. and Gə Thisisa 
probable explanation why the curves in this series bend 
over much more than the corresponding curves of the 
other two series. 


8. Comparison of Curves for the Three Series. 
When the same pair of spheres is used, it will be seen 
that the sparking curve is highest: when the smaller 
sphere 1s grounded and lowest when it is insulated, with 
the case when both spheres are insulated and are at 
equal and opposite potentials falling in between the 
two. For the arrangement when one sphere has in- 


finite radius, i. e.,a plane, all three curves are practi- 
cally the same, 
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9. Data on Cross-Cylinders. The general relation 
that the smaller the radius, the higher the sparking 
gradient, has been found to be also true in the case of 
cross-cylinders. When the electrodes are at equal and 
opposite potentials, this gradient seems to be a constant 
for the spacings considered. As no mathematical cal- 
culation has been made to determine the sparking 
gradient when one cylinder is grounded, nothing can be 
inferred about this arrangement. Measurements of 
the sparking voltages in this latter arrangement showed, 
however, that the sparking voltages were not far dif- 
ferent from those determined for the former case of 
both insulated electrodes. Because of the flux distribu- 
tion, it will be noted that the sparking curve for cross- 
cylinders lies higher than the corresponding curve for 
spheres with the same radius, Fig. 8. It should also 
be noted, however, that the sparking gradient in the 
case of cross-cylinders 1s smaller than the corresponding 
value for equal spheres having the same radius. 

From the data on the two lengths of the 12.7-cm. 
cylinders, it will be seen that when the spacing was below 
one-sixth of the net length of the cylinder, no appreci- 
able difference in the sparking voltage was observed 
by using either pair of electrodes. 


Part II 


THEORETICAL CONSIDERATIONS 


Before proceeding to a discussion of the Davis theory 
of the corona, from which it will be shown how to 
derive the relation between the sparking gradient and 
the radius of the sphere, it would be advisable to give a 
brief account of Peek’s theory of the sphere-gap so as 
to afford a ready comparison of the two. Peek” as- 
sumes that air has a constant dielectric strength Go. 
But to cause rupture, energy as well as gradient is 
necessary. Thus corona or sparking does not occur 
when the gradient at the surface of the electrode equals 
Ga because energy has not yet been supplied sufficiently. 
It is only after the gradient at a certain distance away 
from the surface of the electrode equals G, and hence 
that at the electrode exceeds Gy, that the energy supplied 
is great enough to cause arupture. Thus due to curva- 
ture of the electrodes, the sparking gradient at the 
electrode with the radius a should satisfy a relation: 


Ga = Go(1 + A/va) (1) 


in which A is a constant, G» the constant dielectric 
strength of air, and a the radius. From his results on 
concentric cylinders, parallel wires, and spheres, Peek 
finds that the values for Gp vary somewhat for the three 
arrangements. He attributes this variation to the 
unbalancing of the field and claims that the dielectric 
strength of air is probably given by the value 31 kv. 
per cm. as obtained from the determinations on con- 
centric cylinders where the field distribution is the same 
on all sides. In the case of parallel wires, there is some 
unbalancing so that G, becomes less, being only 29.8 
kv. per cm., while for spheres, the unbalancing is 
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greatest, in consequence of which the value of Ge is 
also lowest, being only 27.2 kv. per cm. l 

Besides this difficulty and the rather indefinite 
magnitude of the rupturing energy required by Peek’s 
theory, it is also necessary to account for the variation 
of the sparking gradients in the cases when one of the 
spheres is grounded. Although arguments have been 
advanced to explain this variation, they are not at all 
convincing”. As Bergen Davis has demonstrated 
how the theory of ionization by collision can be applied 
to the corona formation around cylindrical conductors, 
it appears best to extend this to the case of the sphere- 
gap since our present knowledge and confidence in the 
electron theory is far greater than at the time of the 
deductions of Davis. 

In order to extend this theory, it is necessary to note 
the main assumptions as follows:?! 

1. On the Agency of Ionization. Under the con- 
ditions of sparking that are being dealt with, ionization 
of the gas molecules is primarily due to the collisions 
with electrons. The ionizations caused by positive 
ions and photoelectric effects are very small and may 
be neglected. 

2. On the Energy Required for Ionization. When an 
electron collides with a molecule, ionization will follow 
only when the normal component of the kinetic energy 
of the electron equals or exceeds a certain least value, 
which value is a constant characteristic of the gas. 
Thus for a given density, the number of ionizing im- 
pacts depends on the field intensity. By statistical 
considerations, it can be shown how the number of 
ionizing impacts and the gradient are related. For 
practical purpose, a gradient at which ionization begins 
to be appreciable may be assumed to correspond with 
the value Gs of Peek’s formula (1), but not equal to it. 

3. On the Physical Process of Sparking or Corona 
Formation in an Alternating Electric Field. Consider 
two concentric spheres for the sake of simplicity. 
Let the rupturing potential difference be applied. 

Suppose the inner sphere is passing through the crest 
value of the positive half of the voltage wave. Imagine 
a concentric sphere M to be the surface at which the 
gradient is Go, 2. e., the value at which ionization by 
collision is appreciable under the given density con- 
ditions. As the inner sphere is at the positive half of 
the wave, free electrons will be moving towards it. 
When these free electrons pass inside of the region within 
the sphere M, ions and electrons multiply due to colli- 
sion. Thus,if there are originally No electrons at the sur- 
face of M, the number arriving at the inner sphere will 
be greater than No, say No. As the voltage wave de- 
creases and finally becomes negative, some of these 
N 0, electrons will move outward while a number of them 
will disappear, being taken up by the conductor as con- 
vection current. Those that move outward will again 
eause ionization by collision and will at the same time 
recombine with the positive ions that they overtake in 
their course. The net result of this is that at the next 
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half-cycle, when the inner electrode is positive, the 
number of electrons at the surface of the imaginary 
sphere M is greater than No, the original number due 
to the natural ionization of the atmosphere. Call 
this N,. These N, electrons will again produce ioniza- 
tion when they are within the sphere M and the number 
that reaches the inner electrode will be greater than 
N,, say N,,. Of these, a portion will move outward 
as the field changes to negative value and causes, by 
the action already described, the number that moves 
inward in the following cycle to be still greater than 
N,. Continuing the process in this way, it will be seen 
that there will be acycleat which the number of electrons 
at the surface of the sphere M will be such a value, say 
n, per unit area, that moving under the field intensity 
and distribution, it will yield at the inner electrode an 
ionic density of n electrons perunitarea. This density n 
is high enough to cause the layer immediately around 
the conductor to be conducting and hence the formation 
of corona or a progressive rupture. From this concep- 
tion of the nature of the rupture, it will be noted that 
rupture does not occur immediately after the applica- 
tion of the rupturing voltage but only after the lapse of 
a few cycles. This conception seems to be in good 
agreement with observations on the time lag and tran- 
sient sparking voltages of the different gaps. 

The Law of the Sphere-Gap. Inthe above discussions, 
the spheres have been assumed to be concentric. If 
attention is confined to a small area around the line of 
centers on the surface of the smaller sphere, the same 
considerations will also be true for two spheres external 
to each other. 

To find the relation between n and np, let us for sim- 
plicity again consider two concentric spheres. Denote 
by No and N, respectively, the number that starts out 
from the sphere M and that arrives at the inner sphere. 
Let œ be the number of electrons produced by one 
electron when it travels through a distance of one centi- 
meter under an electric force of G kv. per cm. If there 
are N electrons passing through a surface,” then at a 
small distance d y, the number will be increased by 


qaN=aNdy (2) 


If the field is uniform, t. e., if the gradient is the same 
throughout, æ is independent of y and the above can be 
at once integrated. Otherwise the variation of œ with 
y must be taken into account. In any case (2) may be 
written as 

yo 


log N — log No -= f ady 


a 


(3) 


Introducing the ionic densities n and mo, equation 
(3) becomes 


na y 
No Yor i 


where K has been written for the first member for 
brevity. 


log (4) 
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To integrate (4), it is necessary to express a in terms 
ot y. This can be done if the relation between a@ and G 
is known, because, as will be shown in the Appendix, 
for small distances away from the surface of the sphere, 
the gradient G varies inversely as the distance from the 
center of the sphere. Thus, if Go is the gradient at the 
point on the line of centers whose distance from the 
center of the sphere is y», and G, is the gradient at the 
surface of the sphere with radius a, then Ga = Go yè a’; 
and, in general, if y is the distance of a point on the line 
of centers from the center of the sphere, the gradient 
atyisG = Go yè Y = Ga @ y’, if y — ais small. 

Regarding the relation between œ and G, Bergen 
Davis has developed a formula by considering the 
energy required for ionization as stated in (2) above. 
In terms of the ionization potential v and the mean free 
path L of the electrons, this relation takes the form: 

1 Z ? , v 
a= pe +epei(- az) 
where E 7 is the exponential integral. Using the value 
y = 10.2 volts as found by Bishop*? and taking L as 
4 ~ 2 times the mean free path of the molecules in air?4, 
i.e.,4 +2 X 9.83 X 10-§= 5.55 x 10-5em. forthe free 
electrons in air, values of a can be calculated for dif- 
ferent G's. A calculation of this sort has been made 
using the tables of Jahnke and Emde for the values 
of the exponential integral. For walues of G covered by 
the investigation, it is found that an empirical quad- 
ratic relation represents the theoretical relation (5) 

gery satisfactorily. This relation is: 

a = C (G — G} = 0.184 (G — 25)’ (6) 
where G is in kv. per cm. The agreement between 
(6) and (5) is well shown by the accompanying curve, 
Fig. 9. As relation (5) can not be used for integration 
in finite terms, relation (6) will be used. Also as 
G = Go yÈ y", (6) can be written as 


a=co:( -1] 
y? 


Substituting this into (4) and performing the indicated 
integration, it is found that 


(5) 


(7) 


a? 8 Ge 

log Ss =K = s3.7a[ 54 z 
1 (Ga ) 2G, 1] : 
+3l@)- a e 


In this form, the equation still contains a quantity 
No, Of which nothing is known. If it is assumed for the 
present that the total number of electrons crossing any 
spherical surface completely enclosing one of the elec- 
trodes remains always the same, then the density of 
electrons on any such spherical surface will vary in- 
versely as the square of the radius. In the equation 
above given, it is then permissible to put the quantity K 
equal to a constant. Granting such an assumption, 
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the theory then leads to the result that the sparking 
gradient is a function of the radius of the smaller sphere 
only. 

In his theory of the corona, Davis had to do witha 
similar quantity which he assumed to be constant and 
equal to 6 for concentric cylinders and to 4.3 for parallel 
wires. If A is taken as 4 for the sphere-gap, it will be 
found that equation (8) agrees fairly well with the data 
given by the Institute standards and those of the present 
investigation when only the case of symmetrical ap- 
plication of voltage is considered, 7. e. when both 
spheres are insulated and are at equal and opposite 
potentials. In fact, changing the square-root function 
to a quadratic function by the following empirical re- 
lation, which will be found to be accurate to within 
half of a per cent for values of X lying between 1 and 2, 
namely, 


vV X I -— 0.071 X? + 0.630 X + 0.441 (9) 
the relation (8) can be put in the form: 
Ga = (1.105 + =) Go (10) 
With K = 4and G, as 25, (10) at once becomes 
==) 
Ga = 27.6 (1 + Ura (11) 


whose similarity to the relation of Peek, viz., 
Ga = 27.2 (1 + 0.54/V a) 
or to that of Russell, viz., 
Ga = 27.4 (1 + 0.515/V a) 
is very remarkable and striking. 


CONCLUDING REMARKS 


It should be noted that in the above work, the value 
of K has been assumed to be constant. It is the simp- 
lest assumption. On closer examination, it will be seen 
that no cannot be as simply related to yo as an inverse 
square relation. For instance, as shown by Davis in 
his theory, when the spacing is very short, the electrons 
moving outward will be taken up and neutralized by 
the other sphere and the process of cumulative multipli- 
cation at the surface of the sphere M will not take place 
as readily. In fact, for short spacings, no yo? decreases 
as the spacing (hence A increases) because of the dis- 
appearance of a number of electrons at the surface of 
the other electrode. It is therefore possible to explain 
the rapid increase of the sparking gradient as the 
spacing is decreased to very short values. Thus the 
simple relation of Peek and Russell, which may be de- 
rived from the theory of Davis, appears to be merely 
an approximation giving good results only for special 
cases, namely, when both spheres are insulated and are 
at equal and opposite potentials, in which case it is 
permissible to assume K to be a constant independent 
of the arrangement. As for the cases in which one 
of the spheres is grounded, the value of K is probably 
influenced both by the gradient at the surface of the 
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larger sphere and the spacing between them, so that it is 
no longer a constant independent of the arrangement. 
On this account, it is thus also possible to explain why 
the constancy of the sparking gradient is not of general 
validity. A point of interest to note is that the smaller 
value of Gə Peek’s notation, for spheres, viz., the 
value 27.6 as against 31 for concentric cylinders or 
29.8 for parallel wires, is a natural consequence of the 
theory and does not require any explanation such as 
that advanced by Peek. | 

The writer is under great obligation to Prof. A. 
Wilmer. Duff and Prof. Harold B. Smith for suggestions 
made and for facilities and encouragement in the 
preparation of the paper. 


Appendix I 
COEFFICIENTS OF GRADIENT FOR SPHERES 


Given the radii a and b of two spheres and the distance 
of separation between their surfaces, X, it is required to 
find the field distribution when both spheres are charged 
and when one of them is charged and the other con- 
nected to ground. In particular, the values of the maxi- 
mum gradients at the surfaces of the spheres are to be 
sought. 

Let A, be the center of the sphere with radius a and 
B te that of the sphere with radius b. Suppose first 
that A is at potential V while B is grounded. Puta 
charge, Qı = V,a, at A,. This will give to sphere A 
a uniform potential V,;. But due to it, the potential 
over sphere B is no longer zero. To reduce the po- 
tential over B to zero, put a second charge Q,’ at B,, 
the point inverse to A, with respect to the sphere B, 1. e., 
A,B.B,B = bandQ,/A,:M + Q:’/B,M = O where 
M is any point on sphere B. Due to Q,’ the potential 
over sphere A is now no longer uniformly equal to V;. 
To restore it to the value V, another charge Q» may be 
put at the point inverse to B, with respect to the sphere 
A, namely, As, which satisfies the relation A, A2. 
A.B, =a. The magnitude of Q, must be such that 
Q./A;N + Q,'/B,N =O for any point N on the 
sphere A. Continuing the process, it is evident that 
the nth charge Q, inside of sphere A is related to the 
nth charge Q,,’ inside of B as follows: 


Q.Q = — MA,/M B, = — b/B B,, (12) 


where M is any point on sphere B, and A, and B, are 
two inverse points with respect to sphere B. Likewise, 
for any point N on sphere A, the relation must hold: 


Qati Qha’ = — N Anti/N Bn = — Ay Anti/a. (13) 
Putting B B, =ur:' and A, A, = u, the relation of two 
successive charges is Q+, Q, = Un’ Unt1/a b (14) 


To find u,’ and w,+, in terms of the radii a and b and the 
Spacing X, first locate the two inverse points of the 
Spheres, i. e., the two points P and P’ defined by: 

A,P.A,P’ =@andBP’.BP =% (15) 
Denoting A, P/a = t and B P’/b = t’, it will be found 
that t and t’ are given by: 
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2adt =d +a- b- y (d 4 a — b) — 4a d 
withd =a +b +X (16) 


2bdt' = +- æ-— y (Œ + E — a’)? — 487d 
The general relation between w,, un’, and u,+; is, by 
definition of inverse points, as follows: 


(d — un) Un’ = b and (d — Un’) Unti = @, (17) 
which gives, on the elimination of u,’, 
Un Unt, — (Œ — D?) uni/d— d + a = 0 (18) 


(18) can be put into the standard form of a difference 
equation by a change of the variable as follows: 


Un = Unt1/Un + (Œ — b?)/d (19) 

giving 
va+2 +Cov,41+ Do, = O, (20) 

where 
C = (Œ — b — a?)/dand D = a? b/d (21) 


The solution of (20) is obtained by putting v, = 2”, 
where z satisfies the quadratic 
2+Cz2+D=0O0 (22) 

Using the two roots of (22), z, and z2, the general solu- 
tion of (20) is then v, = Az," + Bz." (23) 
where A and B are two arbitrary constants to be de- 
termined so as to satisfy the boundary conditions of the 
problem. Introducing for convenience the value of ¢ 
from (16) into the solution, it is found that 

v, = Aa" (a/d — t)” + B a (a/d — 1/t)". (24) 
To determine the ratio of A to B, the initial condition 
that when n = 1, u, = Ai A, =O is used. This 
yields, from (19), 

v/v, = — (Œ — b)/d =a(ad—t—1 tt) (25) 
together with simplification by using (16). Equating 
the ratio v/v, found from (24) to that given by (25), it 
is found that after reduction and simplification 


B=-At® = —As*/t? (26) 
where £ = tt’. 
With this value for B, it is found that 
at (sin-4— 1) 
Un = (E sin- — 1) 
and (27) 
PER b g (£ gin 4 D) 
“a 4 (= 1) 
From (14), the ratio of the various charges is then: 
Quti : Un’ Unty sl- i gUn) (28) 
Qha ab (1 — E 84") 
Since Q, = V, a, 
(1 — £) s? 
Qu = Via (1 — #2 847-4) 
and (29) 
, ; V, as” (1 — t°) 
Qu = — Qun’, b = — t (qd — s*”) 


On the lines of centers, we have then: 
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Qı Q: Qati 
a e Teau) oD = a 
eae. reves Sy eee 
(d — u,’ — a)? (d — u,’ — a)? 


for the gradient (or field intensity) at the surface of the 
small sphere due to the voltage V, on it. This can be 
reduced by using the values of Q and u already found, 
and is: 


V, VAHO mes (1 — ts‘) ] 

CS ay, 7 a z: Tastes boo: 
(30) 
or 
Cae 
i = X 11 
with 
X (1 + t)? ws (1 — ts”) 
ha e 2 (1 + tsi)? eh 
n= OQ 


In a similar way, the gradient at the surface of the 
larger sphere due to the voltage applied to the small 
sphere is 


G. Via (1 — E) (t + 8°) 


n) 
g2?” (1 ES t si*-*) 
- b (t — s)? 


(1 + igi?) 


n=l 

(32) 
If now the large sphere is charged to the potential V, 
while the small one is kept at the potential zero, the 
gradient at the surface of the smaller sphere will be an 
expression similar to (32) with ¢ changed to t’ and b 
toaandatob. It will be more convenient to express 
this analogous expression still in terms of t and then 
it will be found that this gradient is: 


Goi = V, Far A with 


X(1+0? < 
a (1-—t) > 
0 


genta (t == sirt) 


Fa = (t + gintsy? 


(33) 
The cases when sphere A is charged to the potential V, 
and the sphere B to potential V, will have for the 
gradients: 


Gi = Gi + Ga = Vi Fua’ X — V Fa; X 
and (34) 


G: = Goo + Gi = Vo F/X — Vi F/X 

the coefficients F+» and F: being of the same form as 
those for F,, and F», with all the a’s and b’s inter- 
changed. Since it is immaterial which sphere is taken 
as the first sphere, it is evident that the values of Fe. 
and Fi: may be found to depend reciprocally on those 
of Fi and F». Thus it is always true that: 

F (Xb, ab) = Fa (Xa, b'a) 
and 

Fio (Xa, b a) = Fa (Xb, ab). (35) 
The tables that have been previously given for these 
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coefficients were therefore calculated for F,,; and Fa: 
only but with values of b/a ranging from zero to infinity 
instead of merely from one.to infinity. 

When this reciprocal relation is applied to the case 
of a plane and a sphere, it will be found that the values 
become indeterminate. But going back to the original 
relation and allowing b to become infinite, it is found 
that the factor outside the summation sign in 
the expressions for Fe. and Fy. becomes simply 
4X ‘VX +2aX and the corresponding calculations 
can then be made. These values have been given 
in Table III. 

The gradient at a short distance, h, away from the 
surface of the sphare with radius a on the line of centers 
iS 


Q.: Q: 

Gi(a+h) = Cee ad heu Por 
oo āū W oo l o 

(d—a— h— u,’)? (d— a — h — u,’)? 

& q 2h), e 2h) 

a? (- a ‘eS a i 

Q,’ 2h ) 
~ (d-a— uy’)? [as d—a—u,' ae 
so that in the limit ash > 0 
dG - a+ Unt 
ao ae n a a 28) 
0 


This then shows that for short distances away from the 
surface of the sphere, the variation of the gradient is 
inversely as the square of the distance from the center 
of the sphere, a relation that has been given in explicit 
form in the theoretical discussions. 


Appendix II 


COEFFICIENTS OF GRADIENTS FOR CROSS-CYLINDERS 


Pass the plane of the figure, Fig. 10, through the axis 
of one of the cylinders and perpendicular to the other. 
Imagine line charges of q units per unit length to be 
placed at the positions A and B inside of the cylinders 
so that the cylindrical surfaces are approximately at 
the required potentials V/2 and — V/2 respectively. 
Let the distances be as shown in Fig. 10. At 
the point H, the gradient is greatest, its value being 
G = 2q(1/2+1/(2 + X)]. The voltage at H is 
V,2 =2qlog (Z + X)/Z, so that on putting X = n Z 
and eliminating q, the gradient is G = V F/X, where 
the coefficient F is given by 


n (2+ n) 
2 (1 + 2) log (1 +n) 
To compute this, it is necessary to find n first. Con- 


sider the forces acting at a point P very near to H on the 
same plane. The resultant R is normal to the surface 


F = (37) 
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at P so that the tangential components of the two 
constituent forces R, and R», due to the two line charges 
at A and B, respectively, must be equal and opposite 
i. e., R, sina, = R:sin ap. As R, and R: are inversely 
proportional to the distances r, and r2, SO r1/r2 = (sina) 
/ (sina). From the triangle ACP, AP/AC = 
sin a:/Sin Qı, 12. e., 

r,/(R— Z) = (sin a:)/(sin a) = T2/r, (38) 
As P approaches H, r: approaches Z + X and r, 


becomes Z, so that (38) becomes in the limit Z/(R — Z) 
=(Z+xX) Z (39) 
With X = n Z, this can be reduced to a quadratic in 
n, the solution of which gives: 


rnd ho A A R TSAR 


Thus, for given values of X/R, n can be computed 
from (40) and substituted into (37) to give the values 
as given in Table IV. 


n = (40) 
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Discussion 


W. B. Kouwenhoven: In Mr. Sah’s paper I find no reference 
to the effect of humidity. At the Johns Hopkins University we 
have been conducting an elaborate research upon the effect of 
humidity on the corona-forming voltage; this research is being 
carried out under our direction at the Bureau of Standards at 
Washington. 

A few weeks ago I received a letter from E. S. Lee of the 
General Electric Company, saying that he had found that 
humidity affected his air condenser, and during the same week 
we obtained our first definite information that this was actually 
the case. The presence of humidity in the air has an effect on 
the corona-forming voltage. On perfectly clean surfaces the 
presence of moisture in the atmosphere raises the corona-forming 
voltage slightly, the maximum increase we have found is of the 
order of 1.2 per cent. In order to detect this effect it was 
necessary to refine our method of measuring and check every- 
thing very carefully. At the Bureau of Standards in the re- 
search to which I referred a moment ago, they are measuring 
the wave shape of the voltage directly in the high-voltage side 
of the circuit and have taken every precaution to Insure accu- 
racy. I feel that their results are accurate to at least one part of 
a 1000, if not better. 


We have found also that humidity causes a lowering of the 
voltage when a corona forms on dirty or dusty surfaces. This 
lowering of the corona-forming voltage may amount to 5 per 
cent. In future work with the spark-gap it may be necessary to 
use correction tables for correcting for the‘amount of humidity 
in the air at the time of the test. 


A.P.T.Sah: The influence of humidity on sparking voltages 
has been raised. Our experiments show that it is very small. 
It is true that humidity has a very-pronounced effect on the 
sparking voltages when corona precedes a spark-over, fot in- 
stance in the ease of the needle gap. But for spherical and 
cylindrical electrodes, spaced at less than twice the radius of 
the smaller electrode, corona does not precede a spark-over. 
Thus in such eases the effect of humidity is negligible as our 
experiments show. 
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General Considerations and 


Part L lly potheses 


A. INTRODUCTION 


HE fact that all theories so far propounded to ex- 
plain the behavior of solid dielectrics have not 
stood experimental verification is an indication of 
the complexity of the phenomena which loom simulta- 


neously whenever insulating materials are electrically 


S ed. 

“ rai the futility of a theory built on atomic, 
molecular, or inter-molecular considerations, the author 
proposes to abandon such a mode of procedure until 
our knowledge of the atomic and molecular structure 
of matter is more mature. This, however, does not 
prevent us from generalizing the laws governing the 
behavior of dielectrics nor does it presuppose a complete 
although temporary abandonment of the whole field of 
theoretical work. Indeed, if little is known about the 
physical nature of dielectrics, still less is known about 
that of magnetics. Yet the engineer, in his lust for the 
practical application of magnetic materials and their 
utilization to the highest degree of efficiency, has ut- 
terly forsaken any interpretation of the actual internal 
(molecular and atomic) mechanism of magnetism and 
has applied himself to the generaiization of the gross 
facts in the form of “working laws.” 

While this is not the highway trod by the physicist 
and certainly not scientifically the surest and safest to 
pursue, yet the justification for the engineer’s digression 
is to be found in the very rapid progress made through 
the application of such “working laws.” 

Fhe author’s convictions (a) that the electrical be- 
havior of dielectrics is not only atomic but also molec- 
ular and Inter-molecular; (b) that a complete knowledge 
of the atomic structure is a prerequisite to a clear under- 
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Hypotheses are here established which account, in a general way, 
for the observed behavior of solid dielectrics. Definitions of the 
resistivity, permittivity, electric charge, and electric strength of 
solid dielectrics under both continuous and alternating potentials 
are submited. Terms are introduced and defined: e. g., thre “it —ty- 
characteristic,” the ‘‘electrization curve,” and the “hystero-riscosity 
loop.” 

The various energy losses occurring in dielectrics are traced to 
their sources and subdivided into hysteresis, viscosity. and resistance 
Methods are devised for separating the total dissipated 
energy into its three component parts. 

Finally, the classical theory is shown to apply to imperfect solid 
dielectrics tf the submitted di finitions and terms be adopted, 


s * s " s 


losxes. 


standing of the molecular and inter-molecular configura- 
tion; and finally (c) that our meager knowledge of the 
atomic structure furnishes but a slight encouragement 
to a prospective mastery of molecular structure, all 
lead him to pursue, gladly although reluctantly, the 
trodden path already followed by the engineer in the 
case of magnetism. 7 

Such a course does not, however, prevent our formu- 
lating a picture of the internal workings of dielectrics. 
Indeed, a few general hypotheses will be next outlined, 
not with the view of building a mathematical theory of 
molecular behavior, based on them, but ratner with the 
object of presenting a very sketchy interpretation of the 
internal phenomena which occur in a dielectric. The 
value of these hypotheses consists in their adaptability 
for explaining certain dielectric phenomena. 


B. HYPOTHESES GOVERNING DIELECTRIC BEHAVIOR 


1. We shall first postulate the existence of three 
types of electrons in solid dielectrics: free electrons, 
elastically bound electrons, and viscously bound 
electrons. 

a. The free electrons are responsible for the process 
of electrical conduction. They actually traverse the 
body of a dielectric and form what is generally termed 
the “leaky current.” The value of that current is a 
function of the number of free electrons present as well 
as the velocity with which they traverse the circuit. 
The existence of such electrons accounts for the phe- 
nomenon of dielectric conductivity. | 

b. The elastically bound electrons are not free to 
traverse the dielectric but are displaced under the action 
of an electric field, from their normal position. Their 
displacement is instantaneous. Moreover, with this 
type of electrons, action and reaction are reversible 
(see Part II-E). The well known phenomenon of 
dielectric polarization is due, in part, to the existence 
of this class of electrons. 

c. The viscously bound electrons form a class which 
possesses characteristics that are intermediate between 
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those of classes a and b. These electrons are neither 
free nor elastically bound. They creep rather slug- 
gishly under the action of an electric field and, in the 
first stages of the field application, act as if they were 
free conduction electrons. But as time proceeds, their 
displacement from the position of equilibrium, in 
some cases, ceases to increase and they assume a new 
fixed position, thereby contributing to the polarization 
of the dielectric and resembling the elastically bound 
electrons in this respect. The existence of this type of 
electrons finds confirmation in the phenomenon of 
residual charge and in the well known shape of the 
“hystero-viscosity loop” (see Part II-E). - 

2. The foregoing three classes of electrons shall be 
arranged in three descending orders according to the 
elasticity of their bonds. The elastically bound elec- 
trons shall be considered as belonging to the highest or 
first order, the viscously bound electrons to the second, 
and the free electrons to the third order. 

3. Although the electrons existing in a dielectric are 
thus arbitrarily subdivided according to the elasticity of 
their bonds, it must not be supposed that the elasticity 
of all electrons belonging to one class is the same. We 
shall therefore assume, as a separate hypothesis, the 
existence of various degrees of elasticity within every 
class of electrons. The two lines of demarcation be- 
tween the three classes will consist of (1) the reversi- 
bility of action and reaction of the perfectly elastic 
electrons and (2) the absolute freedom of motion of the 
free electrons. 

4. It will be next assumed that the three types of 
electrons, although distinct in their characteristic 
behavior, are physically identical. Therefore, an 
electron belonging to one order may easily assume the 
characteristic behavior of one belonging to a lower, 
or a higher order. Such an electron shall then be 
classified with that order. The external factors which 
determine the characteristic behavior of the various 
electrons are the magnitude of the potential applied, 
the temperature of the sample, the frequency of the 
e.m.f. source, ionizing radiations, the physical con- 
dition of the dielectric, time of potential application, 
humidity of the sample, and the chemical composition 
of the dielectric. Thus, with an increase of applied 
potential, some of the heretofore viscously bound 
electrons might become free electrons and may, in 
their turn, be replaced by some of the elastically bound 
electrons. Confirmation of this hypothesis is to be 
found, for example, in the increase of the dielectric 
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until the upper or lower limit of that rangé of potential 
shall have been exceeded. This hypothesis explains 
the results of the conductivity measurements made in 
(54-21),* where a distinct and abrupt change in the 
conductivity of calcite, quartz, rocksalt, and mica 
is noted at certain definite potential gradients, which 
vary from 51 to 10,000 volts per mm. depending upon 
the dielectric. Moreover, it is there shown that the 
same potential limits reveal themselves in the phenom- 
enon of charge where a brisk change in the straight line 
relation of the (Q — E) curve occurs. The existence 
of more than one potential limit is easily explained by 
the third hypothesis. 

6. The fourth hypothesis presupposes the necessity 
of subdividing the various values that a factor (e. g., 
temperature, potential, etc.) may assume, into several 
ranges, each having for its limits the critical values 
at which the dielectric behavior assumes an abrupt 
change. For example, the various values that the 
potential gradient may assume from zero to G, may be 
subdivided into various ranges A, B,C . .N such 
that Ga, Gr, Gc . . . . Gx are respectively the upper, 
and O, Ga, Gs, Ge, . . . Gy_, the lower limits of 
ranges A, B,C, ....N. 

7. We shall further postulate that the transfers of 
electrons from one order to another (see the fourth 
hypothesis) are not necessarily superposable. To 
illustrate this hypothesis let Ga be the upper limit 
of the potential gradient for range A, and let N,, N», 
and N3, be the number of electrons in a certain specimen 
belonging to the first, second, and third order, respec- 
tively. Now, if the potential gradient be raised to G 
such that G > G, and then lowered again to G’ such 
that G’ < Ga, the number of electrons belonging to 
each order will then be N,’, N.’, and N3’, such that 
NSN, N< No, and N;’ 2 Ns The nature of. 
the dielectric, its previous history, the magnitude of G, 
and the time allowed for the internal readjustments to 
ensue, are among the factors which determine the 
values N,’, No’, and N’. This hypothesis explains 
the phenomena of potential hysteresis and tempera- 
ture hysteresis referred to in (1/80, 13,94, 13-02, 38-08, 
39-10, 4-16, 32-16, and 109-21). 

8. Finally, it will be assumed that, for ranges ex- 
ceeding the initial range A, action and reaction are not 
superposable. This at once limits Curie’s law of super- 
position to just that range and further explains the 
phenomena revealed by the researches quoted in 
paragraph 7. 


It is hoped that with the foregoing hypotheses a 
plausible explanation could be made of the various 
phenomena known as dielectric anomalies. As an 
illustration of the application of these Sere eee che 
phenomenon of residual charge will be explains . 

When an e. m. f. is impressed, for a im € Ps x ~ a 
slab of solid dielectric, placed between two mM EEA ipes 


conductivity y with an increase in the potential 
gradient G. 

5. This change of an electron or a group of electrons 
from a higher to a lower order or vice versa shall be 
assumed to be a discontinuous function of the factor 
causing the change. For example, within a certain 
range of potential the total number of electrons, in a 
given specimen, belonging to any one class, remains 
the same. A change in their number does not occur 


—— ; : in * WAS Want 
*All numbers (eq, 54-21 or 1 SO) occurring 


refer to articles in the bibliography. 
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a current ťi flows through the connecting wires. This 
current may be divided into two components; the one 
1,, leaks through the body of the dielectric, while the 
other, i., results in the accumulation of charge on the 
plates. The conduction current 7, is due to the exis- 
tence of free electrons in the dielectric. The negative 
charge, which accumulates on one of the plates due to 
the charging current t., exerts a repulsive effect on the 
elastic and viscous electrons of the dielectric, thereby 
displacing them from their natural position of equilib- 
rium. The actual molecular condition of the dielec- 
tric thus electrically stressed, is far from keing known. 
The net result, however, may be visualized by imagining 
the negative charges on the plate as repelling the elastic 
and viscous electrons of the adjacent molecules of the 
dielectric and attracting their protons. This same 
phenomenon is communicated by the successive mole- 
cules to adjacent ones, thereby forming the state 
shown in Fig. 1 where the circles represent polarized 
adjacent molecules. The polarization is not altogether 
instantaneous because it takes the viscous electrons 
some time to attain their final positions of equilibrium. 
The negative and positive charges which appear on the 
surfaces adjacent to the positive and negative plates 


+++++++++++++ 


1—POLARIZATION IN A SOLID DIELECTRIC 


respectively act as counter e. m. fs. opposing the action 
of the impressed potential. The e.m.f. due to the 
polarization on each side shall be denoted by the letter 
E, Therefore, the total polarization e. m. f. is 2 E,. 
Now, as soon as the impressed e. m. f. is removed, 
the elastic electrons rebound instantaneously to their 
positions of equilibrium, thereby making available, for 
recombination upon short circuit, an equal number of 
electrons. The viscous electrons, however, being more 
or less sluggish, do not return instantaneously to 
their initial positions. The dielectric therefore persists 
in a state of polarization. Owing to this continued 
existence of polarization in the body of the dielectric, 
only a portion of the electrons accumulated on the 
negative plate of the condenser are available for 
recombination at the first discharge; the remainder are 
held by the polarized positive protons of the dielectric. 
If the condenser is allowed to rest after this first dis- 
charge, the internal polarization in the dielectric be- 
comes less intense due to the return of some of the vis- 
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cous electrons to their neutral position. Thus more 
electrons, on the negative plate, become available for 
recombination during the succeeding discharge. This 
process may be repeated ad infinitum or until all the 
viscous electrons have resumed their original neutral 
positions. The dielectric is then in an electrically 
neutral state and its polarization is nil. 


ds Fi 
+) 
| 
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2—DECREASE IN THE SPARKING DISTANCE OF A GAS DUE 
TO PLACING A SOLID DIELECTRIC NEAR THE ANODE 


Fig. 


Interesting experiments supporting this view are 
described in (24-00, 12-02 and 23-18) where two knobs 
placed in air are subjected to a potential slightly lower 
than the sparking potential. When a glass rod is 
placed immediately touching the positive knob and 
lying in the space between the knobs, a spark passes, 
but no spark passes at all if the rod is placed anywhere 
else. The explanation of this phenomenon is that the 
polarization of the glass rod results in an effective de- 
crease of the sparking distance, from d, to d, as shown 
in Fig. 2. That this phenomenon does not take place 
when the rod is placed next to the negative electrode 
can be easily explained because it is well known that a 
spark passes more easily when the point is negative and 
the plate positive than when the point and plate charges 
are otherwise. 


Part II. Definitions of Terms 


A. THE RESISTIVITY p OF SOLID DIELECTRICS 
1. Resistivity at Continuous Potential. 
The resistance R of a solid dielectric with a continuous 
applied potential will be defined as: 


Limit E- 2E,) I, 1) 


BS 
The notations used in equation (1) may be visualized 
by referring to Fig. 4. 
From equation (1) the resistivity p will be: 
p = Rad = [(E — 2 E,)/I-]. (a'd) (2) 
For continuous potentials, and within the same 
potential range p will be constant. However, p will 
assume lower values as higher ranges of potential are 
reached until at the breakdown potential p becomes 
practically zero. The resistivity defined by equation 
(2) is easily measured because all the quantities on the 
right hand side are determinable. Æ, is the only factor 
which seems difficult to measure. Its value, however, 
may be experimentally determined as was done in 
(53-15) and (2-25) by first impressing E for a time t,, 
then suddenly decreasing Æ to such a value that 7, 
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becomes zero. This new value of E at which 2, = Ois 
the value of 2 E, while (53-15) shows that if this is done, 
R (at least in the case of quartz and iceland spar) is not 
only independent of E, within certain limits, but it is 
also independent of the time t. 

2. Resistivity at Alternating Potentials. 

The value of p can thus be experimentally determined 
when continuous potentials are used. With alternating 
potentials, the conduction current cannot be experi- 
mentally separated from the charging current. The 
method generally adopted of measuring the power 
dissipated in a condenser and taking p of such a value 
that W = I? R, is physically erroneous, because of the 
fact that the energy dissipated is largely a hysteresis 
loss, and the J? R loss forms but a very small percentage 
of the total dissipated energy (see 2/82, 94-12, and 
17-15). 

Two questions arise in regard to the resistivity when 
alternating potentials are used: 

a. What conception must be formed of p with 
alternating potentials? 

b. If pis a function of the potential range, what 
value of p must be adopted when alternating potentials 
assume instantaneous values which fall within more 
than one potential range? 

The answer to the first question is that the concept 
of p with alternating potentials should not differ from 
that of p with continuous potentials. 

The answer to the second question would lead to a 
definition of an effective resistance which, although 
having no physical basis when the potential gradient 
exceeds the initial range, leads to an approximate 
determination of the true J? R loss when alternating 


potentials are used. Thus let ¢,, t, ... . ta be the 
times at which the sinusoidal voltage wave (Fig. 3) 
assumes instantaneous values e;,,€2. . . e, such that 
e =~ Ene = Es, . . . @,n = Ex, where Ea En... 
Ex are the upper potential limits of the potential 
ranges A,B ...N. 

Then 


bh ti 
Wa =f Gis)? Radt =R, f Gadi 
0 0 


la be 
We = f (tp)? R, d t = Rs f (tal d t (3) 
f (3i 


tn tn 
Win = | (is)? Rxdt = Ry f (is)?dt 
bn ~1) bn —1) 

where t.a ts . . . tx are the conduction currents, 
R,, Rs, . . . Rxare the resistances and W, Wa... 
W, are the energy losses that would be obtained at 
continuous potentials lying within the ranges A, 
B...NwN. 

If hypothesis 8 is correct, then for the initial range 
A, i,, will be a sinusoidal function of time. Moreover, 
its effective value will be equal to the final steady value 


of the conduction current obtained with a continuous 
potential equal in magnitude to the effective value of 
an alternating potential whose amplitude is E,. 

The value of the first integrand in equation (3) will 
then be 


Wn = R, f (es V2) sin werd 
0 


= 2 Ra [a R228 | (4a) 


The other integrands in equation (3) cannot be so 
easily evaluated because, according to the eighth 
hypothesis, we cannot assert that the conduction 
currents I,, . . . I„ are sinusoidal. However, if we 
should follow the procedure adopted in obtaining 
equation (4a), the error will be only in the deviation 
of the current from the sinusoidal value. This error, 
for potential gradients lying well below the rupturing 


Fig. 3—A SINE WAVE oF VOLTAGE 


gradient G,, cannot be very large. We shall “therefore 
evaluate the remaining integrands as was done” ain the 
case of the first and obtain: 


Wes = (Lea? Rs) [ (2 - t) — sin 2 wls— ee ms (4b) 


Wen = (Inx? Rx) R —tni) eae (4n) 


Therefore the total energy dissipated per !4 of a 
cycle is: 
=(WitWet.. . + Wr) (5) 
But with actual conducting materials the energy loss 
due to the passage of a current of effective value I, 
for a period of time T, 4 is: 
Win T i Rs T 4 
from which 
Rs =4W,m IxT (6) 
The equivalent resistance of a dielectric at sinusoidal 
potentials, having instantaneous values which extend 
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over more than one potential range, may be analogously 
defined as 
Rus = 4 (Wri + Wi + . : Wen) /T ew? (7) 
where W.1, Were . . W,, are defined by equations (4) 
At voltages whose amplitudes do not exceed the 
initial potential range, equation (4a) for 14 of a cycle 
becomes: | 
W, = I R, 7/4 (8) 
Therefore, the resistance of a slab of dielectric at such 
alternating potentials is equal to that obtained by using 
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a continuous potential of a magnitude equal to the 
effective value of the alternating potential. 

It must be remembered that J,, in equation (8) is 
not the effective value of the alternating current, flow- 
ing through the condenser, as measured with an a-c. 
ammeter. It actually corresponds to J, in equation (1); 
i. e., it is. the true conduction current read at a time t, 
on a d-c. instrument, when a continuous potential of a 
magnitude equal to the effective value of the alter- 
nating potential is applied to the condenser. 


B. ELECTRIC CHARGE AND DISCHARGE OF SOLID 
DIELECTRICS 


1. The Charge with Continuous Potentials. 

a. Definition: If, for a definite temperature, hu- 
midity, and continuous potential, current readings be 
taken at various intervals of time, for a circuit with 
R, L, and C, then, upon plotting those readings, Fig. 
4 will be obtained. 

The charge acquired by the dielectric in the interval 
of time t = (t — tı) will be defined thus: 


t 


t2 i ‘ 
Q=fG-mat~ J i.dt 


ti 


(9) 


In equation (9), 7 is the current measured at any 
instant and J, is the leaky current represented by 
the constant value which it assumes after a time {,; 
see equation (1). 

b. Remarks on Fig. 4. 

1. Thevalue of the charge Q, expressed by equation 
(9), can be graphically represented by that part of the 
shaded area in Fig. 4, included between ż¿, and t». It 
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will be noted that Q is a function not only of the magni- 
tude, t = t: — t,, of the time interval, but also of the 
actual values of the limits ¢; and t». For the extreme 
case where ¢, = t, and t: > t,, the charge is zero because 
+—TI, = 0. 

2. The time tm, corresponding to the maximum 
value îm, is solely a function of the constants R, L,and C 
of the circuit. It can be reduced to a minimum by 
making L > 0. 

3. The actual value z,, is a function of the dielectric 
material, the applied voltage gradient, temperature, and 
various other factors. 

4. The character of that section of the curve which 
extends from ¢,, to t, is an indication of the relative num- 
ber of the three types of the electrons present in the 
dielectric as well as the degree of viscosity of the elec- 
trons belonging to the second order. Indeed, the 
curve is a function of the rate of growth of the polari- 
zation e.m.f. which forms on the boundary surface 
between the plates and the dielectric. This is best 
illustrated by Fig. 5, where curves are drawn for 
various materials possessing the same dielectric resis- 
tivity but having different (2 — t) - characteristics. 

Curve a represents the (2 — t) - characteristic of an 
ideal condenser. The ascending and descending por- 
tions of the curve are identical. The descending part 
of the curve is a reproduction of the inverted ascending 
portion. Moreover, owing to the perfect elasticity of 
the ether, îm is just a point on the curve. Again the 
final current becomes zero because a perfect condenser 
is devoid of any conductivity. 


i ten 


0 
Fic. 


Im t 


5—Various SHAPES OF THE (t — t)-CHARACTERISTICS OF 
Soutip DIELECTRICS 


Curve b stands for a condenser whose dielectric 
is rich in highly elastic electrons; the portion of the 
curve beyond tm is very steep, showing that each of the 
viscous electrons possesses, to a more or less extent, the 
same degree of viscosity. That the value of im extends 
for a certain length along the curve, is an indication of 
the existence of viscous electrons, because it shows that 
the polarization took some time before approaching 
its steady final value. 

Curve c is drawn for a condenser whose electrons have 
varying degrees of viscosity as indicated by the gentle 
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slope of the curve and the time it takes for the polari- 
zation to be complete. 

Curve d shows that although the electrons are very 
highly viscous, as indicated by the time required for the 
first point of inflection to occur, there exists very 
little difference in their degrees of viscosity. The 
very steep descent of the curve, as soon as the polariza- 
tion attains its final value, is an indication of this latter 
fact. 

5. While, in general, a dielectric which possesses 
the characteristic Curve b (Fig. 4) within a certain 
potential or temperature range, may be expected to 
exhibit a similar characteristic at other ranges, it must 
not be inferred that this always holds true. Indeed 
the behavior of a dielectric is a very complicated func- 
tion of its internal structure. Therefore, it is very 
likely that the same dielectric will exhibit the various 
characteristics represented by Curves b, c, and d, at 
different potential ranges. This will be in strict con- 
formity with the hypotheses laid down in Part I. 

2. The Charge with Alternating Potentials. 

a. Some Laws and Corollaries: The (:— ?)-char- 
acteristic represented by Fig. 4 is true for steady con- 
tinuous potentials. With alternating potentials the 
shape of the current-time curve is further complicated 
by the fact that e is a function of time. 

Before formulating a definition of charge with alter- 
nating potentials we shall cite the laws of charge and 
discharge established in 2/89, taking the liberty to 
introduce such changes in them as have been necessi- 
tated by more recent researches. 

Law 1. Within the initial potential range and for 
the same conditions of temperature, humidity, ete., 


& Ale pan A i, : 
i, i ile 
i le ; 
eee eee = 
s > -h = o l oÁ 
+ + = = = ae 
Sees a, rr e, 1 I 
ti t2 tg t 


Fıa. 6—Tue RESULTANT CHARGING CURRENT DUE TO SUCCES- 
SIVELY INCREASING POTENTIALS IMPRESSED UPON A DIELECTRIC 


the value of 7, = (1 — I,) for a dielectric at one and the 
same instant of time (t), after impressing the potential, 
is proportional to the applied potential E. Thus, if i. 
and 7,’ are the charging currents measured at an in- 
stant t after impressing voltages E and E’, respectively, 
and if E and E’ are both less than the upper limit E, of 
the initial potential range A, then 


E/E’ = 1,/%.! (10) 
Law 2. The charging current t., due to successively 
increasing potentials impressed at successive instants 
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on a condenser, is equal to the sum of the charging 
currents that would be produced by each potential 
acting alone, provided none of these potentials exceeds 
the upper limit Æ, of the initial potential range. Thus, 
let Ey, Eo, E. . Ea be successively impressed 


on a condenser at times t;< t< ts . . < ta and 
let E, < E < E; < . < En < E, then 
Tel + Lee + 103 e.e + Vine -= Le (11) 


In order to visualize this law, imagine a circuit of 
such a small inductance that the time tm, Fig. 4, may 


Fig. 7—THE CHARGE AND DISCHARGE CURRENTS OF A SOLID 


DIELECTRIC 


be neglected. The voltages E,, E.....E, applied 
at times tı, t2....¢, will give rise to the currents 
11,42+¢+-%n; Fig. 6. Then the charging currents 
Tels le2 e eee ten Will be: 
tel = 1) mes In 
tle = t2 — Tye (12) 
len == ta a Ten 
and the instantaneous value of the total charging 
current 7. = ta + te +»... + ien Will be represented 
by the dotted curve. 

Corollary 1. As 1s pointed out by Curie (2/89), one 
consequence of Law 2 is that the charging current 
curve is identical with that for the discharge current 
curve, but of opposite sign. The discharging of a con- 
denser at short circuit is indeed equivalent to intro- 
ducing into the circuit a voltage (—E), equal in 
magnitude but opposite in direction, to that of the im- 
pressed voltage. If acting alone, this newly intro- 
duced voltage would cause a charging current identical 
in shape with, but opposite in sign to, the original 
charging current as is shown in Fig. 7. 

Unfortunately this law does not apply to potentials 
higher than the upper limit of the initial potential 
range. (See references in hypothesis 7, Part I.) This 
accounts for the limitation introduced in formulating 
the law and for the statement made in the eighth 
hypothesis. 

Corollary 2. Up to a certain time t the total charge 
acquired by a condenser, due to successively increasing 
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potentials, is equal to the sum of the charges that 
would be acquired if each of the potentials were acting 
alone. Thus if 2.;,2.2....2%, be the charging currents 
due to potentials E, < h,<....< E,....< En 
impressed at times t, < t < ....< tn then the total 
charge Q acquired by the condenser from t, to t > ta 


isQ =Q,4+Q.....+Q,0r 
t t t 
Q= fiadt+ fiadt+....4+ indt (13) 
la Iin 


h 

Law 3. The value of the charging current 7. due to a 
continuous potential Æ applied to a condenser for 
more than an infinitesimally short interval (t.e. an 
interval sufficiently long to cause a displacement 
of the elastic electrons but not of the viscous elec- 
trons), is proportional to the interval of time through 
which the potential acts. 

This is a very specious law; it will always remain 
as a hypothesis because it does not lend itself to experi- 
mental verification. Its plausibility will be evident, 
however, if we admit the hypotheses postulated in 
Part I. Indeed, if viscous electrons require some time 
to attain their final displacement, one would naturally 
expect the time element to enter as a necessary factor 
in determining the value of t.. 


b. The Equations for the Charging Current and 
Charge Acquired with Alternating Potentials. Let 
the potentials E, < Ep < . . < E, be com- 
prised between the limits 0 and E,,, and let tı < tz < t; 

. > t = T/4 be the times at which these potentials 
are applied. Let E„ be the amplitude and T the 
period of the sinusoidal applied potential whose equa- 
tion is 

e = Ensim wt (14) 
then 


E, = Em sin w ti 
(15) 
E, = E,, sin wt, 


According to the first law expressed by equation (10), 
the value of the charging currents 2, and 2, measured 
at the same instant t after impressing E, and E, respec- 
tively, is 
leu lao = E,/E, = [En sin w t,/E,, sin w ty] 
= sin wt, sin wt, (16) 
and for the particular case where ¢, = T/4 equation 
(16) becomes 
len tem = Eu; Em = sin wt, /1 
whence 
(17) 
In what follows, two notations for time, t and 7, 
will be adopted in order to differentiate between time 
measured along the abscissa of the voltage curve 
(Fig. 8A), and that measured along the abscissa of the 
(i — t) characteristic (Fig. 8B). Therefore t will be used 


ten = (SIN w ly) Vem 
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for voltage variation and 7 for charging-current vari- 


ation with time. 
( > ) 
tem a f T T 4 


Let 
be the function expressing the value of the charging 
current due to a continuous potential (of magnitude 
Em equal to the maximum value of the alternating 
potential) which is impressed on the condenser at time 


(18) 


4 ` Then the function expressing the value of 


the charging current for any other continuous potential 
of magnitude E = Em sin wt impressed on the con- 
denser at a time ¢ and acting through an angle d (w t) 
will be, by equation (17) and law 3, 

dt. = f (T — t) (sin wt) d (wt) (19) 
and the total current at any time 7 5 t due to all the 


Fic. 8 


A—A SINE WAvE OF POTENETIAL 
B—Tue CHARGING CURRENTS DUE TO Two INSTANTANEOUS 
VALUES OF AN ALTERNATING POTENTIAL 


instantaneous voltages from 0 to 7 each of which acts 
for an interval d (w t), will be: 


i= ff- (sin wt) d (wt) (20) 
(0) 

and the charge Q acquired during 14 of a cycle is 
T ‘4 


Q = fidr M (sin wt)d(wt) |d F 
0 6 =Ò 


(21) 


The same reasoning can be extended to potentials 
with instantaneous values exceeding the initial poten- 
tial range. Referring to Fig. 4, let ti, to, . . . tp 
be the times at which the sinusoidal voltage assumes 
instantaneous values ei, €» . . €„ SO that e, = Ea, 
TA Ey « . €, = Hy, where E,, Ey, . . Ey are 
the upper potential limits of the potential ranges A, B, 
a N, respectively. Let f,(r7— t), fs (7 — te) 
. . . fs(T— t.) be the functions expressing the 
variations of fea, te, . . ten With 7 at continuous 
voltages E, Es, . . Ey. Then by analogy with 
equation (21), the value of 2, at any time 7, according 
to the corrections indicated, equation (20a) will become: 
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fen = fha- 0 (Sin wt) d (wd OS th 
tes = f fa(7— 1) (sin wt) d (wt) + 
0 ti < TS te 
ce (T— t) (sin wt)d (wt). 
Vex = ffs (T — t) (sin w t) d (w t)+ 
0 
fhaa (sin wt) d (wt) + 
l tx- Í Tt 


+ ffs T-A (sin wd (wt) 


(N —1) 
(20a) 
The charge acquired by the condenser will be: 
T /4 
Q= f tnd T (21a) 
0 


where 2,,, is expressed by equation (20a). 

c. Discussion of Equations (21) and (2la). In 
equation (21) the function f (7 — t) is that portion of 
the curve shown in Fig. 4 and extending from tm to t.. 
It should be determined at a continuous voltage equal 
to the amplitude E,, of the alternating potential. This 
function will vary with the material of the dielectric, 
the temperature and humidity of the specimen, and 
the physical condition of the dielectric. 

Equation (21) comprises the essence of the cause for 
the decrease of charge with the frequency of the 
applied potential. Indeed, the mere inspection of 
equation (21) shows that the value of Q is a function of 


T 
the upper limit ——. The higher the frequency, the 


4 
smaller is T and consequently the smaller the value 
of the integrand. In equation (21a), the values of t.a, 
ten. . . tex Substituted from equation (20a) contain 
fi T— t), fs(T— t). . .fx(r— t). These functions 
should be determined at continuous potentials of 
magnitudes equal to E,, Es, . . . Ey. 

d. Discussion of Equations (20) and (20a). Equa- 
tions (20) and (20a) give the instantaneous values of the 
charging current 7, for sinusoidal alternating potentials. 
The shape of this curve will certainly be distorted 
when instantaneous values of the applied potentials 
exceed the initial potential range. Whether distortion 
exists when the amplitude of the applied potential 
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does not exceed the upper limit of the initial potential 
range, is a question which can be answered only when 
f (7 — t) is known. In general, with dielectrics that 
are rich in elastic electrons or whose viscous electrons 
have a high degree of elasticity, distortion may be 
negligible. However, with very viscous dielectrics, 
a certain degree of distortion in the sine form of the 
charging current wave may well be expected. 

At all events, the current computed from equations 
(20) and (20a), whether sinusoidal or not, will have an 
effective value which can be computed. It must be 
remembered that the value of current determined by a 
current measuring instrument when alternating poten- 
tials are impressed on a condenser is the effective value 
not only of the charging current but of the leaky 
current, as well as of the current necessary to supply 
the viscosity and hysteresis losses discussed in part 
E of this paper. The value of equations (20) and 
(20a) consists, therefore, in affording a means of com- 
puting the true value of the charging current, thereby 
separating the current supplied to a condenser into 
its various components. 


C. THE “DIELECTRIC PERMITTIVITY’ K OF SOLID 
DIELECTRICS 


Imagine two condensers No. I and No. II, of the same 
physical dimensions. Let the space between the 
plates of condenser No. I and condenser No. II be 
filled with a solid dielectric and vacuum respectively. 
Let the charges acquired by condensers No. I and 
No. II, when each is submitted to the same potential, 


beQ:andQ::. Then the dielectric permittivity will be: 
K = Q:/Qu (22) 
For continuous potentials: 
tr 
Í idt 
| equation (9) > equation (9) 
kK Se Se 8) 


E K,a/d 
i' dt 


For alternating potentials where no instantaneous 
value exceeds the upper limit of the initial potential 
range: 


equation (21) i 
K: = F73 = ks G (24) 


eq. (45) 
fe (cos wit)dt 
x . 


and for alternating potentials where instantaneous 
values do exceed the upper limit of the initial potential 
range: 


equation (21a) eq. (21a) 
TiO =O 


K, = 
eq. (45) 


1 (25) 
fee (Cos wt) dt 
i 


The denominators in equations (23), (24), and (25) 
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can be very easily computed; see Part III. The 
numerators are defined by equation (9) with the limits 
changed from 0 to ¢,, and by equations (21) and (21a) 
respectively. 

The definitions given above take account of all the 
factors which influence K; see discussions of equations 
(21) and (21a). Moreover, the values of A, determined 
from these equations will be different for the same 
material if f and G be changed. The ‘“‘dielectric 
constant” is thus a very inappropriate term. A better 
appellation, “dielectric coefficient”, has been suggested. 
This new name is here replaced by the more descriptive 
and shorter one, permittivity, adopted by some text 
books. The writer regrets that he has never met 
with this term in reading the literature. 


D. ELECTRIC STRENGTH OF SOLID DIELECTRICS 


1. Dielectric Strength with Continuous Potentials. 

a. Definition. The electric strength (G,) of a 
solid dielectric at constant conditions of the factors 
enumerated in Part I hypothesis 4, and for continuous 
potentials is: 

G, = (E, — 2E,),‘d (26) 

b. Discussion of Equation (26): The notations used 
in equation (26) will be defined as follows: 

G, =the voltage gradient at which rupture occurs. 
As indicated by equation (26), G, is not 
obtained by dividing the applied potential 
by the dielectric thickness (d). 


E, = any voltage lying within the potential range S. 
This potential range comprises all values of 
voltage which, when applied to a specimen, 
will cause rupture. 

2 E, = the polarization potential which exists on the 


boundary surfaces between the plates and the 
dielectric of a condenser and makes its 
presence felt not only in the case of dielectric 
strength but also in all other phenomena 
connected with solid dielectrics. 
For one and the same rupturing potential, EF, is a 
function of: 

(1) The time of potential action. 

(2) The method of applying the voltage. 

(1) E, vs. time of Potential action: If E, is a polari- 
zation e. m. f., then it might be argued that since, in 
the case of viscous dielectrics, Æ, increases with time, 
see Fig. 4, remark 4, then for G, to remain constant, E, 
must increase as the time of voltage application in- 
creases. Experiment shows that this is not the case. 
On the contrary, E, decreases the longer the time of 
voltage application. This apparent contradiction to 
the definition proposed in equation (26) can be easily 
refuted if use is made of the fourth hypothesis estab- 
lished in Part I. At such high potentials, very radical 
changes occur in the characteristic behavior of the 
individual electrons belonging to the various orders. 
Thus many of the viscous electrons become conduction 
electrons and a large number of the elastic electrons 
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becomes highly viscous. Therefore, as time proceeds, 
E, decreases instead of increasing because of the 
continual depletion in the number of electrons which 
can and do take part in the polarization process. G, 
thus increases as the time of voltage application 
increases. 

(2). E, vs. Method of Applying the Voltage: Experi- 
ment shows (53-19 and 87-25) that E, is lower when the 
rupturing potential is attained by a slow rather than 
by a rapid increase of potential. This phenomenon 
is in strict conformity with the fourth hypothesis. 
Its explanation is the same as that given by the fore- 
going paragraph. 

Besides accounting for the above observations, 
the introduction of E, into the definition of G,, explains 
the phenomenon of the decrease in the value of the 
rupturing gradient with an increase in the thickness 
of a dielectric. The polarization e.m.f. is in fact 
independent of the thickness. Moreover, there exists 
no reason for supposing that the rupturing gradient, 
(G,), within the dielectric, would vary with (d). If 


Es 


d 
P 


Q—VARIATION OF DIELECTRIC STRENGTH WITH THE 
THICKNESS OF A DIELECTRIC 


Fia. 


equation (26) is converted into the form G,d +2 E, 
= E, and if E, is plotted against d keeping G, and E, 
constant, a curve of the form shown in Fig. 9, will be 
obtained. The slope of this curve decreases as d 
increases, showing that a lower rupturing voltage 
gradient is required for large thicknesses. 

This definition is further useful in ascertaining the 
value of E,. Thus let E,, and E,: be the rupturing 
potentials for thicknesses d, and dz, then by equation 
(26): 

G, = (E's, zg 2 E,)/d, = (E2 = 2 E,)/dz 
from which | 
2 E, = (Eye dı T Ea d:)/ (dı = d2) (27) 


In applying equation (27) care should be exercised 
that the ruptures in the two samples of dielectric 
occur under identical conditions as to time and method 
of applying the potential. Moreover, the samples 
must be identical in every respect except for thickness. 
Equation (27) does not hold for built-up insulation 
made of such materials as paraffined paper or cambric, 
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because polarization potentials exist between the 
various layers of insulation, thus rendering the samples 
electrically different. 

Besides furnishing a satisfactory explanation of 
the phenomena already cited, equation (26) accounts 
for the facts quoted in (9-04 and 89-25); vz., that 
the majority of punctures occur along the edge rather 
than between the plates and that a lower potential 
will rupture a dielectric when the spark passes at 
the edge than when it occurs between the plates. 
Indeed these phenomena are due to nothing other 
than the presence of the polarization potential at 
the contact surfaces. Its effect is to reduce the 
voltage gradient in that portion of the dielectric 
which lies within the plates, thereby rendgring rupture 
much easier at the edge where the voltage gradient is 
higher. 

2. Dielectric Strength with Alternating Potentials. 

a. Definition: The dielectric strength with alter- 
nating potentials may be defined similarly to equation 
(26) if it be remembered that E, is a function of time 


| Solid Dielectric | 


Fic. 10—UNIDIRECTIONAL POLARIZATION OF A DIELECTRIC 


UNDER STRONG ALTERNATING FIELDS 


and E, is a very erratic quantity which varies not only 
with the amplitude but also with the frequency of 
the applied potential. The natural tendency is to 
substitute sine functions for E, and E, and to define 
dielectric strength at alternating potentials as: 
G,sin wt = [E, sin (wt + 0) — 2 E, sin (wt + ¢$)]/d 
(28) 
where 0 and @¢ are the respective angles between the 
E, and the G, vectors; and between the E, and the G, 
vectors. | 
Experiment shows, however, (70-20) that, at high 
alternating potentials, Æ, is unidirectional. More- 
over, if the connections are as shown in Fig. 10, then a 
positive charge will appear on the dielectric as indicated. 
If this be the case when the plates touch the dielectric, 
then equation (28) becomes: 
G,sin wt = (E,sin wt + E,)/d (29) 
As breakdown occurs more readily when the voltage 
gradient within the dielectric is highest, it is very 
natural to assume that rupture would take place when 
wt = 90 deg. We then have 
G., = (E, + E,)/d (30) 
Equation (30) accounts for the fact that the breakdown 
occurs at a lower value with alternating than with 


MALTI: THEORY OF IMPERFECT SOLID DIELECTRICS 


625 


continuous potentials. It contradicts, however, the 
known facts alluded to in the discussion of equation 
(26). Moreover, should the findings of (70-20) be 
utterly discarded, as not applicable to the case when 
the condenser plates do touch the dielectric, and 
equation (28) be adopted, we shall have three unknowns 
(6, @, and E,) to determine for each dielectric. This 
leads to utterly fruitless results. Indeed, the writer 
has done this very thing. But, upon using experimental 
data to determine these constants, he obtained con- 
flicting values. The length of the mathematical 
development of equation (28) and the fruitlessness of 
its results have led the writer to exclude it from this 
paper. 

The absence of valuable data on the nature of 
dielectric breakdown with alternating potentials ren- 
ders the formulation of a theory, or even a definition 
thereof, a matter of wild conjecture. In fact, various 
experimenters have endeavored to explain the phe- 
nomenon, that breakdown occurs at comparatively 
lower values with alternating than with continuous 
potentials, by maintaining that the heat generated 
in the sample due to dielectric hysteresis, with alter- 
nating potential, raises the temperature of the sample. 
Therefore, since G, decreases as temperature increases, 
the voltage required to break down a sample is lower 
when alternating than when direct potentials are used. 
The writer begs to disagree with the propounders of 
the so called pyro-electric theory of breakdown (76-21, 
104-22, 124-22, and 56-24) on the following grounds: 

1. The energy dissipated in a dielectric in the 
period from the time of voltage application to the time 
of breakdown is indeed hardly sufficient to raise the 
temperature of that dielectric to such a degree as to 
account for the comparatively large decrease in the 
value of E, when alternating potentials are used 
(106-23). 

Undoubtedly, for very prolonged potential applica- 
tion, the phenomenon of heat does exert an effect on 
the rupturing voltage by raising the temperature of 
the sample. However, a theory built wholly on this 
effect is of necessity erroneous. 

2. Actual temperature measurements (87-25) show 
that no temperature rise exceeding 10 deg. cent. does 
occur in glass before rupture. 

A close analogy to breakdown with alternating 
potentials is furnished by the familiar process of break- 


ing a piece of metal by repeated, alternate bending 


in two mutually opposite directions. The alternate 
compression and tension seem to be too much for the 
metal to stand. If an elastic piece of metal breaks 
down when bent with a certain force F acting in 
one direction, that same piece of metal will also break 
when a force F’ < F acts on the metal alternately in 
opposite directions. The phenomenon is ascribed 
to fatigue. An analogous reasoning may be applied 
to the rupturing potential which acts on dielectrics, 
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That fatigue does play a prominent partin the phenom- 
enon of breakdown, is shown by (47-23 and 69-25). 

In the absence of crucial research on the phenomenon 
of breakdown, we have to depend on tabulated data 
of the rupturing potentials. Such data, however, 
will be valuable only when accompanied with a detailed 
account of the various conditions under which the 
breakdown tests are made. Such conditions include: 
(a) mode of potential application, (b) frequency and 
wave form of the source, (c) temperature, (d) humidity, 
(e) shape of electrodes, (f) physical condition and 
thickness of the dielectric. 


E. THE ENERGY DISSIPATED IN SOLID DIELECTRICS 
1. Causes of Energy Dissipation: 

The energy dissipated in solid dielectrics may be 
due to one or all of the following three clauses: 

a. The resistance of a dielectric to the flow of 
current, 

b. Dielectric hysteresis, 

c. Dielectric viscosity. 


No successful attempt has been made, so far, to 
separate the total energy loss into its three component 
parts. Moreover, the three sources of energy loss 
are not clearly defined. It will be our object, there- 
fore, (1) to investigate the sources of these losses 
in the light of the established hypotheses; (2) to intro- 
duce definitions of the three types of energy loss; 
and (3) to devise means for the separation of the 
total energy dissipated into its three component parts. 
2. Sources of Energy Loss with Alternating Potentials. 

In view of the hypotheses established in Part I 
we shall consider separately the behavior of the 
three types of electrons in a dielectric subjected to 
alternating potentials. 


a. Perfectly Elastic Electrons. Whenan alternating 
potential is applied to a dielectric, all the electrons 
are displaced from their neutral position of equilibrium. 
Those that are perfectly elastic will be displaced by a 
distance which may or may not be proportional, at 
every instant, to the instantaneous value of the im- 
pressed voltage. However, for this type of electrons, 
the same relation between the distance by which the 
electron is displaced and the instantaneous value of 
the applied potential exists no matter whether this 
distance be measured at increasing or decreasing 
values of potential. If 6 is plotted as ordinate and 
E,, sin wt as abscissa, we get the curves shown in 
Fig. 11B. 

Whether the curve is of the form (A) or (B) will 
depend entirely upon the characteristics of the individ- 
ual electron. The interesting fact to remember is 
that the curve closes on itself and therefore no energy 
is lost. 


b. Perfectly Viscous Electrons. The displacement 
of the viscous electrons gives a very different curve 
from the ones shown in Fig. 11B. Here the electron 
displays no elasticity; consequently, it continues to 
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creep in the same direction irrespective of the instan- 
taneous value of the impressed potential, provided 
that value maintains the same sign. As soon as the 
polarity of the applied voltage changes, the direction 
of creepage reverses. The distance covered by the 
creeping electron is at any instant directly proportional 
both to the instantaneous value of the applied potential 
and to the time through which that instantaneous 
value acts. We thus have for the displacement due to 


A—A SINE WAVE oF VOLTAGE 

B—VARIATION IN THE DISPLACEMENT OF A PERFECTLY 
ELASTIC ELECTRON WITH VOLTAGE 

C—VARIATION IN THE DISPLACEMENT OF A PERFECTLY 
Viscous ELECTRON WITH VOLTAGE 


any potential = E,,sin wt and acting for an instant 
At: 
Ad=hE, sinwtdAt 
and for the total displacement attained during a 
time from 0 to t: 
t 
ô: = hEn f sin wtdt = 
0 
This curve is plotted in Fig. llc. It can be best 
visualized by shifting the origin O to the point O’. 
The existence of w in the denominator of equation (31) 
shows that 6, is a function of the period of the impressed 
potential. 
ce. Slightly Elastic or Partially Viscous Electrons. 
In the case of the partially viscous electrons, the 
elasticity of their bonds furnishes them with enough 
resilience to rebound whenever the impressed potential 


ThE, 31 
o cos wt (31) 


May 1927 


suffers a decrease. The distance by which they rebound 
is a function of their elasticity, the value of the im- 
pressed voltage, and the decrease suffered by that 
potential. The curve given in Fig. 12 is representative 
of one type of such a hysteresis loop. For other types 
of loops, the reader is referred to the very interesting 
work (54-21) wherein several loops are plotted with 
charge as abscissa against applied potential as ordinates. 

d. The Hystero-Viscosity Loop. The hystero-vis- 
cosity loop (Fig. 12) may be determined for -any 
dielectric as follows: 

A continuous potential-gradient G, is impressed 
on the dielectric for a time t,, and the charge Q, (see 
Fig. 4), acquired by the dielectric during the interval 
t,,is measured. The charge density D, will then be: 


D, = Q:/a (32) 
The gradient is next raised to G, the charge Q: 
acquired in the time 0 to t, is measured and D: com- 


puted. This process is repeated until the. maximum. 


Gm 


se ean o aa aea m anm 


Fia. 


12—A Hystrero-Viscosiry Loop 


gradient Gm, for which the loop is required, has been 
attained. We thus obtain the curve Oa (Fig. 12) 
which we shall call the “electrization curve” in analogy 
to the “magnetization curve.” 

Just as in the magnetization curve the permeability 
at any field intensity is u = B/H, so here the absolute 
permittivity A’ of a dielectric at any voltage gradient 
G is: 

, K’ = D/G (33) 
The voltage gradient is next lowered toa valueG, < Gn. 
If G, is low enough, 2. e., if En < 2 E, a current will 
flow in the reverse direction for a time t, at which 
time its value becomes zero. This reverse current is 
due to the fact that, the polarization potential being 
in excess of the new impressed ‘potential, some of the 
elastic electrons rebound to their original position, 
thereby allowing a part of the charge on the plates to 
recombine. Moreover, the recombined charge in the 
dielectric is exactly equal to the released charge. If 
we measure this recombined charge and subtract its 
value from Q,, we obtain the charge Q, which remains in 
the condenser at the gradient G,. D, will then be 
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Q,/a. By a similar process we may compute D,„-ı at 
Gr-1. . .andD,atG = 0. 

As the time element is of importance in determining 

this loop, ample time should be allowed for the viscous 
electrons to readjust themselves to each new state. 
Therefore, the time consumed in determining the curve 
a b should be at least equal to that spent in ascertaining 
the curve 0a. Moreover, the short circuit (at G = 0) 
should last long enough to allow all electrons which 
possess any degree of elasticity at all to rebound 
to their normal position. This time cannot be fixed 
for it depends upon the type of material experimented 
on. 
. The length of the line 06 represents the residual 
charge due to purely viscous electrons. These elec- 
trons, being utterly devoid of resilience, need a coercive 
force in the opposite direction to move them to their 
original neutral position. 

The polarity of the applied potential is now reversed 
at the point b, and the density of charge D, corre- 
sponding to any gradient G, measured, as indicated 
above, until the negative maximum gradient (— G,,) is 
attained. We thus obtain the curve bc. The curve 
c d is obtained similarly to the curve a b by successively 
increasing the potential from (— G,,) to zero. 

Finally the curve d a is plotted from data observed, 
as described above, by successively increasing the 
potential from zero to Gm. 

e. The physical nature of the hysteresis and 
viscosity losses. The area of the loop will be shown in 
Part IIT torepresent the maximum unrecoverable energy 
dissipated in a dielectric due to both viscosity and 
hysteresis at an infinitely low frequency. The question 
arises as to what part of the loss should be assigned to 
hysteresis and what part to viscosity. Before answer- 
ing this question we shall enter into a discussion of the 
physical nature of both losses. 

The hysteresis loss (W,) will be ascribed to two 
causes: (1) the energy dissipated in the adjustment and 
readjustment of the electrons (both viscous and elastic) 
to each new variation in potential, and (2) the energy 
dissipated in the transfer of electrons from a higher to 
a lower order. 

In order to form a picture of the first cause of 
hysteresis loss, imagine a crowd in a theater where a 
fire suddenly breaks out. The heretofore orderly 
populace at once assumes the characteristics of a mob. 
Each person will knock about in all directions and 
against all sorts of people before he gains an exit. A 
great deal of unrecoverable energy is liberated from 
the mob in the form of excitement, mental stress, noise, 
and bodily contacts and combats. The condition of 
affairs is the more frantic the greater the extent of 
the conflagration. Moreover, in the first stages of the 
disaster only the quick and energetic members of the 
mob take part in the excitement. All slow persons 
behave, for a time, as though nothing extraordinary had 
occurred until they awaken from their stupor to discover 
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the peril confronting them. Indeed, if the manager of 
the theater has enough presence of mind and prepared- 
ness to suddenly stamp the fire and place matters under 
control, those dull, unfortunate (or perhaps fortunate) 
individuals would hardly suspect that anything had 
happened. They therefore do not take part in the 
excitement, and, except for the room they occupy, there- 
by obstructing the exit of the excited element, they may 
be considered as an utterly negligible factor in the 
commotion that takes place. 

Such is the state of affairs when the mob of mole- 
cules in a solid dielectric is suddenly exposed to a 
potential gradient. Some unrecoverable energy is 
liberated in the form of molecular oscillation and 
molecular friction. Moreover, in the first stages of 
impressing the potential, practically all the energy 
dissipated is due to the more or less elastic electrons, 
the highly viscous ones supplying only a very small 
portion, in the form of obstruction. As time proceeds, 
however, they also supply their share of the total lost 
energy. This loss, however, shall be ascribed to 
viscosity. 

That part of the hysteresis loss which is expended 
in changing the status of an electron from a higher to a 
lower order hardly needs comment. The energy of an 
electron belonging to a lower, is less than that of an 
electron connected with a higher order. Therefore, 
when a transfer does occur, the extra energy is naturally 
liberated in the form of heat. 

The hysteresis loss, so defined, is independent 
of time and is a function only of the nature of the 
dielectric, its temperature, and the maximum gradient 
(Gm) attained. The true hysteresis loss per unit volume 
can be experimentally determined by impressing upon a 
dielectric potentials of the same amplitude but of 
different frequencies and noting the range of frequency 
at which the energy dissipated per cycle becomes con- 
stant. The loss per unit volume for frequencies lying 
within this range is the true hysteresis loss. Unfor- 
tunately this loss cannot be represented by a loop of the 
form shown in Fig. 12, because the element of time 
effects the shape and size of this loop. Therefore the 
only similarity that exists between magnetic and 
dielectric hysteresis is that of the physical nature of 
the two phenomena. Fortunately, at high fields, 
magnetic materials reveal no viscosity and the loss per 
cycle due to magnetic hysteresis may be actually 
represented for unit volume, by the area of the hysteresis 
loop. Such is not the case with dielectric materials. 
The loop in Fig. 12 thus represents the loss per unit 
volume due both to hysteresis and viscosity at an 
infinitely low frequency. 

The Viscosity Loss (W,) will also be ascribed to two 
causes: (1) the energy dissipated in the very slow adjust- 
ment and readjustment of theviscous electrons to each 
new variation of potential, and (2) the energy expended 
in supplying the work required by the electrons in creep- 
ing from their normal position through a distance 6 and 
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back again (see Fig. 11c). As both of these factors 
are increasing functions of time, the extent of the loss 
due to viscosity can be determined only indirectly as 
we shall see presently. The hystero-viscosity loop thus 
offers only an estimate of the magnitude of the combined 
loss, per cycle per unit volume, due to both hysteresis 
and viscosity, at infinitely low frequencies. 


The above reasoning is strongly supported by (103-22, 
9-23, 107-24, 63-10, 12-12, 85-12, and 55-14) which show 
that the energy loss per cycle, per unit volume is either a 
decreasing function of the frequency or independent of 
it. As to the relation of loss to the potential gradient, 
this will largely depend upon the nature of the dielectric 
and its behavior under the various potential ranges. 
Thus no definite relation can be established between the 
hystero-viscosity loss and the impressed potential. 


$8. Definitions and Separation of Dielectric Losses. 
a. The Resistance Loss (W,). The loss per unit 
volume, per cycle due to the resistance of a dielectric to 
the passage of current, at alternating potentials, shall be 
defined as follows: 
1. For potentials whose amplitudes exceed the 
upper limit Æ, of the initial potential range A, 
W, = 4 (equation 5)/V Joules/em.3 (34a) 
2. For potentials whose amplitudes do not exceed 
the upper limit E, of the initial potential range A, 
W, = 4 (equation 8)/V_ Joules/em.? (34b) 
b. The Total Loss (W,) dissipated per unit volume 
per cycle shall be defined as the total loss, measured by 
known methods, divided by the volume of the dielec- 
tric, divided by the number of cycles made during the 
time of running the test. 
W, = (Measured Loss per cycle)/V Joules/em.? (35) 
For the same amplitude of applied potential, W, 
will decrease as the frequency is increased, until a 
frequency f’ is reached beyond which the loss per 
cycle is constant and independent of the frequency. 
This particular value of W, will be defined as: 
W»; = (Measured constant loss per cycle) /V Joules/cm.® 
(36) 
c. The Loss due to Hysteresis (W,): The hysteresis 
loss per unit volume per cycle at any frequency shall 
be defined as follows: 
1. For potentials whose amplitudes exceed the 
upper limit Æ, of the initial potential range A, 
W, = (equation (36)) — (equation (34a)) Joules /cm.! 
(37a) 
2. For potentially whose amplitudes do not 
exceed the upper limit E, of the initial potential 
range A, 
W, = (equation (36)) — (equation (34b)) Joules /cm. 
(37b) 
d. The Losses due to Viscosity (W,): Energy 


dissipated per unit volume per cycle due to viscosity 
shall be defined as: 
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W. = (equation (35)) — (equation (36)) Joules/cm.? 
(38) 


It must be remembered that the above equations hold 
true only under constant conditions of voltage gradient, 
temperature, humidity, etc. The only factors here 
eliminated are time and frequency. 


‘Part III. Applications of the Classical 
Theory of Electrostatics to Solid Dielectrics 


The classical theory of electrostatics holds true 
only for vacuum, a non-anomalous, perfect dielectric. 
It will be our object to show how the formulas and 
deductions arrived at in this theory may be applied 
to solid, anomalous dielectrics. 


A. The Concept of Capacitance (Permittance). Ex- 
periment shows that for one and the same dielectric the 
capacitance (permittance) of a plane condenser (per- 
mittor) similar to the one shown in Fig. 1, varies 
directly as the area exposed to the plates and inversely 
as the thickness of the dielectric. This gives the 
equation: 


C = K K,a/d farads (39) 


where K is defined by equation (23) for continuous, 
and by equation (24) or equation (25) for alternating 
potentials, and A, is a constant given by equation (42) 
below. 


Equations (23), (24), and (25) give the relate 
permittivity of a dielectric instead of the absolute 
permittivity. The absolute permittivity is equal to the 
relative permittivity multiplied by the permittivity of 
vacuum. [It so happens that in the electrostatic system 
of units K, = Therefore, the absolute and relative 
permittivities in this system of units are identical. 
In Heaviside’s system, however, K, ~ 1; see equation 
(42). This accounts for introducing K, as a factor in 
equation (39). Whenever the term permittivity is 
used it will be understood to mean relative permittivity. 
The symbol K’ will be used for absolute permittivity; 
see equation (33). 

The permittance of a vacuum permittor is similarly 
defined as: 


C, = K, a/d farads (40) 

Moreover, since in the case of vacuum, Q is proportional 
to E for all potential ranges, we have: 

Q, = C, E = K, E a/d coulombs (41) 

The value of K, in Heaviside’s system of units can be 

shown to be: 
K, = 0.08242 x 10-2 farads,cm. cube ) 
= 0.2244 X 10-! farads, inch cube (42) 


Therefore, Q, for a vacuum condenser can be easily 
ascertained. Its value is identical with Qi: in equation 
(23). 
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The denominators of equations (24) and (25) can be 
computed by making use of the fact that the capacitive 
reactance of a vacuum condenser at a frequency f is: 

X. = 1/(2 m fC) =d/(27f K, a) ohms (43) 

=E meos wt/X.= (2 t f K.a/d) En cos w tamperes (44) 

and 
T 4 
(ie' cos w t)dt =2K,aE,/dcoulombs (45) 

Equation (45) expresses the value of the denominator 
in equation (24) and equation (25) in terms of the 
amplitude of the applied potential and the dimensions 
of the condenser. 

B. The Concept of Elastance. As it is sometimes 
convenient for the purpose of computations to use the 
inverse of certain constants we shall use the term 
elastance S and define it as: 

= 1/C = (1/K) (1/K.) (d/a) (46) 
In equation (46) the term (1/K) shall be known as the 
“elastivity” of a dielectric and shall be denoted by the 
letter ø thus: 
= 1/K (47) 
The value of ø will vary inversely with K and will 
depend upon (a) the amplitude and frequency of the 
alternating potential used, or (b) the magnitude of the 
applied continuous potential. 

Similarly the elastivity ọf vacuum is: 

o, = 1/K, = 11.3 x 10" darafs,/cm. cube 
= 4.45 < 10”? darafs /inch cube (48) 
Substituting A (47) and (48) in (46), we have: 
= (a,) d/a (46a) 

With these new ‘ide of permittance and 
elastance the well known relation: 

Q=CE (49) 
becomes true for all potential ranges because the 
variation between Q and E is accounted for by the 
variation in the value of the coefficient C. 

With continuous potentials, the writer would suggest 
the use of the electrization curve (Fig. 12) to define the 
absolute permittivity A’ of a dielectric at any potential 
gradient G and for any charge density D. Then the 
value of C in equation (49) will be: 


C= K'a‘d (50) 
From equation (49) we have Q = E'’S or 
E=QS (51) 


But E = Gd, Q = Da,and S = (aa,)d.a 
Substituting these values in equation (50) and simpli- 
fying: 
G=00, D (52) 
from which 
D=Goe0,=GKk, (53) 


Equations (51) and (52) hold true only for constant 
potential gradients and constant charge densities. For 
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variable values of these quantities integration should 


be resorted to. We thus have: 

E= fGdd (54) 
and 

Q=/fDda (55) 


C. Energy in Dielectrics. Consider a plane con- 
condenser (Fig. 1) which has a plate area (a) and a 
thickness (d). If 2 is the instantaneous value of the 
current supplied by the source of e.m.f. of instan- 
taneous value e, then the energy delivered by the source 
during any interval of time d t will be 


dW =eidt=e(,.+1,)dt (56) 


and the total energy supplied during an interval of 
time ¢, is: 


ly 


meres f cidi 
0 0 

soui nai, 
0 0 


The energy per unit volume supplied to the dielectric is: 


. watt seconds (57) 


br 


W' = Wad = J (e/d) (dq/a) + J (e/d) (I,/a) dt 


bp ty 
2 f Gd D + fa U d t watt sec/cm.? (58) 
0 0 


Forgetting for a moment the second integrand in 
equation (58) (because its value does not enter in the 
energy storage), we shall prove that the area of the 
hysteresis loop (Fig. 12) represents the energy dissi- 
pated per unit volume per cycle, on account of hysteresis 
and viscosity at an infinitely low frequency. 


1. From the point a to the point b, each decrease 
(G), in the voltage gradient, results in a corresponding 
decrease d D in the density of charge accumulated on 
the dielectric. Therefore, energy is delivered from the 
dielectric to the external circuit. The amount of 
energy per unit volume is, according to equation (58), 


— 
~Wa' =— f GaD = — (Areaab Dn) (59) 


2. During the part of the cycle extending from b toc 
energy is supplied from the source of e. m. f. for the 
purpose of transporting the viscous electrons repre- 
sented by the line o b to their neutral position and for 
the further object of charging the condenser in the 
reverse direction. This energy may be represented by 
equation (58) as: 

+ Wu = f Ga D = (Area — Dn bC) (60) 
b 


3. Similarly, from the point c to the point d, energy 
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is delivered by the dielectric to the circuit of such 
amount that 


d 
W. =- f GdD = — (Area—D,Cd) (61) 


4. Finally, the energy supplied to the liglerine 
during the part of the cycle d a is 


= J GaD = (Area da Dn) (62) 


The net energy retained by the dielectric and dissipated 
in the form of hysteresis loss per cycle per unit volume 


is: 


W, + W, = (equation (60) + equation (62) ) 
— (equation (59) + equation (61) ) 
= Area of the loopabcda (63) 
NOTATIONS 

Symbol Quantity Units 
a e: E EE E EE E E E Cm? 
c Chemical composition of a dielectric 
C Capacitance (Permittance)........ Farads 
c (Subseript) charge 
d Thiekness...... a.nn annann nnen. Cm: 
d (Subseript) discharge 
De, Da Charge and discharge density..... Coulombs /em.? 
E Voltage (Continuous or effective) Volts 
e Voltage, instantaneous. ......... l 
f Frequency..............00020058- Cycles, see. 
G Voltage gradient................. Volts;em. 
H Humidity ers eror i umar kaa ea = Per cent 
I Current, continuous or effective. Amperes 
1 Current, instantaneous.......... 
K Dielectric constant (Permittance) .. Numeral 
M Material of electrodes 
N Refractive index; any number 
p Physical condition of a dielectric 
P Mechanical pressure on a dielectric. kg. ,’em.3 
p (Subseript) Polarization thus Ep = polarization 

e. m.f. 
Qe Charge Dade E EE EEEE Coulombs 
Qa Discharrerciics.c 46s as aeaa oe 
R Resistance... ...... 0.0.0. c cee eee Ohms 
R Ionizing radiations 
8 Shape of electrodes 
S EFlastance = 2/C.. .. Darafs. 
8 (Subscript) strength: Ada: Ga = dielectric 
strength 

t, Pime sb 92 acess oes Bele wee a BY See. 
T Temperature........... EERE ata ee: Deg. Abs. 
U Current density..................Amps./em.? 
V Volumia 33658. S646 5 cue a es Cu. em. 
W NOTE 3424.25 e ek. be ae eee ee Watt-sec. | 
Ww’ Energy density...............05. watt. sec, cu. em, 
p ReSISUIVIEV s 362 indo bee Reena mho, ¢m.? 
y Conductivity. .... oaa 00.0.2 22 eee ohm em.? 
o Plasticity + te el ong 24.4 ie eed Darafs. 
0 ¢ ANPES deb ears. cee ea led og, at ea Deg. 
w 2 T f (Angular velocityv)......0..... radians /see. 
A, B,..S (Subscripts) Limits of ranges 
A,B..S (Not subscripts) Ranges. 
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Appendix 
TABLE SHOWING EXPERIMENTAL EVIDENCE RELATIVE TO THE VARIATION OF R, Q, K,G, AND W, WITH THE VARIOUS 
FACTORS INDICATED AS COLUMN-HEADINGS 
(For interpretation of column headings see notations) 
Number of researches showing the mode of variation with: 
Property of dielectric Mode of variation G t f T P H BK s M a d c p 
Direct 0 10 1 0 0 0 0 (0) 0 0 2 0 0 
Resistivity Inverse 19 0 1 28 2 ‘| 10 12 0) 0) 0 0 0 0 
p Indefinite 0 1 1 3 0 0 0 (0) 3 0 0 2 15 
No (0) 0 0 0 (0) (0) 0 0) 0 0 0 0 0 
Direct 21 21 0 9 3 2 3 0 0 0 0 0 0 
Charge Inverse 0 0 (0) 1 (0) 0 0 0 0 (0) 0 (0) (0) 
Q Indefinite 0 0 0 0 0 0 0 1 0 0 1 0 2 
No 0 0 0 0 0 (0) 0 0 0 0 1 0 0 
Direct 3 7 0 20 4 1 5 0 0 0 0 0 0 
Permittivity Inverse 1 0 23 3 5 0 (0) 0 0 (0) (0) (0) 0 
K Indefinite 0 0 (0) 1 0 0 0 0 1 (0) 0 3 12 
No 4 1 3 1 1 3 0 0) 0 (0) 0 0) 0 
E:ectric Strength Direct 0 0 (0) 2 1 0 (0) (0) (0) (0) 0 (0) (0) 
Gs Inverse 0 8 7 7 0 5 0 0 0 4 20 0 0 
Indefinite 0) 0) 0 1 1 0 (0) 2 (0) (0) 0 1 6 
No (0) (0) 0 1 1 0 0 0 O 0 2 0 O 
Direct 30 0 9 14 1 2 0 (0) 0 0 O 0 0 
Energy dissipated Inverse (0) 4 5 3 (0) (0) (0) (0) (0) 0 1 0 2 
W f Indefinite (0) 0 3 1 0 0 0 0 0 0 0 1 0 
No (0) 0 10 0 Oo Oo O 0) 0) 0 1 0 n 
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Note:—'‘Direct variation” signifies an increase while “Inverse variation’’ means a decrease in the property of a dielectric with an increase in the 
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Discussion 


S. J. Rosch: In considering the total loss in a dielectric, 
Mr. Malti claims to have been able to separate that particular 
loss due to hysteresis and he gives an expression Wp = Wa — P? R. 
In justification of this expression he states that as the frequency 
of the test voltage is increased, the loss per evcle decreases until 
some value of frequency is reached after which the loss per cycle 
remains a constant. 


In order to accept this equation, we must assume that the loss 
due to hysteresis is constant at the lower frequencies. That is, 
something we have not as vet been able to substantiate and until 
its accuracy has been deduced as the result of experimental work 
in connection with different dielectrics, I would counsel caution 
in the acceptance of this expression. 

Nevertheless, as a working hypothesis, the point is well taken 
and it would certainly be a worth-while fact for some of the 
research engineers to establish as a step toward the better under- 
standing of the behavior of an imperfect solid dielectric. 

E. S. Lee: The mechanism of dielectric breakdown is still 
unknown to us. Mr. Malti suggests the oceurrence of certain 
internal phenomena in the dielectric to account for external 
phenomena as observed. While these internal conceptions may 
possibly be helpful, he does not make it clear how they may be 
made useful for prediction of phenomena not as yet observed. 
If this might be done, his work would have greater value. 


Mr. Maltiindicates the absence of crucial research on the phe- 
nomenon of breakdown. This is the dielectric property of great- 
est interest. There surely ought to be recognition of the large 
amount of work of high caliber which has been carried on and 
published relative thereto, which, if it has not been crucial 
research, has nevertheless given us considerable insight into the 
phenomena involved and the magnitude of their extent. 

F. M. Clark: In discussing Mr. Malti’s paper I am thinking 
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more of the oil-treated cellulose material than I am of the type 
such as mica and glass. 

Mr. Malti is to be congratulated in attacking the electronic 
phase of dielectric failure. I think, however, that he has 
perhaps fallen out of the frying pan into the fire when he endows 
his electrons with a degree of mentality. He has three or four 
different types of electrons. Free electrons, we can dispense with 
by the statement that they are there. If we want to increase 
them we subject the insulation to ionizing radiation, but when we 
come to electrons of various degrees of viscosity ranging all the 
way from elastic to viscous electrons, I am rather doubtful as 
to the source of those electrons themselves. 

In view of the fact that he admits as everyone does that the 
electrons are practically identical with regard to charge and mass, 
it is hard to see how two electrons under the same conditions can 
one of them choose to be elastic and the other one choose to be 
rather viscous. 

I want to suggest an idea on which we are working in the 
laboratory of the Genera] Electric Company; that is, the con- 
sideration of the dielectric problem from the standpoint of molec- 
ular moment. If we have a molecule in which the center of 
mass gravity corresponds to the center of electrical gravity, 
we say it has no moment. That molecule ought to be inert 
chemically and a very good dielectric. If, on the other hand, 
we have the center of mass gravity not corresponding with the 
center of electrical gravity, then we have a molecule which is 
endowed with electric moment. With this fundamental idea, 
one can explain most dielectric behavior very similarly to the 
way Mr. Malti has done in adopting different viscosities for 
electrons. 

I can illustrate one point very simply in following out that idea. 
I hope we shall soon have our data ready to present before the 
Institute. Mr. Malti discusses polarization. If you adopt the 
polar molecule you will get the same sort of a diagram as Mr. 
Malti has obtained. But immediately you raise the question 
that in some molecules, preferably with paraffin material, the 
electric moment is almost negligible. In that case if there is 
no electric moment we are compelled to admit then that we do 
not get orientation in the electric field. 

Therefore, we have approached pretty close to what we might 
consider as a perfect dielectric. But even then we should have 
to explain the perfect dielectric as being not only of no electrical 
moment, but of having infinite affinity for its electrons, because 
as we raise the voltage we should get electron displacement and 
eventually should get electrons knocked off with resulting 
ionization. 

It must be remembered, too, that in the ordinary type of solid 
insulation—and I mentioned oil-treated cellulose—the material 
is colloidal in character. If it is not a true colloid, it is colloid- 
like and subject to colloidal laws. Colloids in the electrical 
field, of course, will assume a charge, and for all intents and 
purposes we have then a polar molecule, even though inherently 
it is of no moment. 

From that definition then, we would conclude that the perfect 
dielectric would be a molecule of no electrical moment and with 
infinite affinity for its electrons. 


I shall not try to apply that idea to all of Mr. Malti’s work, 
but I want to say that with such an idea, d-c. breakdown is 
subject to entirely different fundamental laws from a-c. break- 
down. Only in a case of what we have defined as a perfect 
dielectric would the d-e. and a-c. breakdowns be subject to the 
same characteristics or laws. i 


Passing over to d-c. breakdown, Mr. Malti mentions the fact 
that d-e. breakdown is subject to time, is a function of insulation 
thickness and is therefore subjected to the mode of voltage 
application, and logically following these conclusions, is subject 
to a fatigue effect. 

We have done considerable work in fatigue effect under a-c. 
potential, and we have been able to trace it out pretty well. 
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However, we have never been able, under carefully controlled 
conditions, to trace out a fatigue effect under d-c. potential. 
If the experiment is carefully controlled, the d-c. breakdown 
appears almost independent of the thickness. The rate of 
voltage application is not markedly effective. The time-voltage 
curve is almost flat. Those ideas fit in very nicely with the 
suggestion of molecular moment which I am offering. 

Mr. Malti is led to the conclusion that the pyroelectric theory 
is to be rejected. That conclusion I think, should be carefully 
considered before it is generally accepted. For example, Mr. 
Nlalti’s two reasons which he gives for this conclusion are of 
interest. We recognize that there are two types of breakdown 
perhaps—the instantaneous type and the so-called long-time 
type. To my idea the weakness of the pyroelectric theory has 
not been that it is wrong. It is apparently true, as far as I can 
see, that insulation failure is a heat phenomenon if you exclude 
the instantaneous type of breakdown. However, the pyro- 
electric theory begs the question almost entirely on the funda- 
mental cause of that heat and it is hard to see why Mr. Malti 
ean adopt his own ideas of viscous electrons and still retain the 
pyroelectric theory. If the heat theory is to be rejected on his 
ideas, what would he say is the direct cause of insulation failure? 
The motion of electrons is bound to create heat, and heat itself, 
from the second paragraph of his first reason, does exert an effect. 

Mr. Malti also rejects the idea of pyroelectric theory because 
of measurements on glass. This is one place where I want to 
emphasize what Mr. Lee has said. It is the present tendency 
to give up the study of oiled solids and pass over to the study of 
what are thought to be perfect dielectrics such as glass and salt 
crystals. In doing that you must remember that as we pass 
from cellulose materials to salt crystals, we are passing from the 
organic to the inorganic realm. Whatever the molecular attrac- 
tion may be in the organic realm, there seems to be considerable 
doubt that it is electrostatic. In the inorganic series, it is pretty 
certain that the attraction between atoms in the molecule is 
electrostatic. 

In going from the organie to the inorganic, from cellulose 
materials to glass, we are passing to a material which has all 
the appearances of being an electrolytic conductor. With salts 
such as silver sulphide, it has been shown conclusively that 
the conductivity is partly electrolytic and partly metallic in 
character. 

The dielectric characteristics of an inorganic insulator are 
probably affected by laws which do not apply to an organic 
molecule. I do not see how we can make any marked progress 
in obtaining a theory of insulation failure (by insulation meaning 
oiled organic material), by going over into a crystaline structure 
where in most cases we are dealing with inorganic materials 
showing either electrolytic or metallic conduction, or both. 

Herman Halperin: (by telegram) It would obviously be of 
very great assistance to the art if Mr. Malti would conduct a 
series of experiments to verify some of his theories and statements 
especially in regard to Fig. 9 showing the variation of dielectric 
strength with the thickness of dielectric and to his disagreement 
with the pyroelectric theory. In connection with the pyro- 
electric theory, it has been found in a series of tests at various 
voltages on several hundred samples of impregnated paper in- 
sulated cables of various voltages and sizes that about 75 per cent 
of the failures in accelerated life tests occur at points along the 
eable sheath which were considerably warmer previous to the 
failure than the adjacent sheath. This percentage increases with 
the thicker insulations. Further data on this point are given in 
the paper on the quality rating of high-tension cables by Mr. 
Roper and myself.! 

M. G. Malti: In answer to Mr. Halperin’s telegram and to 
the various speakers as to my attitude on the pvroelectric the- 
ory of breakdown, I should like to refer to the following state- 
ment on the tenth page of my paper: 


1. A.I.E.E. Transactions, 1926, Vol. 45, p. 528. 
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“Undoubtedly, for very prolonged potential application, the 
phenomenon of heat does exert an effect on the rupturing voltage 
by raising the temperature of the sample. However, a theory 
built wholly on this effect is of necessity erroneous.” 


Again, referring to the appendix (Column T) it will be noted 
that I am aware of at least seven references which confirm the 
view that the dielectric strength decreases with an increase in 
temperature. The question is really much deeper than would 
appear. It is this: For very short time of potential application 
is heat the result or the cause of breakdown? My answer is that 
for short time intervals heat is both a result and one of the 
weakest contributing factors of breakdown. 


The reason I assert that heat is a result, in the case of instan- 
taneous breakdowns, is that the phenomenon of breakdown is 
nothing more than the tearing up of the electrons from their 
orbits. The energy dissipated due to the consequent electronic 
oscillations, vibrations and friction appears in the sample as 
heat. - 


Answering Mr. Lee, I fully recognize the large amount of 
work of high caliber which has been carried on and published 
relative to dielectric breakdown. However, I beg to repeat that 
none of it appears to be crucial. If he finds opportunity to do 
some research I would suggest the following: take a group of 
samples of the same insulation all of the same thickness and all 
made by the same process of manufacture and as uniform in 
quality as can be had. Let these samples be tested under the 
following conditions: 


1. Continuous potential (time of potential application Sı 
seconds, breakdown potential applied in one step). 


a. Flat plates of the same material (plates not touching 
the insulation), 

b. F'at plates of the same material (plates touching the 
insulation), 

c. Flat plates of the same material (plate forming intimate 
contact with insulation), 

d. Increase and decrease size of plates and repeat tests 
a, b, c, 

e. Use spheres of varying diameters and repeat tests 
a, b, e, 

f. Use needle points and repeat tests a, b, e, 

g. Use a, b, c, d, e, and f in various combinations, 

h. Change material of plates and repeat tests a to g, 

i. Use plates of two different materials under various 
combinations and repeat tests a to g, 

j. Repeat tests a to i with various sources of continuous 
potential (e. g., kenetron tube, d-e. generators, induction 
machines, etc.). 


2. Alternating potentials (time of potential application Sy, 
seconds, full potential applied in one step): Repeat all tests 
listed for continuous potentials with alternating potentials of 
pure sine waves or of waves whose form is definitely known. 
Use ranges of frequency varying from 1 eycle per sec. to as high 
as laboratory facilities permit. 

3. Repeat tests 1 and 2 for a breakdown of Se, S; . 
seconds. 

4. Repeat tests 1, 2, and 3 with potential gradually increased 
to breakdown. This series of tests should be made under the 
same conditions of temperature, humidity, ete. 

5. Change the thickness of the dielectric and repeat tests 1 to 4. 

6. Change the temperature of the sample and repeat tests 
1 to 4 for various thicknesses. 


spn 


7. This suggested research should give some crucial results as 
regards only that one material. Therefore, repeat it for other 
materials. 


8. Give a very detailed description of the physical and chemical 
properties of the samples used. 

I know of no published work that has strictly followed this 
procedure. If this research can be made with the required 
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material and high-class labor, the results will shed a bright light 
on the mechanism of breakdown. 


I do not know that phenomena Mr. Lee refers to when he says 
‘*prediction of phenomena not yet observed.” Each of the 
phenomena mentioned in my paper is an entity. They are all 
well known and have been observed for ages. 


Mr. Rosch takes exception to my definition of hysteresis loss 
appearing in Eqs. (37a and 37b) on the ground that, these 
expressions would be correct if, and only if, the hysteresis loss 
remained constant at various frequencies. He further suggests 
that some research engineers should establish this fact. 


Unfortunately both hysteresis and viscosity are so intimately 
connected together that they cannot be experimentally separated. 
In order to affect their separation we have to discover a dielectric 
that possesses one but not the other property. Paraffin ozokerite 
closely approaches this ideal. It would be indeed well worth 
while if an experimental research engineer would establish or 
refute my equations. I wish to thank Mr. Rosch for this 
suggestion. 


Mr. Clark seems to infer, from the simile I give between the 
electrons and a crowd in a theater, that I endow the electrons with 
a degree of mentality. This simile is drawn only to help one’s 
imagination as to what goes on when a potential is impressed on 
a dielectric. He cannot see how, if all the electrons are of the 
same nature, some of them can be viscous, others elastic and still 
others free. I beg to refer him to part I section B of my paper 
and to state that the terminology used there might help him. 
I refer there to these electrons as free elastically bound and 
viscously bound. 


According to the modern electron theory of matter electrons 
are assumed to revolve in orbits of various diameters and various 
eccentricities about the proton. The picture is similar to our 
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solar system with the proton corresponding to the sum and the 
electrons corresponding to the various planets. 


qı q2 
Now from the fundamental laws of electrostatics, F = 


r2 
where qı and ge correspond to the charges on the proton and the 
electron and r to the distance and F is the force of attraction 
between the electron and proton?. 

It can be easily seen from this equation that the greater the 
distance between an electron and a proton, the less the force 
of attraction. Therefore, we may introduce, on this basis, the 
following definitions of the three types of electrons: 1. Free 
electrons are those which lie in the outermost orbit or orbits, 


2. Viscously bound electrons are those lying in orbits nearer 
to the proton than those of the free electrons, and 


3. Elastically bound electrons are those which occupy the 
innermost orbits. 


Mr. Clark refers to the old Maxwellian conception of molec- 
ular moments. However, in the light of modern developments 
the old Maxwellian views are known and have been proven to 
be very crude and incorrect. 


In regard to fatigue with d-c. potential Mr. Clark would 
probably be interested in the experiments of Professor Langsdorf 
and others. They have found fatigue. I shall be glad to supply 
a complete bibliography on the subject of fatigue which will 
not only be of interest to him but will probably suggest different 
modes of procedure from those he has been following in an effort 
to determine insulation fatigue. 

As to the cause of insulation failure, I beg to refer Mr. Clark to 
my answer of Mr. Halperin’s and Mr. Lee’s discussions. 


2. This definition is known not to be true for atomic structure but it 
is approximately true to illustrate my point. 


High- Voltage Measurements on Cables and 


Insulators 
BY C. L. KASSON: 


Member, A. I. E.E, 


Synopsis.— This paper presents some of the results of a series of 
high-voltage tests on cables and insulators, extending over a period 
of eight years, to determine the electrical characteristics of the insula- 
tion. Leakage current, insulation resistance, and watt input 
tests were made with direct and alternating current. Paper- 
insulated and rubber-insulated cables and a 27,000-volt porcelain 
insulator werc tested. 

From these tests several conclusions were drawn, the principal 
ones being as follows: 

1. Insulation resistance of paper and rubber-insulated power 
cables increases toa maximum with increasing applied d-c. voltage, 
the characteristic depending upon the temperature. 

2. It is necessary to use shields as well as guards in making 
tests to determine the electrical characteristics of cable insulation 
under d-c. voltage stresses above the ionization point. 


TESTS ON PAPER-INSULATED CABLES 


HE first series of tests described in the paper is 
that on paper-insulated, lead-covered cables. 
These were tested with direct current from a 

kenotron set and a high-voltage battery and with 60- 
cycle alternating current. 

The results of the tests were plotted to show the 
variation of leakage current, insulation resistance, and 
watt input with applied voltage at given temperatures. 
These curves show the _ insulation-resistance-voltage 
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Fig. 1—VariaTION OF D-c. CHARACTERISTICS (INSULATION 
RESISTANCE AND Watt INPUT WITH VOLTAGE) OF OLD 13,800- 
Vout Parer-INSULATED CABLE LINE 

Tests made on Line 5-97, consisting of rosin-oil impregnated, three- 
conductor, 4/0 copper cable, 18,283 ft. long. Conductor insulation, 7/32 
in., outer belt, 7/32 in. 


Voltage applied from kenotron and low voltage battery. Corrections 
made for temperature changes. 


stress and watt input voltage stress characteristics of 
the cables. The former indicates the resistance re- 
action of the insulation to d-c. voltage stress and the 
latter, the power input or dielectric loss. These latter 
characteristic curves are important because over a 


l. Edison Electrie Illuminating Co., Boston, Mass. 
Presented at the Regional Meeting of District No. 1 of the 
4. I. E. E., Pittsfield, Mass., May 25-28, 1927, 
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3. The watt input to the insulation of a paper cable under d-c. 
stress, al a given temperature, depends upon the character of the 
voltage wave; the greater the ripple, the greater the watt input. 

4. It is necessary to use shields as well as guards in making 
tesls on short cable samples to determine the a-c. electrical character- 
istics, such as dielectric loss of cable insulation under voltage stresses 
above the ionization point. 

5. The ionization point is very variable depending upon the physi- 
cal circuit, together with the atmospheric conditions, and represents, 
in reality, local air breakdown. 

6. The better (i. e., the more uniform) the dielectric, the greater 
is the tendency for the material to break down in its entirety rather 
than at a single point. Practically, of course, no dielectric is per- 
fectly homogeneous, so that failure will be restricted to the weakest 
spot or spots. 


given period of time they are a measure of the energy 
input to the insulation, with resultant heating. 
Insulation Resistance Varies with Voltage Applied. 
The first conclusion, namely, that insulation resistance 
increases to a maximum with increasing applied d-c. 
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Fia. 2—VARIATION OF D-c. CHARACTERISTICS OF New 15,000- 
VoLT Paper-INSULATED CABLE LINE 


Tests made on Line 38-118, consisting of petrolatum impregnated, three- 
conductor, 300,000 cir. mils cable, 22,079 feet long. Conductor insulation 
7/32 in., belt, 3/32 in. 

Voltage applied from kenotron and low voltage battery. 


voltage, is supported by the tests the results of which 
are shown in Figs. 1 to 6 and 10 to 14, inclusive. 

An inspection of these curves indicates that both old 
and new cables show this characteristic in varying 
degree, depending upon the temperature. At the lower 
temperatures the insulation-resistance rise is very 
pronounced, but at the higher temperatures the rise 
is slight. 

The first series of tests was made on an old (line 597) 
and a new (line 38-118) 15,000-volt cable. These 
cables were respectively 18,283 ft. and 22,079 ft. long. 
The results are shown in Figs. 1 and 2. 

The old cable (Fig. 1) shows a maximum insulation 
resistance at the given temperature, under a stress of 
only 13 kv. d-c. The new type cable (Fig. 2) shows a 
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characteristic still rising at 26 kv. From the character 
of these curves and values of insulation resistance it 
might be possible to draw partial conclusions as to the 
general condition of the insulation of these paper 
cables. On this basis the condition of line 5-97 appears 
to be poor and that of line 38-118 good. 

Effect of Temperature on Variation of Insulation 


Resistance with Applied D-c. Voltage. The effect of 
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INSULATION RESISTANCE —THOUSANOS OF MEGOHMS 


Fie. 3—VARIATION OF INSULATION RESISTANCE wirs D-c. 
VOLTAGE, AT SEVERAL TEMPERATURES, OF UNSHIELDED REELS 
or NEw Paper-INSULATED CABLE 


Tests on 15,000-volt, three conductor, 350,000-cir. mil cable lengths. Con- 
ductor insulation 7/32 in., belt 3/32 in. Cable A, 644 feet long; petrolatum- 
impregnated; cable B, 645 feet long, impregnated with petrolatum and 
roain-oil. 


Voltage applied from kenotron. 


temperature is shown in Fig. 3 for two new paper 
cables (A and B) of different types. Further tempera- 
ture effects upon the insulation-resistance-voltage- 
stress characteristics are shown in Figs. 4 and 5, for new 
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Fig. 4—VaRIATION OF D-c. CHARACTERISTICS AT Two TEM- 

PERATURES OF GUARDED, UNSHIELDED REEL OF NEW PAPER- 

INSULATED CABLE 


Tests made on cable C, 15.000-volt, three-conductor, 300,000 cir. mils, 
petrolatum-impregnated, 800 feet long. Conductor insulation 7/32 in., 
belt 3/32 in. 

Voltage applied from kenotron. 


C and old D paper cable, respectively. On the 
old cable, the effect of temperature is very marked. 
At 40-kv. direct current, the 23-deg. cent. characteristic 
is falling very fast, which probably indicates impending 
failure. The 60-deg. cent. curve would show a corre- 
sponding drop if plotted to suitable scale. 


KASSON: HIGH-VOLTAGE TESTS 


Transactions A. I. E. E. 


Necessity for Using Shields. In making tests to 
determine the electrical characteristics of reel lengths 
of cables it became evident that complete shielding is 
very important. Figs. 3, 4, 5, and 6 illustrate cable 
characteristics measured without shields. In these 
figures most of the insulation-resistance curves against 
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Fig. 5—VARIATION OF D-c. CHARACTERISTICS AT Two TEM- 
PERATURES OF UNSHIELDED REEL OF OLD PaAPER-INSULATED 
CABLE 


Tests made on cable D, 15.000-volt, three-conductor, 2/0, rosin-oi 
impregnated, 101 feet long. Conductor insulation 9/32 in., belt 9/32 in. 
Voltage applied from kenotron. 


voltage stress rise to maximum and then decline. This 
decline is apparently due to ionization of the air, 
either within or outside the cables. The effect of the 
ionization of the air at the ends of the cable becomes. 
proportionally less as the leakage current through the 
insulation increases; in fact, in case of very high 
leakage through the insulation, it may be a negligible 
percentage of the total measured current. 

Where the leakage current is low, however, the end 
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Fic. 6—VARIATION oF D-c. CHARACTERISTICS (LEAKAGE 
CURRENT, INSULATION RESISTANCE, AND WATT INPUT WITH 
VOLTAGE) OF UNSHIELDED REEL oF NEw PapeEr-INSULATED 
CABLE 


Tests on cable C (see Fig. 4). 
battery. 


Voltage applied from high-voltage 
Temperature 26-29 deg. cent. 


effects may equal or completely swamp the cable in- 
sulation effect at stresses above the ionization point. 
In these cases, whether the cable is long or short, it is 
necessary to use shields and guards to obtain the true 


May 1927 KASSON: 
leakage current values through the insulation, from 
which values the cable characteristics are derived. 
Further tests were made, therefore, on cable C 
using shields and the results are given in Figs. 10, 11, 


13, and 14. These results support the second con- 
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hg 
Fig. 7—DIAGRAM OF CONNECTIONS FOR TESTS WITH CABLE 
AND INSTRUMENTS SHIELDED 


clusions, that it is necessary to use shields as well as 
guards in making tests to determine the electrical 
characteristics of cable insulation under d-c. voltage 
stresses above the ionization point. 
The term “shielded guarded” means that a complete 
system of shielding was used in making these tests in 


Fic. 8—SHIELD FOR REEL or CABLE 


addition to the ordinary guards or guard rings. This 
system of shields, in the case of the paper cable, is 
diagrammatically outlined in Fig. 7. The actual 
cable and instrument shields are shown in Figs. 8 and 9, 
respectively. From Fig. 7, it will be noted that the 
cable, measuring instruments, and connections are 
completely shielded. 

Figs. 10 and 11 were obtained with shields and guards, 
and No. 6 without them on an 800-ft. length of 15,000- 
volt paper cable C. It will be noted that the shielded 
guarded values are only a fraction of the unshielded 
unguarded values at the higher stresses. For instance, 
the shielded guarded values of insulation resistance, 
leakage current, and input watts at 50 kv. are 104,000 
megohms, 0.48 microamperes, and 0.024 watts, 
respectively. 
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For comparison, the unshielded unguarded values at 
50 kv. are 2400 megohms, 20.8 microamperes, and 1.04 
watts, respectively. It will be observed that the 
leakage current and watt input at 50 kv., unshielded, 
unguarded are 48 times the shielded guarded, or true 
values. 

Subtracting one value from the other indicates that 
the leakage current and watt input, in the surrounding 


Fic. 9—SHIELD ror MEASURING INSTRUMENTS 


atmosphere, amount to 20.3 microamperes and 1.02 
watts, respectively, at 50 kv. Of course, these values 
depend upon the physical arrangement of test circuits 
and the atmospheric conditions. 

Fig. 12 shows the comparisons between the character- 
istic curves of insulation resistance against voltage 
stress with and without shields and guards. From an 
inspection of Fig. 12, it appears that the curves of in- 
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Fig. 10—VaRIATION oF D-c. (BATTERY) CHARACTERISTICS 
ON SHIELDED. REEL or New Paper-INSULATED CABLE 


Tests on cable C (see Fig. 4). Voltage applied from high-voltage 
battery. Temperature 26-29 deg. cent. 


sulation resistance under the two conditions diverge at 
stresses far below the usual so called ionization point. 
There is a marked divergence at 10 kv. d-c. It will 
be noted that the shielded guarded curve continually 
rises and it might be inferred that it must reach a 
maximum and decline previous to failure due perhaps 
to the ionization of the air within the insulation. 

Fig. 16 shows the total end loss in watts, which is 
the difference between the unshielded unguarded and 
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shielded guarded results, plotted against voltage stress. 
This curve evidently represents the power dissipated 
into the air at the various d-c. stresses. 

It is apparently possible to dissipate 0.03 watt at 
25 kv., 0.17 watt at 35 kv., 0.31 watt at 40 kv., and 
1.02 watts at 50 kv. into the atmosphere under the 


POWER - WATTS 
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Fig. 11—Variation or D-c. (BATTERY) CHARACTERISTICS OF 
SHIELDED REEL oF New PaPeEr-INSULATED CABLE 


Results of Fig. 10 plotted to larger scale 


given test conditions with a battery source of d-c. 
stress as shown by Fig. 16. It is obvious that the value 
of watts will increase rapidly with the higher voltages 
and is subject to the local atmospheric conditions 
at the ends of the cable. 

These results lead the author to believe that nearly 
all laboratory tests on cables and other insulations under 
d-c. stresses must be made with shields as well as guards 
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Fic. 12—Curvers SHOWING EFFECT OF SHIELDING AND GUARD- 
ING ON MEASURED INSULATION RESISTANCE OF REEL oF NEW 
Paprrer-INSULATED CABLE 


Voltage applied from high voltage 
(Includes data of Figs. 6 and 10.) 


Tests on cable C (see Fig. 4). 
battery. Temperature 26-29 deg. cent. 


in order to secure true and accurate results. Further, 
it is believed that such shields are necessary at stresses 
far below the ordinary ionization point. 

The need for the shield is due to the fact that the end 
effects are composed of surface leakage and leakage 
through the air. The guard takes care of the surface 
leakage and the shield takes care of the leakage through 
the air at the end of the cable. 
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The use of guards or guard rings is an old practise 
and some observers have used shields for instruments, 
but the author believes that the use of shields on the 
cable or dielectric under test is new and also very vital. 
These shields and guards are necessary in all cases 
‘where the end effects are of sufficient magnitude to 
interfere with the determination of the true d-c. leakage 
current through the insulation. 

The relative effects of the guard and shield have not 
been fully determined as yet. In fact, it will be practi- 
cally impossible to establish it as all guards are in a 
measure partial shields. From such preliminary work 
as has already been done, it appears that the shield 
effect predominates over the guard effect under d-e. 
stresses and that this predominance is very marked at 
the higher d-c. stresses. Comparison of the curves 
in Fig. 12 shows that, for paper-insulated cable C, 
the effect due to shields is very much greater than that | 
due to the guards, the difference becoming more marked 
at the higher voltages. 

An inspection of Figs. 10, 11, 18,and 14 indicates that 
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Fig. 13—VariaTION OF D-c. (KENOTRON) CHARACTERISTICS OF 
GUARDED SHIELDED REEL OF NEw PapeEr-INSULATED CABLE 


Tests on cable C (see Fig. 4). Voltage applied from kenotron. Tem- 


perature 26 deg. cent. 


with both battery and kenotron d-c. stress, the in- 
sulation resistance curves show a slight drop at the start 
before the general rising characteristic begins. It is 
thought that this results from either a residual electri- 
fication or a change within the insulation. This reverse 
action is perhaps important as indicating a complete 
change of conditions within the dielectric. It is per- 
haps related to the particle action and the initial 
state of the dielectric. This aspect of these tests is 
worthy of further study from the standpoint of di- 
electric action under stress. 

The various curves presented show that the insulation 
resistance of modern paper cables under shielded 
conditions is exceedingly high and increases with in- 
creasing applied d-c. stress up to certain limits. From 
the d-c. standpoint a good paper cable dielectric is a 
much better insulator than has been previously ap- 
parent. In fact, a modern cable is a first class con- 
denser of exceedingly low leakage. From the operat- 
ing standpoint, perhaps it may be worth while to havea 
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May 1927 KASSON: 
certain amount of leakage in a long cable to act as a 
safety valve when the line is subjected to a high 
transient voltage. In other words, perhaps a certain 
amount of leakage acts as a stabilizer provided that in 
obtaining this leakage there is no unnecessary sacrifice 
of dielectric strength. 

Comparison of Battery and Kenotron Tests. Shielded 
guarded Figs. 10 and 11 obtained by use of the Cruft 
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Frio. 14—V ARIATION oF D-c. (KENOTRON) CHARACTERISTICS OF 
GUARDED, SHIELDED REEL OF New PAPER-INSULATED CABLE 


Results of Fig. 13 plotted to larger scale 


high-voltage battery may be compared with Figs. 13 


_and 14 by kenotron, for the 800-ft. length of 15,000- 


volt paper cable C. The results are quite similar, 
but the watt input with the kenotron is a little higher 
than that with the battery source. This is shown by 
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Fic. 15—COMPARISON OF WATT INPUTS WITH KENOTRON AND 
BATTERY ON SHIELDED REEL or NEw PAPER-INSULATED CABLE 


Data of Figs. 10 and 13 


Fig. 15. It is believed that this is due to the ripple of 
the kenotron wave. 

From this the third conclusion is drawn, that the 
watt input to the insulation of a paper cable under 
d-c. stress, at a given temperature, depends upon the 
character of the voltage wave; the greater the ripple, 
the greater the watt input. This would agree with the 


- accepted fact that the watt loss in a dielectric increases 


with frequency. In other words, the watt loss in a 
dielectric at given ambient temperature ranges from a 


_ minimum on direct current with wave form better than 
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that supplied by battery, to a maximum at high 
frequency. 

A-c. Dielectric Loss Tests, Shielded and‘ Unshielded. 
The failure of insulation is largely a matter of heat 
and its relative distribution in the material. Under 
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Fig. 16—VARIATION OF Watts Enp Loss wiru D-c. VOLTAGE 
(BATTERY) ON REEL OF NEW PaPer-INSULATED CABLE 


Tests on cable O (see Fig. 4). Voltage applied from high-voltage 
battery. Temperatures 26-29 deg. cent. Data from Figs. 6 and 10 


d-c. stress the watt input and the consequent heating is 
very slight in comparison with that under so called 
equivalent a-c. stresses. On cable C the a-c. watt input 
at 24,000 volts, 60 cycles, was 131.8 and the d-c. watt 
input at 50 kv. was 0.024 watts, at room temperature. 

The shielded guarded values on cable C at 24,000- 
volts a-c. were 131.8 watts as against an unshielded 
unguarded value of 133 watts. This would indicate 
that shielding is not necessary in making a-c. dielectric 
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Fig. 17—VaARIATION OF Watt Inputs wiTH 60-CrcLE VOLT- 
AGE ON SHORT LENGTHS OF NEW Paper-INSULATED CABLE, 
SHIELDED AND UNSHIELDED 


Tests made on cable G, 15,000-volt, three conductor, 300,000 cir mils, 
petrolatum-impregnated, 24 ft. long. Conductor insulation 7/32 in., 
belt 3/32 in. 


Voltage applied from 60-cycle source. Temperature 25 deg. cent. 


loss tests on long cables, 800 or more feet in length, 
unless the dielectric losses are exceedingly low. 

Fig. 17 shows the curves of a-c., 60-cycle watt input 
(dielectric loss) against voltages stress for a 24-ft. 
length of 15,000-volt paper cable G with and without 
shields and guards. On such a short cable. the a-c., 
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60-cycle end losses are not negligible and shields and 
guards are necessary to insure proper accuracy of 
dielectric loss measurements at stresses above the 
ionization point. The shielded and guarded value at 
24,000 volts was 4.05 watts and the unshielded un- 
guarded value 5.43 watts. 

The difference of 1.38 watts, which is the end loss, 
compares favorably with that of 1.2 watts obtained in 


Fic. 18—VaRIATION or Watts Enp Loss wits 60-CyYcLeE VOLT- 
AGE ON SHorRT LENGTH OF NEw PapeEr-INSULATED CABLE 


From data of Fig. 17 


the previous case of the 800-ft. cable. The term end 
loss as used is the total end loss or difference between 
the unshielded unguarded value and the shielded 
guarded one as previously outlined in the case of the 
d-c. tests. The relative effect of shield and guard is 
very difficult to obtain because all guards act as shields. 
Leakage taking place 1/1000 of an in. above the surface 
of the paper is leakage through the air. Any guard 
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Fig. 19—VariaTion or D-c. CHARACTERISTICS (LEAKAGE 
CURRENT, INSULATION RESISTANCE, AND WATT INPUT WITH 
VOLTAGE) AT Two TEMPERATURES OF UNSHIELDED REEL OF 
New RvBBER-INSULATED CABLE 


Tests made on cable E, 10,000-volt, single conductor, 4/0, 7/32 in. 
insulation, 505 feet long 
Voltage applied from kenotron 


ring intercepts this as well as the true surface leakage. 
All tests made so far have shown different values with 
and without shields even if guard rings were left on dur- 
ing the latter condition. 

The error of 34 per cent in the unshielded unguarded 
measurements indicates the necessity for using shields 
and guards in making measurements of a few watts 
loss under stresses around 24,000-voltsa-c. From this, 
it may be deduced that unshielded unguarded watt 
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loss measurements on cable samples of 10 ft. or less 
under a-c., 60-cycle, 24,000-volt stresses might be 100 
per cent in error. The author believes that this is 
one of the reasons why dielectric loss measurements 
taken at different laboratories and more especially those 
on short lengths of cables as against long lengths, have 
sometimes failed to agree in the past. 

From the foregoing results the fourth conclusion has 
been drawn that it is necessary to use shields as well as 
guards in making tests on short cable samples to 
determine the a-c. electrical characteristics, such as 
dielectric loss of cable insulation under voltage stresses 
above the ionization point. 

Fig. 18 shows the variation of total watt end loss with 
voltage stress. This loss is made up of surface and air 
electrical leakage as in the previous cases. The 
relative proportion is very difficult to determine but it is 
believed as a result of preliminary tests that both factors 
are important and neither negligible. Further pre- 
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Fic. 20—VaRIATION or D-c. CHARACTERISTICS AT Two 
TEMPERATURES OF UNSHIELDED REEL oF OLD RUBBER-INSC- 
LATED CABLE 


Tests made on cable F, 10,000-volt, single-conductor, 4/0, 7/32 in. 
insulation, 319 feet long. 
Voltage applied from kenotron 


liminary tests have indicated that the guard effects 
vary depending on the relative position of the guard 
ring to the copper conductor and the lead sheath. 
This is further proof that the guard ring acts as a 
partial shield. 


Ionization Point is Indeterminate. It will be ob- 
served that the difference between the shielded guarded 
and unshielded unguarded measurements steadily in- 
creases with increasing stress. The difference probably 
represents the increasing air loss at the ends of the cable. 
It will be noted that these curves (Fig. 17) diverge at 
even the lower stresses, as in the case of the previous 
d-c. tests shown in Fig. 12. 

From this and the previous results, the fifth conclu- 
sion is drawn: that the so called ionization point is very 
variable depending upon the physical circuit together 
with the atmospheric conditions and represents, in 
reality, local air breakdown. This is supported by the 
tests with direct current on paper and rubber cables 
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as well as by the a-c. tests on paper cable. In all 
cases the curves with and without shields and guards 
diverge at the lower values of stress below the commonly 
accepted ionization point. 

From this, it may be deduced that the air conducts at 
all stresses both direct current and alternating current 
and that ionization points represent local air break- 
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Fic. 21—VaRIATION OF D-c. CHARACTERISTICS OF UNSHIELDED 
LENGTH oF New RvuBBER-INSULATED CABLE 


Tests made on cable H, 10,000-volt, single-conductor, No. 6, 7/32 in. 
nsulation, 89 feet long 
Voltage applied from kenotron 


down due to the local physical circuit, atmospheric, and 
stress conditions. 


TESTS ON RUBBER-INSULATED CABLE 

Tests similar to those on the paper-insulated cables 
were made also on rubber-insulated cables. 

Insulation Resistance Varies with Voltage Applied. 
A new and an old rubber cable showed the same general 
insulation-resistance-voltage-stress characteristic at 
25%deg. cent. as did the paper-insulated cables. Figs. 19 
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Fig. 22—VariaTION or D-c. CHARACTERISTICS OF UNSHIELDED 
LENGTH OF NEW RUBBER-INSULATED CABLE 


Data of Fig. 21 plotted to larger voltage scale. 


and 20, giving results of tests on cables E and F, 
respectively, illustrate this. The new rubber cable E, 
Fig. 19, also shows the characteristic at 55 deg. cent., 
but the old cable F, Fig. 20, shows only a falling 
characteristic at this temperature. It is probable 
that if the test range had been extended, the curve of 
insulation resistance would have shown a rising charac- 
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teristic at the lower voltages and a rapidly falling one 
at the higher voltages approaching the breakdown 
point. eS 

A series of d-c. tests by kenotron was made on an 
89-ft. length of new 10,000-volt rubber cable H, 
both with and without shields. In these tests, the 
stresses were carried up to the breakdown point. The 
results are shown by Figs. 21, 22, 23, 24, and 25. The 
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Fic. 23—VARIATION OF D-c. CHARACTERISTICS OF SHIELDED 
LENGTH OF New RvuBBER-INSULATED CABLE 


Tests made on cable H (See Fig. 21). Voltage applied from kenotron 


same shields and test set-ups were used as in the case 
of the paper cable. 

From the curves, it will be noted that the insulation- 
resistance-voltage-stress curve, at room temperature, 
continually falls from the 10-kv. point. It is probable 
that at stresses below 10 kv., the curve would show a 
rising characteristic. 

It is apparent that the leakage current and input 
watts rise very rapidly after the critical point of 60 kv. 
is reached under the unshielded condition. This is 
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Fia. 24—V ARIATION oF D-c. CHARACTERISTICS OF SHIELDED : 
LENGTH OF New RuBBER-INSULATED CABLE 


Data of Fig. 23 plotted to larger voltage scale 


probably due to the ionization of the external air 
surrounding the ends of the cable. 

On the other hand, the abrupt rise under shielded 
conditions does not occur until 70 kv. is reached. This 
must be due to the ionization of the air entrapped in the 
dielectric itself. It would thus appear that the ioniza- 
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tion of the external air around the cable ends takes place 
before the ionization of the air entrapped in the insula- 
tion, unless the test results are seriously modified by 
the action of surface leakages. Perhaps this is a ques- 
tion of air pressure and movement. 

Effect of Shields. The effect of shielding and guarding 
is very marked in these tests as in the case of the paper 
cable. The true or shielded guarded watt input at 
80 kv. d-c. was 0.064 watt and the unshielded un- 
guarded value 2.80 watts, making the end loss 2.74 
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Fig. 25—ComPaRISON OF Curves OF Watt Input wira D-c. 
VOLTAGE ON NEw RvsBBER-INSULATED CABLE, SHIELDED AND 
UNSHIELDED 


Tests on cable H (see Fig. 21). Data of Figs. 21 and 23 


watts. It will be observed that the true loss is only 
1/44 of the apparent or unshielded unguarded loss at 
the given stress. The relation is shown graphically 
by Fig. 25. | 

The use of shields as well as guards is thus absolutely 


Fia. 26—Variation OF Watts Enp Loss wira D-c. VOLTAGE 
on LENGTH OF New RUBBER-INSULATED CABLE 
Tests on cable H (see Fig. 21). Data from Fig. 25 

necessary in making d-c. measurements on short rubber 
cables at high stresses in order not only to insure the 
accuracy of results but to determine the true character- 
istics of the cable insulation. 

If the cable in question had been 10 ft. long, the 
measuring error at 80 kv. d-c. might have been of the 
order of magnitude of 39,000 per cent, without shields. 
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On the other hand, if the cable had been 18,000 ft. long 
the error might have teen 21 per cent. 

From the data it may be deduced that in testing an 
installed rubker cakle of 18,000-ft. length, by kenotron 
at stress of 40 kv., the error in measuring the watts 
loss, due to end leakage, might be 13 per cent. The 
shielded leakage current and watt input at 40 kv. 
d-c. for the above cakle would ke approximately 8.1 
microamperes and 0.34 watts, respectively. 

According to this data, a kenotron test set used on 
such a cable ought to show approximately 9.16 micro- 
amperes and 0.39 watt without shields. Thus, shield- 
ing is hardly necessary in making field measurements on 
long lengths of installed rubber cables at moderate 
Stresses direct current. As a matter of fact, shields 
could not be used as outlined here because the cable 
sheaths are directly grounded. 

The field measurements with kenotron set usually 
show 100 microamperes to one milliampere for the above 
cable when tested at 40 kv. This large difference is 
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Fig. 27—VaRIATION oF D-c. CHARACTERISTICS (LEAKAGE 
CURRENT, INSULATION RESISTANCE, AND WATT INPUT WITH 
VOLTAGE) OF UNSHIELDED 27,000-Vo_t Pin-Type LINE 
INSULATOR 


Voltage applied from kenotron 


due to the leakages and rectified charging currents of 
the set itself. Thus, many kenotron test measurements 
on installed cables do not indicate the true leakage 
current through the cable insulation, and give values 
that are much too high. 

The great value of shields lies in their use when 
measuring dielectrics in the laboratory and in thus 
obtaining true data to use in studying dielectric 
phenomena. 

Fig. 25 shows the comparison between the shielded 
and unshielded watt input to the rubber cable. The 
great difference between the two will be noted. Ob- 
viously, the shielded curve, if extended through the 
breakdown point, would rise nearly perpendicular 
to the abscissa (stress) becoming an asymptote. After 
breakdown, the current would be very great under 
stresses of 85 kv. and upward. Many very interesting 
speculations outside the scope of this paper can be 
drawn from this fact. 
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The end loss is given by Fig. 26. The general dis- 
cussion on the paper cable end losses applies also to the 
rubber cable end losses. 

Insulation Failure. Fig. 23 shows the true shielded 
guarded insulation-resistance-voltage-stress curve from 
10 to 85 kv. Under the shielded condition, at ap- 
proximately 84 kv., the curves of leakage and watt 
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Fia. 28— DIAGRAM OF CONNECTIONS FOR MEASUREMENTS ON 
SHIELDED LINE INSULATOR 


input are rising very rapidly and are nearly perpendic- 
ular to the abscissas (voltage stress). This, of course, 
indicates that the dielectric is about to fail. As a 
matter of fact, failure did take place at 85 kv. Upon 
examination, this new rubber cable ‘was found to be 
literally riddled with incipient faults. After the first 
failure, a number of these other faults were developed 
by applying a comparatively low voltage. The rubber 
insulation had been stressed far above its safe or 
electrical elastic limit, and a general deterioration had 
set in. 


Fic. 29—SHIELD FOR Pin-Type Line INSULATOR 


This leads to the sixth conclusion, that the better, 
îi. e., the more uniform the dielectric, the greater the 
tendency for the material to break down in its entirety 
rather than at a single point. Practically, of course, no 
dielectric is perfectly homogeneous, so that failure will 
take place at the weakest spot or spots. From this it 
might be deduced reasonably that the better the in- 
sulation the more care should be taken not to over- 
stress it. Such over-stressing, while not producing 
actual failure, must deteriorate and weaken the whole 
insulation. It might be further deduced from this that 
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there must be an electrical elastic limit in dielectrics analo- 
gous to the physical elastic limit in metals. If the stress 
exceeds this limit a strain and eventual failure is the 
result. 


TESTS ON A LINE INSULATOR 


Besides the tests on paper and rubber cables a similar 
series has been made on a 27,000-volt porcelain line 
insulator, both with and without shields. Fig. 28 
shows the diagrammatic arrangement, Fig. 29 is a 
reproduction of a photograph of the insulator shield, 
and Fig. 9 of the instrument shield. 

Results of D-c. Tests. Figs. 27 and 30 show the d-c. 
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Fic. 30—VaRIATION OF D-c. CHARACTERISTICS OF SHIELDED 
27,000-VoLT, Pin-Type Line INSULATOR 


Same insulator as in Fig. 27. Voltage applied from kenotron 


unshielded and shielded test results. It will be noted 
that the shielded insulation-resistance-voltage-stress 
curve has a slowly falling characteristic from 20 kv. 
upward. Itis believed that this curve would have been 
nearly flat if the shield had been brought closer to the 
porcelain. 

At 70 kv. d-c. the shielded values are 0.019 micro- 
ampere, 1.32 milliwatts, and 3.5 millions of megohms. 
The corresponding unshielded values are 2.8 micro- 
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Fic. 31—VaARIATION OF CURRENT AND IMPEDANCE WITH 
60-CycLE VOLTAGE ON 27,000-Vo.LT, Pin-TyPe LINE INSULATOR, ` 
SHIELDED AND UNSHIELDED 


Same insulator as in Fig. 27. Voltage applied from 60-cycle source 


amperes, 197.5 milliwatts, and 25,000 megohms. The 
relations shielded to unshielded are: leakage current and 
watt input 1/150 and resistance 150/1. 

From these curves, it will be noted that the shielded 
value of insulation resistance falls rather slowly and that 
the watt input is not increasing very rapidly at 70 kv., 
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which is a low stress for the insulator. The porcelain 
apparently presents a more nearly constant resistance to 
electrical stress than impregnated paper and rubber 
insulation. 

The unshielded curves show the effect of the electrical 
leakage through the air around the outside of the in- 
sulator. At 60 kv. the leakage and watt input curves 
rise very abruptly as in the case of the rubber cable. 
This is probably due to the ionization of the external 
surrounding air. The shielded curves (Fig. 30) of 
leakage current and watt input do not even show a 
rapidly rising characteristic at 70 kv. d-e. This 
leads to interesting speculation on the general question 
of ionization and dissipation of d-c. electric energy from 
a body of given configuration under given atmospheric 
conditions, at various stresses. 

Results of A-c. Tests. Fig. 31 shows the results for 
the same insulator under a-c., 60-cycle stresses. These 
results indicate that shields are necessary to obtain 
true readings under a-c., 60-cycle stresses. At 70-kv. 
a.c. the shielded values of current and impedance are 
0.42 milliamperes and 166 megohms. The correspond- 
ing values unshielded are 0.57 milliamperes, and 122 
megohms, respectively. Shielding thus established the 
true value of 0.42 as against the apparent value of 
0.57, a difference or error of 36 per cent. 

It will be noted that the impedance voltage-stress 
curves are nearly flat, perhaps indicating that the in- 
sulator is well within its safe electrical stress limits. 
If, in future tests, these curves can be carried through 
the lower and higher ranges, undoubtedly new and 
valuable data can be obtained. 

No a-c. watt measurements were made on this in- 
sulator but it is believed that these are very important 
and will throw further light on the situation. It is 
hoped to do more work along this line in the future. 


REMARKS AND SUGGESTIONS 


In all these tests and researches, the attempt has been 
made to determine the insulation-resistance-voltage- 
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stress curve and the watt-input voltage-stress curve. 
It is believed that if such curves can be obtained for 
various insulations under electrical stresses, both 
direct current and alternating current of various 
frequencies from zero to breakdown at several tem- 
peratures, then the way will be opened for the practical 
study and determination of dielectric action under 
electrical stress. 

The work covered by this paper involved for the most 
part d-c. stresses and it is not known how far the results 
reflect the action of the insulating material under a-c. 
stresses. From the d-c. standpoint, it might well be 
argued that the insulation-resistance-voltage-stress 
curves are a measure of insulation condition. As long 
as the resistance increases with increasing voltage 
stress the insulation might be said to be on the safe side. 

The maximum value would then be the electrical 
elastic limit and the falling portion of the curve would 
represent the tendency of the insulation to deteriorate or 
electrically age. A sharp drop in the insulation resis- 
tance curve would indicate impending breakdown. 

If this d-c. picture represents also the a-c. situation 
then a new means is provided for studying insulation 
under electrical stress. A large amount of a-c. research, 
however, must be conducted and matched against the 
direct current before these conclusions are justified. 

The problem is further complicated because the d-e. 
insulation-resistance-voltage-stress curves vary widely 
with temperature, and the application of the higher 
a-c. stresses produces a temperature change in the 
insulation. 


The author believes that continuation of this line 
of investigation will open the way for a real practical 
study of dielectric phenomena. 


DATA ON TEST METHODS, INSTRUMENTS, ETC. 


All tests and research work were carried on by the 
Standardizing and Testing Department of The Edison 
Electric Illuminating Company of Boston except those 
recorded in Figs. 3, 4,5, 19,and 20, which were made by 


TABLE I 
TEST CONNECTIONS, TIME OF CHARGE, AND INSTRUMENTS USED IN MAKING MEASUREMENTS 


Fig. No. Test connection 


1 Conductor 1 vs. 2, 3, and sheath...........c000eee0. 


2 Samé as Pie Py oa oid Wit 6s oy Gb eens ew wi ala aE Ss 
3 MATHe as Piko lows oceans wine | acide Raed Pewee ees 
Conductor 1 vs. sheath. Conductors 2 and 3 floating 

4,5, 19 and 20 
6,10,11,12,15 and 16 


13, 14 Same is: Eit. Os. sees vias Ce ee nsec ee ween s 
17 and 18 Same as FIg. Orica a ee Soe ciemew ba whe tema ware 
21, 22, 23, 24, 25 
and 26 Conductor vs. sheath... .iccisisedeeec ek ie see ssnccs 
27, 30, and 31 


Time of charge, 
min. Instruments for measuring current and power* 
Rawson 10-microampere Type 501 galvanometer. Leeds 

~& Northrop high-sensibility portable galvanometer 

10 Same as Fig. 1 . 

Rawson 2-microampere and 10-microampere galvanom- 
eters, Type 501 


qo 


5 or 45 Rawson Type 501 galvanomcter 
8 Rawson l-microampere Type 501 microammeter. Leeds 
& Northrop Type H galvanometer 
8 Leeds & Northrup Type H galvanometer 
G. E. Type ALi Astatic reflecting dynamometer 
6 or 30 Leeds & Northrup Type H galvanometer with series 


resistance and shunted protective gap 

For d-c., L. & N. Type H galvanometer. For a-c., 
Rawson 2-milliampere thermojunction with L. & N. 
Type H galvanometer 


rr rrr SS SS eS is PGS 
*D-c. voltages measured by voltage kenotron or electrostatic voltmeter. 
A-c. voltages, by potential transformer and voltmeter. 
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graduate students of the Massachusetts Institute of 
Technology at the suggestion of the Standardizing and 
Testing Department. 


The tests and research work were performed at the 
substations and laboratory of the above company, at 
the Massachusetts Institute of Technology, and at the 
Cruft Laboratory of Harvard University. 


The tests recorded in Fig. 3 were part of a student 
thesis prepared by T. M. Burkholder and D. E. 
Replogle. Figs. 4, 5,19, and 20 show some of the results 
obtained from tests made in connection with a student 
thesis written by E. E. Piepho and J. E. Handy. 


The kenotron tests were made with a single-tube 
50,000-volt and a two-tube, 100,000-volt kenotron 
test set of the Standardizing and Testing Department 
of The Edison Electric Illuminating Company of 
Boston. The high-voltage battery tests were made 
with the 100,000-volt battery of the Cruft Laboratory 
at Harvard University. 


The test connections, time of electrification, and mea- 
suring equipment used in the various tests are given 
in the foregoing table. As the current flow on the d-c. 
tests varied with time of electrification, it was necessary 
to select arbitrarily a reasonable time of charge. In 
each case a value was taken at which the current had 
become fairly constant. 
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Discussion 


W. B. Kouwenhoven: I am very glad that Mr. Kasson has 
pointed out again the necessity of using shields and guards in 
making high-voltage measurements on cables. I pointed out 
at the Mid-Winter Convention of 1926 that unless shields and 
guards are employed the results may be widely in error. 


It is not only important to shield specimens properly from all 
electrostatic fields but in case of the a-c. measurements of loss, 
it 1s also necessary that the voltage of a shield be the same as the 
voltage of the conductor it protects. It is therefore essential to 
place in series between the shield and ground an impedance that 
is the same as the impedance of the measuring instrument used. 
Unless this is done the difference in potential between the shield 
and its shielded conductor will cause an error in results. This 
point, I am afraid, is often overlooked. 


Mr. Kasson’s curves in Fig. 3, showing the effect of tem- 
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perature on d-c. insulation resistance, do not conform with the 
law that we have found for some of our cable samples. This law 
states that the logarithm of the conductivity is equal to a con- 
stant divided by the temperature, plus another constant. 
When the logarithm of the conductivity is plotted against the 
temperature the curve is a straight line, although, some of our 
specimens give this straight line relation, there are others that 
are exceptions to the rule. 

There is one other point which I would like to mention in 
regard to Mr. Kasson’s work and that is his method of pro- 
cedure. The time of charge must be considerable to obtain 
accurately the conductivity of specimens. It may take several 
hours before the final leakage current is reached, owing to the 
presence of the absorbed charge, and unless the test is continued 
over a long period of time you cannot be sure that the current 
measured is actually the final leakage current, corresponding to 
the conductivity of the sample. 


One method that we have used at Johns Hopkins in this work, 
and which will shorten the time somewhat, is to take a charging 
run for about 45 min. and then immediately throw the cable in 
discharge and measure the absorbed charge coming out for the 
same period of time. The difference between these two curves 
represents the final leakage current. 


Another difficulty that arises when measuring the conduc- 
tivity or leakage current at several different voltages is the super- 
position of the curves. If, for example, you apply 5000 volts for 
a certain length of time and take a reading of the conductivity, 
and then raise the voltage to 10,000 volts the second curve is 
superimposed on top of the first and you cannot be sure of the 
results. If possible, it is best to discharge the cable between each 
run. 

I should like to ask Mr. Kasson what method of measuring he 
used in determining his a-c. losses. 

If, as pointed out by Mr. Kasson, it is possible to tell from the 
shape of the d-c. resistance curve plotted between resistance and 
voltage whether a cable is getting old and deteriorating, or 
whether it is in good condition, we have a very important aid 
with which the operating companies can determine the condition 
of their cables. We have been endeavoring to determine some 
such relation in our research work at Johns Hopkins but to aate 
have not been able to find any definite relation. 

Herman Halperin: (by telegram) In Mr. Kasson’s paper, 
Fig. 1, shows, for cable with 7/16 in. insulation to sheath, 
the maximum insulation resistance occurs at 13 kv., which 
using the d-e. to a-c. ratio of 2.4 corresponds to about 5-kv. a-c. 
This indicates electrical action in the cable at a potential 
of only about half the operating voltage of this old cable. 
A-c. ionization tests made on several samples of old 12- 
kv. three conductor cables, removed from the system of the 
Commonwealth Edison Company have shown practically flat 
power-factor voltage characteristics up to 10- or 15-kv. three- 
phase. As the insulation on these cables was considerably less 
than on Mr. Kasson’s cable, the stresses at which ionization took 
place in our cables would be approximately three times as much 
as the stress at which a change occurred in his d-e. tests. Perhaps 
by means of these tests he has discovered a new characteristic 
of the insulation in connection with the effect of shielding. 
In Fig. 8 he shows a metal box around the entire reel of cable. 
If the shielding is to take care of ionization near the end of the 
cable, I am wondering whether a metal box over each end of the 
length of cable would not be sufficient. Referring to the para- 
graph regarding the nonuniformity of cables, our testing has 
shown that cables with poor quality of insulation are liable to be 
more irregular in their quality than the cables of high quality 
which checks Mr. Kasson’s statement. For instance poor cables 
would develop several hot shots in accelerated life tests and fail in 
rather short times. In some accelerated life tests at 2.5 rated 
voltage we took several 50-ft. samples from various sections of 
one make of a given size of high-tension cable which was giving 
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trouble in service and shown to be irregular in factory tests. 
One sample failed, after a total of 26 hr., while another sample 
developed hot spots without failure after 405 hr. and a third 
sample withstood the test for 596 hours without any failure or 
hot spots. 

S. J. Rosch: Several theories have been brought forward in 
explanation of dielectric phenomena, and I believe that the 
probabilities are that each theory may be correct as relating to the 
behavior of the particular dielectric under consideration. Our 
error in the past has been chiefly, in trying to make one theory 
or one set of laws govern the behavior of all dielectrics. That 
is why we have failed up to the present in solving the dielectric 
problem and in my estimation if we commence to study each 
dielectric individually, we shall come nearer to obtaining a truer 
picture of the laws governing its behavior. 


Even in a general dielectric such as a paper cable, Dr. 
Kouwenhoven brought out the point that he has only been able 
to substantiate some of the results obtained by Mr. Kasson on 
some samples of cable, but not on others. Undoubtedly the 
observations made by Dr. Kouwenhoven that were not in 
accordance with those by Mr. Kasson, were made on samples of 
cable which although equally good as far as quality was con- 
cerned, nevertheless as dielectrics possessed characteristics 
obeying entirely different laws. We must establish the accuracy 
of this fact before we can hope to go further in solving the laws of 
dielectrics. 


Mr. Halperin in his discussion, has stated that if we took the 
results of d-c. measurements as established by Mr. Kasson and 
converted them to the equivalent a-c. voltage, by using as a 


Fic. 1 


divisor the factor 2.4, the values thus obtained would be much 
lower than those obtained by Mr. Halperin. Here again we must 
question why we should use 2.4 when the work of Hayden, 
Eddy, and Delon has definitely proven that the ratios of d-c. to 
a-c. vary all the way from unity to 2.6 depending again upon the 
type of dielectric used. It may be that in the case of the cables 
tested by Mr. Kasson the ratio for that particular dielectric 
should have been about 1.4 in which case the results would have 
been comparable with those obtained by Mr. Halperin. 

I believe that before rejecting any of the theories propounded 
in the past, we ought first to establish definitely whether or not 
they are applicable in the case of some particular class of 
dielectrics. 

E. S. Lee: Mr. Kasson has shown with great certainty the 
need for proper shielding to prevent the end loss of cable samples 
from being included with the measured loss. Wherever the 
end loss is high compared with the measured loss, then more 
perfect shielding becomes necessary. This is particularly the 
case with measurements on cables made with high direct voltages. 

The variation of insulation resistance with voltage has been 
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obtained at various times as shown in Figs. 3 to 6, though it has 
never been possible to justify with certainty the rapid decrease of 
the resistance with increase in voltage after passing the maximum 
point. It is quite gratifying to have Mr. Kasson point out that 
this variation is not true but has been obtained because of a 
faulty measurement. 

It is pertinent that the end loss is also present in a-c. measure- 
ments of dielectric power loss, and it behooves us to investigate 
these particular measurements as they are being variously made, 
to be assured that the end losses are not included with the 
measured loss to vitiate the results. 


Fig. 2 


P. T. Graff: With reference to the shielding of cables in © 
making tests on cables for dielectric loss, we found that on 
short samples the power factors showed up rather high, and a. 
method of test was devised which gave results on short samples, 
without resorting to shielding, that compared very well with 
the values for long lengths of cables. 

The method used is shown in Fig. 1 herewith. Current and 
power-factor values for leakage and leakage plus cable losses are 
read. By the vector subtraction shown in Fig. 2 herewith the 
cable current and its phase angle with respect to the applied 
voltage are obtained. That figure shows relatively what is 
typical of actual cases. The effect of a small leakage current 
can be considerable in taking the apparent cable power factor. 


X 


INSULATION RESISTANCE 


VOLTAGE STRESS 
Frc. 3 


Because hot spots are found where cables eventually break 
down on voltage tests, it cannot be construed that Mr. Malti 
is mistaken in not accepting the pyroelectric theory. That is 
based on weak microscopic filaments whereas hot spots may be 
due to imperfect ‘“‘imperfect dielectric.’’ No cable is uniform in 
its entirety and it is rather hard to apply a theory to such a 
dielectric. The electrophysicists are better able to handle such 
theories, and as engineers we should concentrate on making 
perfect ‘imperfect dielectrics.” 

C. L. Kasson: In regard to Mr. Halperin’s comment on the 
difference between his results and those we obtained in Boston, 
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I might say that perhaps the cable we used was different from 
the cable he used, and this point has been brought out by several 
other speakers. Fig. 1, to which Mr. Halperin referred, gives the 
results for very old rosin-oil cable that has failed repeatedly in 
service. 

I believe that shields must be tried by a good many others 
before we can be sure of the results. I tried to bring out 
here simply the work of one group of engineers which must be 
checked by others before it can be accepted. 

In regard to Professor Kouwenhoven’s remarks, absorption 
curves were made in all cases and carried out until they became 
practically flat. The values of leakage current used were those 
taken from the flat portion of the curve. It usually required 
about 15 min. for the curve to become reasonably flat. 

Professor Kouwenhoven asked in respect to the instrument 
used to measure the a-c. losses. A dynamometer with series 
resistance was used for this purpose. 
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In closing, I should like to show typical insulation-resistance 
voltage-stress curves. We plot insulation resistance and d-c. 
voltage stress on a short length of cable unshielded and obtain 
a curve something like X in Fig. 3 herewith. On the same 
cable, with shields, we obtain a curve like Y. Y is a very differ- 
ent curve from X, and it is apparently due to the fact that curve 
X is influenced by the ionization of the external air, and perhaps 
in some of the results in the past we have been talking about 
ionization of external air at the ends of the cable, rather than 
ionization of air within the cable. 

In all nature we are interested in stress on one hand and in 
resistance on the other hand. To every stress there is resistance; 
to every resistance there is stress. Therefore, a resistance stress 
curve of a dielectric, i. e., the resistance reaction of the dielectric 
against the stresses placed upon it, should be an important 
thing, and in order to obtain what we believe is a true curve, we 
must resort to shielding or at least some equivalent method. 


Non-Harmonic Alternating Currents 
BY FREDERICK BEDELL' 


Fellow, A. I. E. E. 


Synopsis.—Certain principles are presented for solving non- 
harmonic a-c. problems. Graphical methods are ‘already well 
known for solving practically any problem, when currents and 
electromotive forces are sinusoidal, by vector diagrams in a plane. 
In certain special cases such diagrams give correct resulls when 


Scope and Limitations of Usual Sine-Wave Assump- 
tion. It is common, in discussing the theory of alter- 
nating currents, to assume that currents and electro- 
motive forces are simple harmonic functions of the time; 
that is, they are plotted as sine waves. It has been 
found that, for most purposes’, such a wave is superior 
to a wave that is irregular or complex, which, to di- 
tinguish it from a simple harmonic wave, may be 
referred to as non-sine, or non-harmonic. The tech- 


nique of alternator design has been highly developed — 


with a view to attaining a sine wave of electromotive 
force as closely as possible, the subject being fully 
discussed in many texts and special articles, bibliog- 
raphy, 38. Methods have been developed for mea- 
suring and penalizing departure from a sine wave and 
much study has been given to the specification of 
allowable limits to such departure, bibliography, 9, 
43, 44, 46, 47, 58, 61. 

On the sine-wave assumption there has been de- 
veloped a very complete analytical theory of alternating 
currents and, in parallel with it, a graphical method of 
representation and analysis that gives ready and ac- 
curate solution to practically any problem that arises. 
It has been found that harmonically varying quantities 
can be represented as vectors in a plane, and that these 
vectors, by showing the phase and amplitude of the 
several harmonic quantities, completely define them. 
Furthermore, any vector may be resolved into com- 
ponents and conversely, two or more vectors may be 
added or combined, as in the polygon of forces. Thus, 
a current may be resolved into two components at 
right angles to each other, one a power component in 
phase with electromotive force and the other a reactive 
component in quadrature thereto. Similarly, an elec- 
tromotive force vector may be resolved into its power 
component in phase with current and a reactive com- 
ponent in quadrature, bibliography, 11. 

Apparent power is the product of the electromotive 
force E and the current J, but real power is the product 

1l. Professor of Applied Electricity, Cornell University, 
Ithaea, N. Y. 

2. Although a sine wave-form is superior for general use, some 
other wave-form mav, in certain respects, be better for a particu- 
lar purpose; thus, as is well known, a peaked wave of electro- 
motive foree gives a flat wave of magnetie flux and by reducing 
the maximum flux, reduces the core loss in a transformer. 


Presented at the Regional Meeting of District No. 1 of the 
A.I. E. E., Pittsfield, Mass., May 25-28, 1927. 


currents and electromotive forces are non-sinusoidal, but in general 
diagrams in more than two dimensions are necessary. A wide 
range of material, some of which has been published before in 
scattered places, is brought into relation; no single general solution 
seems attainable. A bibliography with 61 references is appended. 


of E,I, and a power factor, cos 0, where @ is the angle of 
phase difference between E and I. Real power may, 
accordingly, be looked upon either as the product of 
the electromotive force and the power component of 
current or as the product of the current and the power 
component of electromotive force. The product E I 
sin: 0 is a pulsating reactive power with average value 
zero, where sin @ is the reactive factor and J sin @ is 
the reactive component of current; E sin @ is the re- 
active component of electremotive force. 

There is scarcely a circuit problem that cannot be 
solved by methods based upon these principles; the 
whole treatment, however, is based upon the sine-wave 
assumption. l 

An exact sine wave, however, is practically never 
obtained from commercial apparatus. In practise, 
currents and electromotive forces deviate to a greater or 
less extent from a simple sine function of the time. It 
is true that in many cases, though there be this devia- 
tion from a sine wave, conclusions based on a sine-wave 
assumption are sufficiently accurate for practical pur- 
poses; indeed, in certain cases, conclusions thus ob- 
tained are strictly correct and the results are the same 
irrespective of whether we are dealing with sine or non- 
sine waves. In other cases, however, deviation from a 
sine wave causes error in results obtained on a sine-wave 
assumption, and this error may be large or small 
according to the conditions of the problem. A careful 
study of non-harmonic alternating currents, therefore, 
is desirable. 

Complex Wave Represented by Fourier’s Series. Any 
periodically varying quantity, such as we are here 
discussing, can be completely represented by a con- 
stant term and a series of sine terms, of definite ampli- 
tude, phase, and frequency. Cosine terms are unneces- 
sary when the phase of each sine term is included. 
The series of sine terms used to represent an irregular 
a-c. wave includes a fundamental, or sine wave of funda- 
mental frequency, and various harmonics with fre- 
quencies that are odd or even multiples of the 
fundamental frequency; a constant term is added in 
the general case. The introduction of factors of ex- 
ponential form, that occur in transients and in cases of 
damping, will not be considered here, bibliography, 30. 

For Usual Alternating Currents, Positive and Negative 
Areas are Equal and the Constant Term is Zero. The 
average value of any complex wave, expressed as in the 
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preceding paragraph, is the constant term, the average 
value of the fundamental and the various harmonics, 
taking account of sign, being zero. The average value 
must be taken over a complete period. In an ordinary 
alternating current, with no predominating flow in one 
direction, the average value or constant term is zero; 
and, since the average of the positive ordinates is equal to 
the average of the negative, the areas of positive and 
negative half-waves are equal. Inequality of areas 
indicates a direct current combined with the’ alter- 
nating and this direct current would be represented by 
the constant term. This is a case that sometimes 
occurs. 

In a generated electromotive force wave, the equality 
of positive and negative areas indicates that the total 
flux cut in a positive sense is equal to the total flux 
cut in a negative sense, as 1s the case in any dynamo- 
electric machine. It is seen, therefore, that in the wave 
for electromotive force, as well as in the wave for cur- 
rent, the constant term is zero. 

When Positive and Negative Half-Waves are Alike, 
Odd Harmonics only can be Present. Omitting the 
constant term, any deviation from a simple harmonic 
function is represented by even and odd harmonics 
in addition to the fundamental. During the second 
half-period the fundamental wave and any odd har- 
monic have, respectively, the same values as during the 
first half, but with sign of each reversed. When only 
odd harmonics are present, each half-wave is, therefore, 
a repetition of the preceding half-wave with sign re- 
versed; negative and positive half-waves, except for 
sign, are identical. 

On the other hand, during the second half period of 
the fundamental, any even harmonic has the same sign 
as during the first half; hence, since the fundamental 
has reversed sign, an even harmonic that adds to the 
fundamental at any given point of the positive wave 
subtracts from the fundamental at the corresponding 
point of the negative wave. When even harmonics 
are added to the fundamental, the negative and positive 
waves are, therefore, unlike in form; that is, one is 
not the repetition of the other. This may be readily 
seen by sketching curves for a few typical cases. 

A Symmetrical Generator Produces only Odd Harmon- 
acs. Any harmonics that exist, whether even or odd, 
must be produced either in the receiving circuit (as will 
be considered later) or in the generator. In practically 
all generators, with either revolving armature or re- 
volving field, the generated wave of electromotive 
force is symmetrical, the negative half-wave being a 
repetition of the positive; hence, odd harmonics only 
are present?. Even harmonics in the electromotive 

3. Withasymmetrical armature, irrespective of what the field 
may be, if a particular armature conductor cuts certain flux, 
another armature conductor connected in the opposite sense will 
cut this same flux just half a period later; hence, negative and 
positive half-waves are alike and odd harmonics only can be 
present. In a like manner, with a symmetrical field, irrespec- 
tive of what the armature may be, if a particular armature 
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force wave can be produced by a generator only when 
both field and armature are unsymmetrical, a condition 


'that does not commonly exist, bibliography, 31. 


Average Product Theorem. The average product 
of the instantaneous values of two harmonic quantities 
of different frequencies is zero. This is true irrespec- 
tive of their relative phase positions and the ratio of 
their frequencies; the same is true of the product of 
any periodic quantities, each of which is represented by 
a series of harmonic terms. | 


This may be illustrated experimentally by passing 
currents of different frequencies through the two coils 
of a wattmeter and noting that the reading is zero. 
Formally, it may be shown by integration of the prod- 
uct of two sine functions, having different periods, over 
the least common multiple of the two periods, or over 
the longer period when one period is a multiple of the 
other. In case the two periods were nearly equal and 
their least common multiple very large, beats would 
occur, but the average value of the product over a 
sufficiently long time would still be zero, bibliography, 
13, 14 (p. 391). l 

The average value ofaconstant, multiplied by a sine 
function, or by the sum of several sine functions, is 
likewise zero. 


The results of these relations are far reaching; r.m.s. 
values and average power for non-harmonic waves 
both depend upon this average product theorem. 


Root-mean-square Value of Non-harmonic Wave. A 
non-harmonic wave, as already explained, consists of 
a series of harmonic components of fundamental and 
higher frequencies. It will be shown that the r. m. s. 
value of the total wave is equal to the square root of the 
sum of the squares of the separate harmonic com- 
ponents. Thus, if the fundamental is A, and the 
several harmonics B, C, and D (r.m.s. values), the 


r. m. s. value of the total wave is VA? + B? + C + D. 
This will be referred to later as the square-law. It 
will be seen that the result is independent of the phase 
and frequency of the several components. The effect 


conductor cuts certain flux, that same conductor will cut equal 
flux in an opposite sense just half a period later; hence, in this 
ease also, negative and positive half-waves are alike and odd 
harmonics only can be present. Lack of symmetry of field may 
be produced by inequality of dimensions, spacing, or material; 
and, even when the structure is symmetrical, it can be produced 
by unequal excitation of various poles. Armature windings are 
commonly symmetrieal, but may be otherwise, as in armatures 
with an odd number of slots. 

It is here assumed that the speed at which the generator is 
driven and its field excitation are constant, as is usually the case. 
If the field is excited with alternating current and the armature 
is rotated svnchronously, an electromotive force of double fre- 
quency is generated. If the field is excited with direct current 
and a superimposed alternating current, the electromotive force 
generated will, accordingly, consist of a fundamental and a 
second harmonic. It is thus possible to generate an even har- 
monie in a symmetrical armature. A development of this 
method may be employed for obtaining high frequencies, as in 
the Goldschmidt alternator. 
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of each component is added as though it were in 
quadrature to each other component, bibliography, 
13, 14. 


This may be demonstrated experimentally by taking 
voltmeter readings of the separate and total voltages 
when two or more electromotive forces, not of the same 
frequency, are connected in series; or, more laboriously, 
by plotting curves for the instantaneous values of the 
components and determining r.m.s. values of their sum. 


If, collectively, the harmonics B,C, and D are repre- 
sented by H, where H? = B? + C? + D’, the r. m.s. 


of the total wave is v F? + H?, where F is the funda- 
mental. It is seen that the collective harmonics add 
as a component in quadrature to the fundamental. 


The proof of the foregoing is readily seen. The non- 
harmonic wave may be represented by a series of sine 
terms of different frequencies. One of these terms may 
be a constant, representing a d-c. component, if desired. 
When this series is squared, to get the r. m. s. value, 
every term is multiplied by itself (so that any term, as 
A, becomes A?) and by every other term. But the 
cross-products, obtained by multiplying together terms 
of different frequencies, all vanish, for their average 
product, by a theorem already stated, is zero. The 
only terms remaining are the square terms, as A?, B?, 


etc., ther. m. s. value of which is VA? + B? + C + D. 


One of the terms in the preceding expression may be 
a constant, representing a d-c. component. It is 
thus seen that a direct current, when superimposed on 
an alternating current, adds vectorially in quadrature, 
in the same manner as an alternating current of a dif- 
ferent frequency; the resultant is the square root of the 
sum of the squares of the component currents. 

Principles of Independent Superposition of Harmonic 
Alternating Currents of Different Frequencies. When 
a pure sine electromotive force is impressed upon a 
circuit in which the various resistances, inductances, and 
capacities are constant, the current that flows is a 
pure sine wave of the same frequency, with amplitude 
and phase dependent upon the constants of the circuit. 

When the electromotive force wave contains not only 
the fundamental sine wave, but harmonics as well, 
the current will contain a fundamental and harmonics 
of these’ same frequencies. Furthermore, each har- 
monic component of the electromotive force will pro- 
duce in the current a corresponding harmonic compo- 
nent of the same frequency, exactly as though all other 
components were absent, bibliography, 6, Chap. XI. 

This holds true of any part of a complex circuit, as 
well as of the circuit asa whole. Thus, if the harmonic 
components of the electromotive force, either in the 
whole circuit or in a part, are E, E, Es, the corre- 
sponding componentsof current are I, Is, Is, each com- 
ponent being determined independently as though it 
alone existed. l 

By the square law, the sum of the component electro- 
motive forces is 
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E = V E: + E;? + Eg. 
The sum of the component currents is 


I = VI? + I;? + Ig. 
The phase of each harmonic component, as well as its 
amplitude, is determined independently. Although 
these phase relations affect the wave-shape, they do not 
affect the r. m. s. value of the total current. 

When a circuit contains a constant resistance only, 
the harmonics in the current wave will have the same 
relative amplitudes and phase positions as the several 
harmonics in the electromotive force wave; that is, the 
current and electromotive force are similar in wave- 
form. .With reactance present, however, this will not 
be true, for the relative amplitudes and phase positions 
of the several harmonics in the current will vary with 
their several frequencies. 

In the case of inductive reactance, the reactance of 
the circuit for the several harmonics increases in 
proportion to frequency, thus increasing the lag and 
decreasing the amplitude of the corresponding harmon- 
ics in the current wave. Inductance tends to choke 
out the higher harmonics and to make a smoother 
current curve. Capacity reactance, on the other hand, 
amplifies harmonics in the current and so increases, 
rather than smooths out, irregularities in its wave-form. 
With either inductive or capacity reactance present, 
the wave-forms of current and electromotive force, 
except in the case of pure sine waves, are no longer 
similar. The resultant wave-form of current, however, 
is built up from its separate harmonic components, for 
the principle of independent superposition holds, so 
long as resistance, inductance, and capacity are con- 
stant. When one function, as current, is related to 
another, as electromotive force, by a linear differential 
equation in which the coefficients are constant, as a 
matter of course, one function may be derived from the 
other by a so called “distributive” operation, and the 
principle of independent superposition holds. 

Should resistance, inductance, or capacity be variable, 
the principle of independent superposition cannot be 
applied. In this case, as discussed later, a sine-wave 
electromotive force does not produce a sine-wave cur- 
rent; the separate harmonic components of a complex 
electromotive force, therefore, do not produce corre- 
sponding independent components in the current. 

When a Current Comprises Components of Different 
Frequencies, Eack Component has Its Independent 
Resistance Loss; the Total Resistance Loss, RI?, 1s the Sum 
of the Losses due to the Separate Components. As already 
shown, when a current J comprises components Ía, 
I» I., ete., of different frequencies, the r. m. s. value 
of the total current is the square root of the sum of the 
squares of the separate components; 


I = vIe + Ie +122 + . 
Hence, 
RI = RIE+ RIE + RI? +... 
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Each component has its own resistance loss as though it 
alone existed; the total loss is merely the sum of these 
separate losses. This is equally true when one com- 
ponent is direct current. 

As an illustration, if two unlike currents, either 
direct and alternating, or alternating currents of 
different frequencies, of 10 amperes each, are superposed 
in a circuit having a resistance of one ohm, the total 
loss is 200 watts, the separate losses being 100 watts 
each. This is an interesting contrast with the case 
when two like currents, two direct currents, or alter- 
nating currents of same phase and frequency, of 10 
amperes each, are superposed in the same circuit 
having resistance of one ohm; the total loss in this case 
is 400 watts, although the loss would be only 100 watts 
for either current flowing alone. (For references, see 
next paragraph. ) 

Copper Saving 1n Composite Systems of Power Trans- 
mission. It is obvious from the foregoing that a 
considerable copper economy could be effected were it 
possible to use the same lines for the simultaneous 
transmission of power by unlike currents, that is, 
by direct and alternating currents or by alternating 
currents having different frequencies. 

Inasmuch as copper drop is proportional to copper 
loss, each current in such a composite system would 
have its own independent copper drop as well as copper 
loss; and, where the amount of copper is determined by 
allowable copper drop or loss, no more copper would be 
required to carry several currents for composite trans- 
mission than would be required to carry one current 
alone. The independence of copper drop is very 
striking. Thus, if two generators transmit unlike 
currents over the same lines to independent loads, one 
for lighting and the other for power, the regulation of 
the lighting load is in no way affected by most extreme 
variations in the power load; for example, an entire 
power load with line drop of, say, 50 per cent could be 
thrown off and on without producing even a flicker in 
the lamps constituting the lighting load. These results 
are confirmed by test. 

Although several composite systems have been 
proposed, the complications involved have thus far 
prevented their general adoption, bibliography 16, 17, 
19, 20, 21, 22. 

Equivalent Sine Wave. Although a non-harmonic 
alternating quantity requires a series of harmonic terms 
for its complete representation, it can be represented, 
for many purposes, by a single sine wave having the 
same r.m.s. value and the same frequency. Such a 
wave is called an equivalent sine wave. It is equivalent, 
however, in a restricted sense only. Thus, inductance 
and capacitance can completely neutralize each other 
in case of true sine waves only, complete neturalization 
being impossible for non-sine waves or for their equiva- 
lent sine waves. 

If a non-sine wave is plotted in polar coordinates, the 
equivalent sine wave is plotted as a circle with the same 
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area. If a non-sine wave and its equivalent sine wave 
are plotted in rectangular coordinates, the curves 
formed by the squares of their ordinates enclose equal 
areas, thus giving equal mean-square and r. m. s. values. 

Vector Representation of Equivalent Sine Wave. A 
non-harmonic alternating quantity can be represented 
by a vector corresponding to its equivalent sine wave. 
There seems to be no criterion, however, for satis- 
factorily defining the absolute phase location of an 
equivalent sine wave with respect to the irregular wave 
to which it is equivalent, although the phase dis- 
placement of one equivalent sine wave with respect to 
another, as a current with respect to an electromotive 
force, can be determined. As discussed later, this 
phase relation is, in general, definite between pairs of 
quantities only. Accordingly, except in special cases, 
only two equivalent sine waves can be represented as 
vectors in a plane and three such waves as vectors in 
space, if all their phase relations, as well as magnitudes, 
are to be correct. More vectors would require more 
dimensions, or would necessitate a lack of significance 
in the relative phase positions of some of the vectors. 
The sum of two equivalent sine waves can be vectorially 
represented, however, in the same plane as the two 
waves themselves, and the sum of three equivalent 
sine waves can be represented with them in space, as 
discussed later. 

Equivalent Phase Difference. The equivalent phase 
difference .between two non-sine waves of the same 
frequency is the phase difference between the two 
equivalent sine waves when so located with respect to 
each other that the mean product of their instantaneous 
values is the same as the mean product of the in- 
stantaneous values of the two non-sine waves of which 
they are the equivalent. In the case of a current and 
an electromotive force, this mean product is the average 
power, the equivalent phase difference being an angle 
whose cosine is equal to the power factor. 

Lag or Lead of Non-Sinusoidal Current. In case of 
sine waves of current and electromotive force, in- 
spection of the waves plotted with respect to time shows 
at once whether the current is lagging or leading in 
relation to the electromotive force. If the current is 
lagging, the current passes through zero and attains 
successive values, as 14, 15, 3; and full maximum value, 
a certain interval of time, depending upon the con- 
stants of the circuit, after the electromotive force 
attains its corresponding value. This time interval 
or lag is the same between zero as between maximum 
values of current and electromotive force and is a 
measure of the phase difference. Power and power 
factor are increased when a lagging current is advanced, 
or when a leading current is retarded, in phase. 

In case of non-sine waves, however, these definite 
relations do not hold. Except in special cases, the 
time-lag measured between zero points of current and 
electromotive force is different from the time-lag 
measured between maximum values, andin neither case 
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does its value correspond to the equivalent phase 
difference. Indeed, the current might lag behind the 
electromotive force in reaching its maximum value and 
be in advance of it in passing through zero, so that 
inspection does not show whether the current is lagging 
or leading, nor whether the angle of equivalent phase 
difference is negative or positive. This uncertainty, 
however, does not affect the numerical value of the 
power factor, for the cosine of an angle is independent 
of its sign. 

Arbitrarily, a current is said to lag when its maximum 
value occurs later than the maximum value of the 
electromotive force, bibliography 61; but the time of 
passing through zero has also been used as a criterion, 
bibliography, 26. Although not used, a better cri- 
terion might depend upon power. Thus, current 
would be referred to as lagging when an increase in 
power and power factor is brought about by advancing 
it in phase, and as leading when increase in power and 
power factor is brought about by retarding it. This 
is discussed later under power factor. 

Two Equivalent Sine Waves of the Same Frequency, 
and their Sum or Difference, can be Represented by Vectors 
an a Plane. Three vectors, 1, 2, and 3, representing 
non-harmonic quantities of the same frequency, do not 
in general lie in a plane. Thus, if the equivalent phase 
difference between 1 and 2 is 40 deg., and between 2 
and 3 is 10 deg., the equivalent phase difference between 
1 and 3 may be neither 30 deg. nor 50 deg. The repre- 
sentation of three non-harmonic quantities by vectors 
in a plane is correct, however, when one of the quanti- 
ties is the sum or difference of the other two; that is, 
the vectors in,this case correctly show the relative phase 
differences between the three quantities, as well as 
their magnitudes. Thus, let A and B be the r. m.s. 
values of two non-harmonic quantities and C the sum. 
If three vectors are drawn in a plane so that C is the 
vector sum of A and B, it will be found that the angle 
between any two vectors will be their equivalent phase 
difference, as already defined; if one vector represents 
an electromotive force and the other a current, the 
cosine of this angle gives the true power factor. Or, 
if two vectors A and B are drawn with an angle between 
them equal to their equivalent phase difference, their 
vector sum will give the r. m. s. value of the sum of the 
two non-harmonic quantities that they represent, 
bibliography, 13, 14 p. 391, 15, 39. 

Again, if a is the equivalent phase difference between 
two non-harmonic quantities and if b is the phase dif- 
ference between them when one of the quantities is 
reversed, the sum of the angles a and b is 180 deg.; 
the vector representing one of the quantities is reversed, 
as though the quantities represented by the vectors were 
harmonie. 

The correctness of vector addition and subtraction of 
non-harmonic quantities may be rigorously proved, or 
may be verified either by experiment or graphical 
construction, bibliography, 13, 14. 
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The once famous three-voltmeter and three-ammeter 
methods are illustrations of the general theorem that 
vectors in a plane may represent two non-harmonic 
waves and their sum. In the three-voltmeter method, 
three voltmeter readings are drawn as vectors in a 
plane; E, measured across a load; E measured across a 
non-inductive resistance in series with the load; and £, 
their sum, measured across the two. In this case, 
not only the three voltages but also the current J can 
be represented‘ as vectors in a plane,for I = E. + R, 
where R is constant, and any representation of J is the 
same as the representation of E, with the scale changed. 
The equivalent phase difference between E, and J in 
the load is thus determined, giving power factor cos 0, 
and power. In the three-ammeter method there is a 
similar relationship, vectors in a plane being drawn to 
represent the electromotive force E as well as the cur- 
rents, J, in a load, J, in a non-inductive parallel circuit, 
and I, their sum. The three-voltmeter and three- 
ammeter methods may be considered as proved by the 
general theorem; or, they may be considered as a proof 
of the theorem for these special cases, bibliography, 
Zils 

Otherwise stated, we may represent as vectors in a 
plane the various currents and voltages in a system con- 
sisting of one unknown load circuit of any character 
and a single pure resistance, either in series or in 
parallel with it. By extension, see preceding footnote, 
we may include in the system any number of pure re- 
sistances connected inany way whatsoever with theone 
unknown circuit; thus, some of the resistances may 
be in series and some may be in parallel wth it, provided 
in each one there is a linear relation, e = Ri, between 
current and electromotive force. In the one unknown 
load circuit, however, there need be no simple relation 
between e and 7; the current in it may be distorted, as 
by hysteresis, and have a very different wave-form 
from the electromotive force. A single voltage and a 
single current in the unknown load circuit are included 
in the vector representation in a plane. If the voltage 
or current in the unknown circuit is split up into parts 
or components, such parts or components cannot be 
represented in the plane. 

Three Equivalent Sine Waves of the Same Frequency, 
and their Sum, can be Represented by Vectors in Space. 
In a like manner three non-harmonic alternating quan- 
tities, together with their sum, can be represented as 
vectors in space, the length of the vectors being equal 
to the r. m. s. values of the various quantities and the 
angle between any two vectors being equal to their 
equivalent phase difference. More quantities can be 
so represented only when they are linear functions of 
those already represented; thus, if three currents are 


4. More generally stated: Where certain quantities are repre- 
sented as vectors in a plane, any other quantities that are linear 
functions of these may likewise be so represented, bibliography, - 
15, 23. When e = R i, e is a linear funetion of i. When e 
= Rititi + R, fo, eisa linear funetion of ij and do. 
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represented in space, any voltage drops proportional 
thereto may also be represented. This follows as an 
extension of the preceding case, bibliography, 16, 18 
to 23, 25, 29 pp. 217-9, 34, 42, 45, 53. l 

More than three vectors representing non-harmonic 
quantities cannot, in general, be drawn in space; but 
the resultant of two of these can be used, together with 
the other two, to construct a three-dimensional figure. 
In the same way, three vectors cannot, in general, be 
drawn in a plane; but the resultant of two of these can 
be drawn with the third in a plane. The three result- 
ants of any number of quantities can thus be represented 
in space, or two resultants in a plane, bibliography, 34, 
.but this is a cumbersome procedure of doubtful utility. 

Variation of Resistance, Inductance, or Capacitance 
Causes Wave Distortion. In a circuit with constant 
resistance, inductance, and capacitance, a sine elec- 
tromotive force causes a sine current to flow without 
distortion; in case of a complex electromotive force, 
each harmonic component of electromotive force pro- 
duces a corresponding harmonic component of current, 
as already pointed out in the paragraph on independent 
superposition. With a sine electromotive force, the 
current has a phase position with respect to the electro- 
motive force depending upon the frequency and the 
relative values of resistance, inductance, and ca- 
pacitance. When there is inductance or capacitance 
alone in the circuit, the current lags behind, or is in 
advance of, the electromotive force by an angle of 90 
deg. and represents no power, for the power factor, 
cos 90 deg., is zero; with resistance alone, current and 
electromotive force are in phase and power factor is 
unity. 

Should the values of resistance, inductance, or 
capacitance vary during a cycle, the current will be 
distorted, and, with a sine electromotive force, the 
current wave will contain harmonics in addition to the 
fundamental. Furthermore, in case of a varying 
inductance or capacitance, where the variation always 
involves hysteretic loss, the phase difference between 
the fundamental current wave and the electromotive 
force will be less than 90 deg., and the power factor will 
no longer be zero. Similarly, with a varying resistance, 
the phase difference between fundamental current and 
electromotive force will not be zero and power factor 
can never be unity, as discussed in detail in subsequent 
paragraphs. 

Iron Introduces Odd Harmonics and so Distorts the 
Current Wave on Account of Variable Permeability; It 
Advances the Fundamental of the Current Wave in Phase 
and makes Increasing and Decreasing Values of Current 
unlike on Account of Hysteresis Loss. The instantane- 
ous value of an inductive electromotive force, by 
Faraday’s law, is always proportional to the rate of 
change of magnetic flux. The inductive electromotive 
force wave is, accordingly, the differential of the flux 
wave, and the latter is the integral of the former; 
therefore, if either one of these waves is a sine wave, the 
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other is necessarily a sine wave differing from it 90 deg. 
in phase. This is true whether the circuit contains 
iron or not. 

In a circuit containing no iron, permeability and 
inductance are constant, and current and flux are 
proportional; a sine flux, which always necessitates a 
sine electromotive force, also necessitates a sine current. 
However, when permeability is not constant, as in a 
circuit embracing iron, the current and flux are 
no longer proportional, this lack of proportionality 
being shown by the well-known curve of magnetization 
or hysteresis loop; a sine flux and sine electromotive 
force, accordingly, necessitate a non-sine current. . 

With the usual symmetrical hysteresis loop, the 
negative part of the distorted current wave will be a 
repetition of the positive and hence, for reasons already 
given, the current contains odd harmonics only. The 
S-like shape of the hysteresis loop indicates that the 
third harmonic must be prominent and this is always 
found to be the case; the fifth and higher harmonics 
have considerably smaller, although sometimes signifi- 
cant, values. - Thus, a third harmonic of 30 per cent 
might be accompanied by a fifth harmonic of, say, 
8 or 10 per cent, higher harmonics than the third being 
usually much smaller. 

On account of the distortion of the current wave, a 
vector diagram in three dimensions can be advantage- 
ously used, the current harmonics produced by dis- 
tortion being represented collectively at right angles to 
the fundamental plane, bibliography 25. This con- 
struction may be used whenever there is current 
distortion due to pulsations of any of the constants of 
the circuit. 

Inasmuch as the ascending and descending curves 
that form a hysteresis loop are not alike, the distorted 
current wave 1s not symmetrical but has a different form 
for increasing and decreasing values of current. It is 
found that the third harmonic has such a phase position 
as to subtract from the fundamental during most of the 
time when the current is increasing and to add to the 
fundamental when the current is decreasing, thus 
humping the nght hand (descending) side of the current 
wave. 

Furthermore, reference to the hysteresis loop shows 
that maximum current occurs simultaneously with 
maximum flux, but that zero current occurs before zero 
flux. Although the flux wave always lags 90 deg. 
behind the electromotive force, the fundamental of the 
current wave is thus caused to lag less than 90 deg. 
This gives a power factor greater than zero, which 
accounts for the hysteretic consumption of power. All 
the power due to iron loss is thus supplied by the funda- 
mental, for the harmonies in the current, when the 
electromotive force is sinusoidal, represent no power, 
bibliography, 1, 4, 5, 9, 10, 12, 25, 28, 35, 37, 52, 57. 

In an imaginary case in which varying permeability 
gave like ascending and descending curves of magnetiza- 
tion, enclosing no area, there would be no hysteresis 
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loop and no hysteresis loss. The varying permeability 
would nevertheless distort the current wave by intro- 
ducing harmonics, but the fundamental would in this 
ease lag 90 deg. behind the electromotive force, as 
always when there is no consumption of power. 

Frequency Multiplication by Iron Distortion. It was 
early pointed out (bibliography 4) that the production 
of harmonics by wave distortion due to iron might be 
employed as a means for frequency multiplication. 
This is accomplished by combining circuits in such a 
way that the fundamentals of two waves oppose or 
neutralize each other, leaving a residuum of harmonics, 
of which the third is usually predominant. Triple 
frequency is thus obtained; or double frequency, 
by use of cores unsymmetrically magnetized by super- 
posed d-c. excitation. Although the efficiency is not 
high enough to warrant the use of these methods in 
power transmission, they have keen used in radio 
communication. 

Harmonics in Three-phase Circuits. Obviously, in 
3-phase circuits, the harmonics of triple frequency in 
the three circuits, whether originating in the generator 
or in transformers due to iron distortion, are in phase 
with each other. This is true not only for the third 
harmonic but for its multiples as well. In star-con- 
nected circuits, these harmonics appear in the electro- 
motive force wave between line and neutral, tending to 
cause current to flow out through the three lines in 
parallel, but no current flows unless there is a grounded 
neutral or return neutral circuit to form a path for the 
return current. 

In high-voltage circuits supplied through transfor- 
mers, the harmonics produced by the iron in the trans- 
formers may be large enough to seriously strain 
insulation by increasing the maximum value of the 
electromotive force wave, particularly when some 
harmonic becomes amplified by resonance. To avoid 
this, the primary or secondary windings of transformers 
on three-phase circuits, or, in some cases, tertiary 
windings, are commonly connected in delta, so as to pro- 
vide a local circuit in which the third harmonic current 
and its multiples can flow. 

These harmonic currents act as magnetizing currents 
and reduce the corresponding harmonic voltages to a 
small value, just sufficient to circulate the current 
through the impedance of the three windings in series. 
The additional heating due to these local currents in 
delta-connected transformer windings is small. The 
delta connection of one set of transformer windings 
prevents the rise of voltage in any of the windings, 
even though some of these are not delta-connected. 

Harmonic voltages in a generator are usually small 
compared with those produced by iron distortion in 
transformers and can be reduced by design. Delta 
connection of generator windings is therefore unneces- 
sary. Generators are usually star-connected in order to 
provide a neutral for grounding. 

The harmonic current in a neutral or ground return 
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or in delta-connected windings of generator or trans- 
formers, as already pointed out, consists of the third 
harmonic and its multiples, for these are in phase in 
the three parts of a three-phase circuit. Other harmon- 
ics, as well as the fundamental, appear as voltages from 
line to line and cause current to flow only in the load, 
bibliography, 57, with full bibliography. 

Pyramidal Space Diagram. The three star voltages 
of a three-phase system, which lie in a plane when there 
is no wave distortion, have the neutral point raised from 
the plane by the third harmonic voltage and its multi- 
ples, so that the three star voltages become the edges of 
a pyramid. Similarly, a diagram with vectors in space 
is required for representing line and delta currents, . 
when harmonic currents circulate in the delta without 
appearing in the line, bibliography, 29, pp. 217-9. 
Commonly this effect of harmonics is ignored and plane 
diagrams are used, being sufficiently correct for most 
purposes. 

T-connected Transformers Produce Dissimilar Wave 
Forms. Although the third harmonic does not ordin- 
arily appear from line to line in a three-phase system, 
it may so appear when a two-phase generator with a 
third harmonic in the electromotive force wave of each 
phase is connected through 7-connected transformers to 
a three-phase line. In this case the three line voltages 
are distorted dissimilarly, for the third harmonic 
appears differently in each, bibliography, 41. 

A Resistance that Pulsates during a Cycle Introduces 
Odd Harmonics into the Current Wave; the Current and 
Electromotive Force Pass Through Zero at the Same 
Instant, but Power Factor 1s Less than Unity. Ina 
circuit containing a constant resistance only, the value 
of the current at any instant Is proportional to the value 
of the electromotive force at that instant, for e= Ri; 
a curve plotted between e and is a straight line. 
The current wave and electromotive force wave are, 
accordingly, identical in shape and pass through 
zero at the same instant; furthermore, the power factor 
of the circuit is unity. 

In some cases resistance varies with the instantaneous 
value of current, as in an incandescent lamp in which 
resistance is a function of temperature, bibliography, 
27,38. Ina solid conductor this variation in resistance 
is small, usually less than one per cent, but the in- 
stantaneous values of current 7 are no longer strictly 
proportional to the instantaneous values of electro- 
motive force e; the curve plotted between e and 7 
being a loop, showing a lag or hysteresis in temperature 
changes. The wave form of current differs, therefore, 
from the wave form of electromotive force. A sine 
electromotive force thus produces a non-sine current; 
in other words, a periodic variation in resistance in- 
troduces harmonics into the current wave and these 
harmonics will be odd when the resistance has the 
same series of values for negative as for positive 
currents. 

With resistance only in the circuit, the current and 
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electromotive force pass through zero at the same 
instant, with a pulsating as with a constant resistance. 
Power factor, however, is less than unity, in solid 
conductors usually only a fraction of a per cent less; 
for, with a sine electromotive force, the harmonics 
introduced into the current wave by the pulsating 
resistance represent no power. There will be, accord- 
ingly, a small phase difference between the equivalent 
sine wave of current and the electromotive force corre- 
sponding to the power factor. 

It can be shown, bibliography, 42, that, as in the case 
of distortion produced by iron, the distortion in current 
produced by pulsating resistance is accounted for 
chiefiy by the introduction of a third harmonic, that 
the current wave is either flattened or peaked, and the 
fundamental of current is either slightly advanced or 
retarded in phase, according to whether the tempera- 
ture coefficient is positive or negative. The current, 
like any distorted current, can be shown in a vector 
diagram of three dimensions, the harmonics due to 
distortion being shown as a single vector at right angles 
to the fundamental plane, bibliography, 42. But 
all these effects of distortion, large when produced by 
iron, are so minute as to be usually negligible when 
produced by the pulsations in resistance of a solid 
conductor. 

In a gas, however, as in the case of an are lamp or 
mercury arc, the current distortion and resulting 
harmonics are very pronounced, so that power factor 
is, in some cases, reduced to 0.85 or less, bibliography, 
3, 24, 26. In an arc that is discriminating, as between 
a ball and point, even as well as odd harmonicsare intro- 
duced in the current. In a transmission line, an arc to 
ground introduces harmonics which may cause a dan- 
gerous rise in voltage through resonance, bibliography, 
32. 

It may be noted that power factor is less than unity 
with a direct current, in case resistance is pulsating or 
there are variations in current without corresponding 
variations in electromotive force. 

Variable Capacitance Causes Wave Distortion, which is 
Practically Negligible in a Condenser; Corona Causes 
Pronounced Wave Distortion. In a perfect condenser, 
charge Q is proportional to potential Æ; the capacitance 
C is constant in the expression Q = C E and the plot 
between Q and E isa straight line. When this plot is 
not a straight line, but is a curve or loop, bibliography, 
8, harmonics are introduced and the current wave is 
distorted, as in case of varying inductance or permea- 
bility. In case of usual condensers such effects are 
practically negligible. In case of corona, however, 
there is a well-defined hysteresis loop in the curve 
plotted between Q and E, and a pronounced distortion 
in the current wave. 

An increase in charging current and in charge Q, 
due to corona, occurs when the voltage is above a 
certain critical value, t.e., during the peak of the 
voltage wave. There is a pulsation, therefore, in the 
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ratio of Q to E and so in the capacitance of the line. 
The pulsation in capacitance may be explained in part 
as due to a periodic change in the effective diameter 
of the wire, but this does not account for the whole 
effect. 

This periodic change in capacitance produces a 
pronounced third harmonic, as already shown for 
periodic changes in resistance or inductance, and this 
appears as a triple-frequency current to ground in a 
three-phase system, when the neutral is grounded at 
both ends of the line, bibliography, 50, 51, 54, 55, 56. 

Power. When alternating currents and electromotive 
forces are complex, containing components of funda- 
mental and higher frequencies, each component has its 
own independent power and power factor. The total 
power is the sum of the power of the separate com- 
ponents; thus, the total average power is 


E I cos 0 = E, I, cos 0; + E; Iz cos 6; +... 


The independence of the average power of the 
separate harmonic components results from the fact, 
already pointed out, that the average product of har- 
monic components of different frequencies is zero, 
so that, when complex currents and electromotive 
forces are multiplied together, only products of currents 
and electromotive forces of the same frequency remain. 
This relation is always true, irrespective of the nature or 
the amount of distortion in the electromotive force or 
current wave. 

Apparent power is not, in general, the sum of the 
separate apparent powers. The instantaneous power 
for each component is a quantity of double frequency 
varying harmonically about its average value, bibli- 
ography, 36. 

Power Factor. From the foregoing, it follows that 
power factor, in case of a complex wave, is. 


cos 0 = (E, I, cos 6, + E; I; cos 0; + tew) + E I, 
0 being the equivalent phase difference between the 
complex E and I. 


It will be seen that in determining the combined 
power factor, cos 0, the power factor of each component. 


is given a weight in proportion to the ratio of the ap- 


parent power of the component to the total apparent 
power. There is, however, no simple general relation 
between the combined power factor and the power factor 
of the separate components. 

A circuit with reactance increasing and power factor 
decreasing with frequency, as R and L in series or R 
and C in parallel, will have a lower power factor with an 
irregular electromotive force wave than with a sine 
wave. On the other hand, a circuit with reactance 
decreasing and power factor increasing with frequency, 
as R and C in series or R and L in parallel, will have a 
higher power factor. It is thus seen that harmonics in 
an electromotive force wave may decrease or increase 
power factor according to the character of the circuit. 

Any change in the relative amplitudes of the separate 
components of electromotive force and corresponding 
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components of current changes the total power factor 
and at the same time changes wave form. Any change 
in their relative phase positions, however, while chang- 
ing wave form, has no effect on power factor. 

An exception occurs when the power factors cos 0, 
cos 6,, cos 63, etc., are all equal, so that 

EI = E, I+ E; I; +... 

In this case total apparent power is the sum of the 
apparent powers of the separate components, and, 
furthermore, the value of the total and separate power 
factors is not affected by any change in the relative 
amplitudes of the component electromotive forces and 
corresponding changes in component currents. This 
occurs when power factor is unity and in one special 
case, as discussed later. 

Unity Power Factor Occurs only when the Current 
Wave is Precisely Similar to the Electromotive Force and in 
Phase with it. Reactance must be Zero and Resistance 
Constant. As power factor is real power R I, divided 
by apparent power E I, it is obvious that, in order to 
have unity power factor, E I must equal R J? and 
E = RI. This can be true only in case the reactance 
of the circuit is zero and there is no capacity or induc- 
tance present.® 

Power factor is the ratio of resistance R to the 
impedance Z. This ratio is unity only when reactance 
is zero and the circuit contains resistance only. Further- 
more, for unity power factor, the resistance must be 
constant, for it has already been shown that a pulsating 
resistance reduces power factor to less than unity. 

Constant resistance means that the current wave is 
similar to the electromotive force wave; the current 2 at 
any instant is proportional to the electromotive force e 
at that instant; e = Ri. In this case the current and 
electromotive force pass through zero simultaneously 
and their maximum values coincide. Under no other 
circumstances can power factor be unity. There is no 
limit, however, to the irregularity of the current and 
electromotive force waves with unity power factor, 
provided the two waves are similar. 

As a numerical illustration of unity power factor in 
case of a complex electromotive force, let the electro- 
motive force E = 50, comprising a fundamental 
E, = 40 and a third harmonic EL; = 30, be connected to 
a circuit with R = 10. The current is similar to the 
electromotive force; thus, I, = 4;/; = 3; I = 5. Power 
RI? = RI, + RI}; or 250 = 160 + 90. Apparent 
power EI = 50 X 5 = 250. Power factor = 1. In 
like manner, the electromotive force may contain any 
number of harmonics and these may have any phase 
positions, as well as any amplitudes, for the phase of one 
harmonic with respect to others or with respect to the 
fundamental has no effect on power factor. For amore 
formal proof, see bibliography 23, 34. 


5. Incase of a pure sine wave, capacity and inductance may 
be present and just neutralize each other, so as to give zero 
reactance and unity power factor, but this is possible with a 
sine wave only. 
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Power Factor Less than Unity is due either to Current 
Displacement or Current Distortion. It will be seen that 
power factor isless than unity in two cases: (a) When 
analternating current isshifted in phase with reference to 
the electromotive force, so that the zero and maximum 
values of current occur earlier, or later, than the corre- 
sponding zero and maximum values of electromotive 
force, power factor is less than unity, no matter what 
the wave forms of current and electromotive force may 
be. This is the common case and usually comes to 
mind when the power factor of an alternating current is 
referred to as being less than unity; the angle @ in the 
expression, power factor equals cos 6, represents a true 
phase displacement. (6) When current and electro- 
motive force are unlike in wave form, power factor is less 
than unity, no matter what may be the phase position 
of the current with respect to the electromotive force; 
power factor may be brought to a maximum value by 
shifting the current wave with respect to the electro- 
motive force, but this maximum is always less than 
unity. 

The sign of 6, in the expression power factor equals 
cos 6, is ambiguous and does not indicate whether the 
current is lagging or leading. In fact, when the 
reduction in power factor is due to distortion, there may 
be neither lag nor lead. Thus, power factor 0.85, for 
example, indicates a phase angle of 32 deg. between the 
vectors I and E, representing current and electro- 
motive force. If there is no lag or lead, the vector J is 
apparently caused to swing out of the usual plane of 
reference, as already referred to in the discussion of 
distortion due to pulsating resistance, inductance, or 
capacity. 

Either current displacement or current distortion may 
operate alone to reduce power factor, or the two causes 
may operate simultaneously. Customarily the two 
effects are lumped together in a single resulting power 
factor cos 0, which, in some cases, may be separated 
into two factors, cos a due to current displacement and 
cos 8 due to current distortion. The angle œ then 
represents lag or lead in the usual sense in the plane of 
reference and the angle 8 the amount the current vector 
swings out of that plane due to distortion, power 
factor being the product cos a cos 8. A single factor, 
however, is more convenient and is quite sufficient for- 
ordinary purposes. The values of the two separate 
factors are not readily determined and, except in 
special cases, are not independent of each other. 
bibliography, 59. 

Peculiar Special Case. When the current wave is not 
similar to the electromotive force, any change in 
amplitude of any harmonic component changes the 
complex power factor, except in one peculiar case, 
namely, when only one harmonic, the nth harmonic, is 
present and the lag of the current of this harmonic 
with respect to its electromotive force is exactly equal 
to the lead of the fundamental current with respect to 
the fundamental electromotive force. This occurs 
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when, in addition toa resistance, the circuit hasa capacity 
reactance 1/C w which, for the fundamental, is n 
times the inductive reactance L w, bibliography, 59. 

In this case, and in this case only, the harmonic and 
fundamental have the same power factor, lagging in one 
case and leading in the other, and this is the power factor 
of the complex wave. Whether the complex current is 
lagging or leading with respect to the complex electro- 
motive force is apparently indeterminate. 

Suppose, with a suitable frequency mixer, bib- 
liography, 60, the relative values of fundamental and 
harmonic can be varied, so that the total r. m. s. value 
of the complex electromotive force remains constant. 
The current taken by the circuit, its real and apparent 
power, and its power factor remain unchanged, as the 
wave form of the electromotive force is varied from 100 
per cent fundamental with leading power factor, to 
t0O per cent harmonic with lagging power factor. 
When fundamental and harmonic are both present in 
any proportions, the current vector apparently swings 
around in space, maintaining a constant phase angle 
while changing from lagging to leading. In a some- 
what similar way, current in a synchronous motor 
changes from lagging to leading, with increase of field 
excitation, without the power factor passing through 
unity, bibliography, 49. 

Conclusions. This paper, which is in itself a sum- 
mary, may be further summarized by surveying the 
headings of the various paragraphs. It has been 
pointed out that there are well-known methods for 
obtaining the general solution for practically all prob- 
lems dealing with simple harmonic alternating currents. 
There seems, however, to be no similar method that 
can be applied in all cases to the solution of problems 
when the currents are non-harmonic. Such problems 
have to be solved more or less separately, without a 
general solution. The purpose of this paper has been 
to present certain principles simply and clearly, in 
order that use may be made of them wherever 
applicable. 

Attempts to use some kind of distortion factor, 
bibliography, 44, for modifying the usual alternating 
current solutions, so that equations and graphical 
diagrams based on the sine assumption may be extended 
so as to apply to non-sine currents, have not borne 
fruit, bibliography, 34, 45, nor has a general analytical 
discussion of non-sine alternating currents given practi- 
cal working solutions, bibliography, 48. Although 
certain general principles are established, they do not 
afford the immediate solution of every particular 
problem. 

An outstanding fact is that graphical diagrams for 
precisely representing non-harmonic alternating cur- 
rents and electromotive forces require, except in some 
special cases, more than two dimensions. The ordinary 
plane diagrams are at best only approximations. 

It is a consolation to know, however, that the errors 
in plane diagrams are commonly not large enough to 
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assume importance, bibliography, 40, p. 228, except 
when leading as well as lagging currents are involved, 
in other words, except in circuits containing capacity 
reactance, as in condensers and synchronous machinery. 

In inductive circuits, harmonics are, to a certain 
extent, choked out, so that errors are limited and there 
is no tendency for them to become amplified. The 
errors may be likened to the errors in using a drawing 
accurately made on a rumpled paper, which is later 
ironed out flat. The flat diagram, although not 
precise, may be accurate enough for most purposes. 
Thus, transformer diagrams drawn in a plane give 
excellent working results, despite wave distortion. 
In a synchronous motor, on the other hand, certain 
discrepancies due to current distortion may be corrected 
or eliminated by use of a diagram in three dimensions, 
bibliography, 49. It is well known that the power 
factor of a synchronous motor does not become unity 
when current changes from lagging to leading, as the 
plane diagram and usual theory based on the sine-wave 
assumption would indicate. The three-dimensional 
diagram makes it possible for the current vector, in 
passing from lagging to leading, to swing around in space 
so that the power factor passes through a maximum less 
than unity. 


Plane diagrams are subject to the greatest errors in 
case of circuits containing inductance and capacity, 
when resonance for a particular harmonic may greatly 
amplify the errors due to wave distortion. 
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Discussion 


A. Boyajian: Professor Bedell is a pioneer in the theory of 
alternating currents, and his early book is still a classic on the 
subject. A few years ago I listened with great fascination to 
Professor Bedell narrating his early experiences in the fundamen- 
tal theory of alternating currents. He said in the course of his 
narrative that when he analyzed the flow of currents in condens- 
ers, resistances, and inductances due to sine-wave voltage, his 
mathematical analysis showed him that the current of the con- 
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denser should be 90 deg. ahead of the voltage, the current of the 
inductors 90 deg. behind, and in a resistance in phase with the 
voltage. Up to that time nobody knew anything about phase 
relationship and this was very puzzling. It was peculiar how in 
a condenser you could get current ahead of voltage, like having an 
effect precede the cause instead of following the cause. They 
made some tests, plotted oscillograms, verified the mathematical 
analvsis, and everybody was happy. 

What he had done at that time for sine-wave voltages he has 
later done for non-harmonic voltages, and his paper puts together 
a lot of developments since that time. 

One feature, or one problem, discussed in his paper which in- 
terested me a great deal was the subject of losses due to mixed 
frequencies. He emphasizes very strongly the fact that if we 
have two currents of different frequencies, the losses do not 
correspond to the square of the arithmetical sum of the currents, 
but that the losses for each current are independent of the 
other with the implication that it might be possible to take 
advanatage of this fact and increase the capacity of conductors 
for transmission of power. 

A few years ago I had occasion to examine the possibility of 
increasing the transmission capacity of a line by the superposition 
of different frequencies, and I was sorry to come to the con- 
elusion that such a thing was impossible. For given kilowatts 
to be transmitted at a given r. m. s. voltage, the J? R line losses 
are the same regardless of whether this is done at a single fre- 
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quency or mixed frequencies. The truth of this statement may 
be more easily seen considering the fact that ‘‘mixed frequencies” 
is another name for a distorted voltage. Is there any funda- 
mental copper economy in transmitting power at a distorted 
voltage instead of sine-wave voltage? In any scheme of super- 
posed frequencies, it will be found that any J? R loss economy is 
due to raising the r. m. s. voltage of the lines. 

The only fundamental benefit to be gained by the use of mixed 
frequencies for transmission appears to be one of convenience. 
In some cases the advantage in convenience may be so great as to 
lead indirectly to an economy in copper. For instance, if one 
can transmit 40 telephone conversations over the same pair of 
wires simultaneously, instead of over 40 separate pairs of wires, 
there would be a distinct economy in copper. But this is not due 
to a fundamentally lower /? R loss, but due to increased trans- 
mission voltage and more effective utilization of the circuit. 
If one telephone message were to stress the line insulation to its 
limit, .it would be impossible to superpose 40 messages; but 
telephone voltages are very small, and insulation stress is not the 
limiting feature. 

Frederick Bedell: As Mr. Boyajian has clearly pointed 
out, there is no copper economy in the joint transmission of 
currents of different frequencies when the two currents supply a 
common receiver. There may, however, be a saving in certain 
cases, aS discussed in references 16-22, when the two currents, 
transmitted jointly, supply separate receivers. 


Development of Automatic Switching 


Equipments in the United States and Europe 
BY A. H. de GOEDE: 


Associate, A. I. E. E. 


Synopsis.— This paper gives a brief outline of the history and 
general development of automatic suitching equipments in the 
United States and Europe, as applied to power equipment. 

A general review is made of the advantages of automatic equip- 
ments, consisting not only of a saving in operating expenses, but 
also of better operating characteristics as compared uith manually 
controlled stations. The various designing problems, adherent 
thereto, are pointed out. 

A comparison based on personal observation is made between 
the conditions in the United States and Europe, which accounts for 


INTRODUCTION 


T 1s interesting to note that the development of 
certain lines of the electrical industry shows wide- 
spread differences in the United States and Europe. 

The automatic switching equipments for the various 
classes of electric service form a striking example. 

The idea to cut down the operating expenses of elec- 

tric railways by the use of automatic substations, elimi- 
nating the attendants and operating only when 
needed, found its conception in the United States about 
14 years ago. These equipments reached a high degree 
of reliability within a comparatively short time. 
After the war period, and after the initial installations 
had proved their worth, the automatic switching equip- 
ments found application on a large scale, not only for 
electric railways but for practically all kinds of service. 
In Europe, however, the first trial installations were 
not made until 1921-1922, and they had not been 
taken into commercial use on any appreciable scale 
until about 1924. The tardiness of Europe in using 
automatic equipments may be explained by the dif- 
ference in economic and operating conditions as com- 
pared with the United States. 


DEVELOPMENT IN THE UNITED STATES 


It was only natural that the high cost of labor 
in the United States should create a demand for un- 
attended stations. The first installation of this kind 
was tried out in Detroit in 1912 where a synchronous 
converter for lighting service was remotely controlled 
from a substation a mile away. The success of this 
arrangement directed the attention of electric inter- 
urban railways to it in an effort to reduce their operat- 
ing expenses. Owing to the greater distances between 
substations, as in the case of interurban lines, the 
remote-control scheme was less suitable and the de- 
velopment of full automatic substations had to be taken 
in hand. Automatic stations should be designed in 
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the less rapid development and less ertensive applications of auto- 
matic equipments in Europe, and a brief review is made of the 
results obtained in the latter years. 

Mention is made of the more recent applications, such as to 
mercury arc rectifiers. A brief description is also given of super- 
visory control systems, the derclopment of which has progressed hand 
in hand with the automatic equipments. _ 

The accompanying illustrations show some typical modern 


American and European installations. 
s s s * s 


such a way that they perform the following duties, 
which are ordinarily taken care of by an operator in a 
manually controlled station: 


1. Start the machine on load demand, 

2. Protect the machine during the starting period, 

3. Connect the machine to the system, 

4. Protect the machine, when running, and control 
its output, 

5. Take the machine out of service when there is no 
further demand for it. 


How well the early designers of these equipments 
realized the various problems associated with their 
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Fie. 1—Avtomatic SwitcHiInc EQUIPMENT FOR Two 
2000-Kw., 600-Vo.LtT, D-c., SYNCHRONOUS CONVERTERS FOR 
RAILWAY SERVICE, WITH FEEDERS, COMBINED WITH DISTRIBUTOR 
SUPERVISORY CONTROL. (OAK SQUARE SUBSTATION OF BOSTON 
ELEVATED RAILWAY, BRIGHTON, Mass.) 


functioning is proved by the fact that the first installa- 
tions of 1914 are still in service. 


The success of the very first automatic switching 
equipments for interurban and city railway service was 
so striking that a demand developed soon for their 
application to other fields. After a temporary slacken- 
ing during the actual war period, this demand became 
more urgent around 1920, and since that time they have 
been used extensively for all kinds of electric service, 
of which may be enumerated their widespread applica- 
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tion to railway, hydroelectric, lighting, mining and in- 
dustrial (in particular, steel mill) service. 

Hand in hand with the development of automatic 
control equipments for machines came the design of 
automatic reclosing a-c. and d-c. feeders in order to 
derive the maximum benefit from these installations. 
By selecting the most appropriate machine and feeder 
control equipments, a most flexible installation can be 
secured. 

The experience obtained with the first installations 


Fic. 2— AUTOMATIC SWITCHING EQUIPMENT FOR Two 4600- 
Vout, A-c., 3000-Kv-a., WATERWHEEL DRIVEN GENERATORS. 
(INTERIOR SUGAR ĪSLAND STATION, St. LAWRENCE VALLEY 
PowER CORPORATION, PotspaM, N. Y.) 


showed that the anticipated saving in operating ex- 
penses materialized. The main item was the saving in 
wages for two or three shifts of substation operators, 
against which stood a surprisingly small amount for 
periodic inspection. An appreciable item was also the 
reduction in power consumption, as the stations are 
only in operation when there exists a load demand on the 
system, thus saving the running light losses over con- 
siderable periods, especially in the case of interurban 
lines with infrequent service. Further savings resulted 
due to the fact that it was now economically possible 
to install a larger number of small substations through- 
out a certáin territory instead of a few large substations. 
Not only did this give improvement of service owing 
to the better holding of constant voltage on the entire 
system but also a considerable saving in feeder copper 
was obtained which compensated to a certain extent 
for the higher initial cost of the automatic substation. 

It was soon discovered that not only a saving in 
operating expenses could be obtained by means of auto- 
matic stations but that these equipments had also many 
other important advantages. In order to secure proper 
operation, it is essential that an automatic station be 
provided with a complete set of the well-known pro- 
tective features which should be designed and ar- 
ranged in such a way that a certain predetermined 
function will take place for any anticipated emergency 
to prevent damage to the machines or attendant equip- 
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ment. The ordinary manual station has only a few 
protective devices and depends for the rest on the ex- 
perience and minute observation of the operator who 
will never be able, in case a certain trouble develops, to 
take such immediate positive action as a relay especially 
installed to perform a definite function in case of just 
that kind of trouble. All operations in an automatic 
station occur in a certain predetermined sequence, and 
each step in the sequence depends upon the proper 
completion of the previous one, so that faulty operation 
is excluded under all conditions. This will allow more 
reliable functioning than when the uncertain human 
element is present. 

In this respect it will be clear that the success of 
automatic switching equipments depends upon the 
correct functioning of each individual device. This 
has been realized by the designers of these equipments 
since the beginning, and every endeavor has been made 
to make the devices as perfect as possible. A device 
must be not only electrically and mechanically strong 
but in many cases it is also essential that it be quite 
sensitive at the same time, which offers some unique 
problems. Furthermore, these devices should operate 
satisfactorily over a wide range of temperature, as 
automatic stations are not heated. Special devices 
have been designed as protective, checking, regulating 
and sequence relays especially for this kind of service, 
with due regard to their probable number of operations 
and duration of life. While in the beginning of auto- 
matic station operation there were a few cases of device 


Fic. 3— TYPICAL AMERICAN AUTOMATIC CONTROL EQUIP- 
MENT FOR 275-VoLrT D-c., 300-Kw. Synchronous Motor 
GENERATOR SET FOR INDUSTRIAL USE 


failures, the art has progressed so rapidly that a very 
high degree of reliability has been reached and device 
failures rarely happen. 

In this way a very high class of regulating equipment 
has been developed for use in automatic stations, which 
will allow these stations to operate temporarily at a 
much higher overload than would be considered safe 
in case of manual operation. The automatic protective 
relays will determine exactly when the load has to be 
reduced in order to prevent damage to the machine 
and will function to accomplish this. Usually, a d-e. 
machine will then be adjusted so as to deliver power 
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up to its limit, to the system at a reduced voltage. As 
soon as the excessive load demand ceases, the voltage 
will be brought back to normal. In this respect the 
load limiting resistors in the circuit of synchronous 
converters may be mentioned, as well as rheostatic and 
counter-electromotive force control of the shunt fields 
of d-c. generators. These arrangements make it 
possible for an automatic station to deliver power up 
to the very limit of the machine so that service will be 
maintained as far as possible. 

A further advantage accruing to the use of auto- 
matic switching equipments is the fact that smaller 
buildings of less elaborate design can be used to accom- 
modate these equipments as no sanitary measures 
have to be taken for the attendant personnel as in 
manual stations. This makes it also possible to locate 
substation apparatus in places which would not be 
considered suitable for manual stations. For example, 
if the load on an Edison lighting system in the business 


4—Two Views or AUTOMATIC SWITCHBOARD TO 
ContTrRou a 500-Kw., 600-VoLt D-c. SYNCHRONOUS CONVERTER 
AT SEVRES SUBSTATION OF THE “‘SOCIETE DES TRANSPORTS EN 
COMMUN DE LA REGION PARISIENNE” AT PARIS, SHOWING THE 
EXTENSIVE Use or AMERICAN-MapE Devices (REPRODUCED 
FROM Le Genie Civil or DECEMBER 12, 1925) 
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district of a city increases to such an extent that a new 
substation becomes necessary, this may be located in 
the load center and installed in a basement, while in 
many cases with manual operation a more expensive 
site would have to be purchased, or the substation 
would have to be located at some distance from 
the load center, necessitating expensive cable runs. 
Another example is formed by the installation of sub- 
stations with rotating apparatus in residential districts, 
to which many objections usually are voiced on ac- 
count of the noise. When using automatic control, it 1s 
possible to use an entirely enclosed soundproof building. 
It will be clear that such “‘noiseless’’ substations are 
only feasible with unattended equipments. 

The automatic switching equipments have also made 
possible the profitable development of small water 
power sites. It has been found in many instances that 
the building of small hydroelectric plants with auto- 
matic control was entirely feasible, while their develop- 
ment with manual contro] was not economically war- 
ranted, owing to excessive operating expenses. In some 
special cases it has been found that the building of 
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several small plants along a river was cheaper than the 
development of a single high head plant of large 
capacity, due to the characteristics of the river-bed. 
Summarizing the above, some of the most out- 
standing advantages of automatic switching equipments 
are the following: 
1. No operators required, 
a. Saving in operating expenses, 
b. Freedom from labor trouble, 
2. Stations operate only as needed, 
a. Saving in power, 
b. Less wear on apparatus, 
. Continuity of service and better regulation, 
. Reliability, | 
. Constant protection with positive action, 
. Possibility of selecting the most economic location 
for a station, 
a. Saving in feeder copper, 
b. Less expensive sites, 
7. Possibility of developing small water power sites. 
It is not surprising that because of these paramount 
advantages of automatic switching equipment, their 
use has increased rapidly on a progressive scale. While 
in earlier years automatic equipments were only in- 
stalled to reduce the operating expenses, it is a notable 
fact that during the last few years their use is considered 
in many instances solely based upon their more re- 
liable service accomplishments as compared with 
manual control. They find more and more applica- 
tion in cases where continuity of service is of the utmost 
importance, such as in steel mills. 


DEVELOPMENT IN EUROPE 

While the development of automatic switching equip- 
ment went ahead with rapid strides in the United States, 
very little work was done in this line in Europe. During 
the war period the capital and men were lacking for 
experiments and investigations which were not directly 
useful for the progress of the war, so that the develop- 
ment in the electrical industry in general was virtually 
at a standstill. The principal work consisted of main- 
taining existing installations in operating condition, 
while extensions were practically impossible. At the 
end of the war the load on several systems had increased 
to such a value that they were operating without any 
reserve at all. 

After the war the demand for electric service increased 
greatly and the available capital was applied to the 
extension of the systems. As this had to be done in 
as short a time as possible to satisfy the demand, and 
as the industry was still quite disorganized, it is appar- 
ent that the time was not very appropriate to try out 
radical changes in design, and only the more con- 
ventional equipments were installed. 

Owing to cheaper labor in Europe and the less ex- 
tensive use of interurban electric railways, the demand 
for automatic or unattended switching stations was less 
pronounced. The tremendous success of automatic 
installations in the_United States, however, directed 
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the attention of European manufacturers to this class 
of equipment, and the subject was given serious con- 
sideration, especially as the post-war depression necessi- 
tated the application of the most economical apparatus. 
In the years 1921-1922 several trial installations, were 
built, practically all for synchronous converters for 


Fie. 5—Avromatic SwITcHING EQUIPMENT FoR 1000-Kw., 
600-Vott D-c. Mercury Arc RECTIFIER, CONSISTING OF Two 
6-ANODE TANKS, FOR RarLway SERVICE, WITH FEEDERS, 
CoMBINED WITH SELECTOR SUPERVISORY CONTROL. (CHICAGO, 
Norts Suore, & MILWAUKEE RAILROAD Co.) 


railway service. Two distinct designs can be noticed: 
1. Those which were developed by European com- 
panies with American connections, and which followed 
largely the American design, sometimes to the extent 
of using several devices built in the United States, 
2. Those which were developed independently. 
Even these latter equipments base their design upon 
the operating experience obtained in the American 
stations during several years. The only basic dif- 
ference is that in many cases the synchronous converter 
is not self starting, which has never found great favor 
on the continent owing to the disturbances caused in 
the a-c. system, frequently of a small capacity. Instead, 
a special small starting motor is installed on one end 
of the converter shaft to bring the machine up to syn- 
chronous speed before connecting it to the a-c. system. 
While it is the universal practise in the United States 


to raise the brushes from the commutator during the | 


starting period, a few European manufacturers do not 
follow this procedure. It is claimed that excessive 
sparking on starting is eliminated by means of a special 
design of the commutating poles and of the field wind- 
ings, so that there is no necessity for raising the brushes. 

To insure correct polarity on starting, the converter 
field may be either separately excited or the polarity 
may be checked and, if necessary, automatically cor- 
rected by means of a polarized relay with permanent 
magnets. Both methods have found extensive use in 
the United States, and similarly both methods are 
being followed in European design. The only difference 
is that in American practise a special single-phase 
motor-generator set is used for separate excitation 
(field flashing), while it is the universal practise in 
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Europe to mount an exciter on the converter shaft for 
this purpose. l 

After these trial installations had given a good 
account of themselves, the automatic control equip- 
ments for synchronous converters have found com- 
mercial application in the last three or four years, 
when their advantages became more fully appreciated. 
In the same manner as in the United States, they have 
been applied not only in order to secure operating 
economies but have also been used in cases where 
manual control was less suitable. In this regard men- 
tion may be made of a substation, Soho Square Sub- 
station of the Charing Cross Electricity Supply 
Commission, which is installed in the basement of a 
building in a thickly populated section of London. In- 
cidentally, it may be noted that this substation will 
ultimately contain five 300-kw. synchronous con- 
verters for 210-volt, d-c. lighting service, which are 
arranged to start and stop automatically in a definite 
sequence depending upon load conditions of the d-c. 
system which is a large number of units compared with 
the usual station in the United States. This shows that 
faith exists in the reliability of these equipments. 
Nevertheless, automatic synchronous converter sub- 
stations have found application only on a very limited 
scale in Europe when compared with their extensive 
use in the United States. The value of the load limit- 


Fic. 6—TypicaL EUROPEAN AUTOMATIC SWITCHBOARD TO 
CONTROL FOUR 300-Kw., 210-VoLtT, D-c. SyNcHRONOUS Con- 
VERTERS AT SOHO SQUARE SUBSTATION OF THE CHARING Cross 
ELECTRICITY SUPPLY COMMISSION AT LONDON. (REPRODUCED 
FROM THE Metropolitan-Vickers Gazette, or DECEMBER, 1926) 


ing resistors in the machine circuit does not seem to have 
been generally appreciated in Europe in the beginning. 
For railway work there have been installed equipments 
both with and without these resistors. This may be 
due to less rigid requirements for continuity of service, 
but still it can be noted that the most recent European 
installations make more general use of this method of 
load limiting. 


MERCURY ARC RECTIFIERS 


At this point attention may be called to the steel 
enclosed mercury arc power rectifier. Being an Ameri- 
can invention, it is remarkable that its development 
originally progressed even more rapidly in Europe 
than in the United States. Above a certain definite 
d-c. output voltage, this apparatus has a very decided 
attraction as the means of converting alternating 
current to direct current with the highest efficiency of 
any known conversion method. 

These rectifiers have found widespread application 


Fie. 7—TypicaL EUROPEAN INSTALLATION OF AUTOMATIC 
SWITCHING EQUIPMENT FOR THREE 1500-Kw., 600-VoLT D-c. 
SYNCHRONOUS CONVERTERS AT BALHAM SUBSTATION OF THE 
LONDON UNDERGROUND RalILtway, REMOTELY CONTROLLED. 
(REPRODUCED FROM THE Metropolttan-Vickers Gazette oF 
NoveEMBER, 1926) 


in Europe during the last 8 or 10 years, and after proving 
their reliability, the step to make them automatically 
controlled was soon taken. Fundamentally, the auto- 
matic switching equipment for a rectifier 1s simpler 
than for a synchronous converter as no synchronizing 
with the a-c. system and no polarity check is necessary. 
Consequently, automatic control equipments for mer- 
cury arc rectifiers have found more general application 
‘ and on a larger scale in Europe than the equipments 
for synchronous converters. Only in the last two years 
a comparatively small number of mercury arc rectifiers 
has been equipped with full automatic control equip- 
ments in the United States. Their application gives 
some complications which are not known in Europe, 
especially due to the fact that they are subjected to 
extreme changes in temperature in many sections of the 
United States, which may effect the correct operation 
of the rectifier. Automatic temperature control is 
therefore necessary, which is not required for European 
installations. For full automatic equipments the 
American practise requires also automatic vacuum 
control, which is not generally furnished with the 
European equipments. These complications have held 
back the application of automatic control equipments 
to mercury arc rectifiers a good deal, but still their use 
is gradually increasing. 
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SUPERVISORY CONTROL SYSTEMS 


The development in the United States has long 
been concentrated on full automatic operation without 
ahy attendance whatsoever, except periodic inspection. 
In more recent years there seems to be a tendency to go 
back, not exactly to remote control, but rather to remote 
supervision. In this case the automatic station is 
allowed to function automatically by its own devices, 
but a dispatcher at a central point receives indications 
of the main switching functions, so that he is at all 
times fully informed by means of a system of lamps as 
to what happens in the remote automatic stations. 
Generally, the dispatcher has control of certain func- 
tions, so that he can start or stop a machine or open a 
feeder at will, regardless of the conditions on the system 
of which the substation forms a part. This feature is 
useful in certain emergencies. These supervisory 
systems have passed the experimental stage and have 
also reached a high degree of reliability. They allow 
the control and indication of a large number of separate 
functions over three or four common line wires, which 
under certain circumstances may also be used for tele- 
phony. The systems operate with a short time delay, 
which is only 5 or 10 sec. Simpler schemes rely on 
audible indication and are useful for systems where 
only a few functions have to be performed. These 
supervisory systems are based upon the use of devices 
which have proven their reliability in train signal, 


Fig. 8—TypicaL EUROPEAN INSTALLATION OF AUTOMATIC 
SwITcHING EQUIPMENT FOR 300-Kw., 800-VoLt D-c. Syn- 
CHRONOUS CONVERTER AND 300-Kw., 800-VoLt D-c. MERCURY 
Arc RECTIFIER AT St. LEGIER, SWITZERLAND. (REPRODUCED 
FROM THE Brown Boveri Review, AuausT 1926) 


telegraph, and automatic telephone service, of course 
with the necessary modifications for power work. 
A further refinement of these methods of supervision 
is the remote metering. Several workable schemes have 
been developed to transmit various meter readings auto- 
matically over large distances from a remote automatic 
station to a dispatcher. While this supervisory 
equipment is fairly expensive, many operating compa- 
nies consider it of the utmost importance, because the 
dispatcher is constantly informed about the actions of 
the automatic stations, which will explain why these 
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systems have found a widespread application in the 
United States during the last few years. 

As automatic stations have not yet been in such 
extensive use in Europe, there has been very little 
demand for these supervisory systems. A few have 
been developed, based mainly on automatic telephone 
devices. 


CONCLUSION 


The leading manufacturers in the United States are 
at present prepared to furnish reliable automatic 
switching equipments suitable to meet all possible 
control operations for both a-c. and d-c. machines and 
for switching operations on a-c. and d-c. networks, in 
short, for all classes of electric service, with the only 
exception of generating stations driven by prime movers 
other than water wheels. 

The application of automatic switching equipments 
in Europe has been on a much smaller scale and covers a 
smaller scope of work. Practically all installations are 
for railway and lighting service, with some isolated 
cases for the other classes of electric service. 

Automatic switching equipments for practically 
every conceivable operating condition have been in- 
stalled the world over and prove daily their paramount 
advantages. ‘Their future is assured. 


Discussion 


Chester Lichtenberg: Since its development in 1914 the 
automatic station has been a very interesting topic to electrical 
engineers. The development has been very rapid. For ex- 
ample, in the United States today more than one-third of the 
entire switchboard output of the large manufacturing companies 
is automatic switchboard equipment for power stations and sub- 
stations. Our records indicate that over 2,000,000 kw. of 
rotating apparatus are under automatic control and ‘over 
6,000,000 kw. of feeders and transformers are in automatic 
station service. 


It has been thought that the development of the automatic 
station would make the attendants more mechanical. This 
has not been the case. Instead, the personnel of the operating 
companies who care for automatic stations have been required 
to use a greater degree of intelligence than those who attend 
the usual type of substation. It should not be thought, however, 
that the automatic station is an intricate or complicated col- 
lection of devices. It is not. It is a very simple combination 
of devices quite well known in the control art but so skilfully 
connected one to another that they perform functions heretofore 
delegated to human beings. When one considers the problem, 
this is as it should be because human beings are relatively slow 
to respond, while the changes in the electrical circuit take place 
With extreme rapidity. The ordinary human being responds to 
an impulse in about one half a second while the ordinary elec- 
trical device will respond to an electrical impulse in one- 
tenth or even one one-hundredth of this time. 

Sometimes it is thought that the installation of automatic 
Stations will require the engaging of skilled personnel for their 
Maintenance and operation. Experience has indicated that 
this is not the case because as before stated the equipments con- 
sist of quite common control devices although there are more of 
them than in the usual manually operated station. Operating 
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companies have demonstrated that they have in their employ 
many who can successfully install, maintain, and operate auto- 
matic stations. 


Besides, the manufacturers have found that some of the operat- 
ing companies have employees who can and do suggest improve- 
ments in the schemes of operation as a result of their practical 
experience. 


Load-limiting or load-shifting resistors are almost always 
discussed when automatic stations are considered. These 
resistors have three functions; 


1. To prevent the flow of excessive current between an on- 
coming machine and the bus. 


2. To limit the drain on a machine for continuous service. 


3. To shift to adjacent machines the load from a machine 
which might be overloaded. 


Each of these functions is quite important. However, the 
importance varies with the application and with the type of 
transforming apparatus. Primarily, load-limiting or load- 
shifting resistors assist in maintaining service under unusual 
operating conditions and find here their most advantageous 
application. 


H. S. Knowlton: I should like to ask Mr. Lichtenberg 
to say a few words about the training of men to maintain and 
inspect these automatic stations. Probably the designing 
engineers have provided very thorough instructions in printed 
form, but is there not a great gap between the ability of the 
designing engineer to comprehend the details of these automatic 
plants and that of the average operating man? 


K. K. Palueff: It seems to me that the automatic sub- 
station has two very important characteristics. First, that 
there is no need of technical knowledge or training on the part of 
the operator; and second, that it makes small installations more 
economical. 


The automatic substations will enable us to electrify small 
waterpower systems. I should like to add that in this country, 
particularly, the supply of peat was entirely neglected for the 
reason that the main problem connected with the development of 
peat was the impossibility of transportation. Peat made in 
such a manner as to withstand transportation becomes ab- 
solutely uneconomical. It seems to me, therefore, that the 
automatic stations may permit exploitation of the peat bogs in 
this country as well as in Russia to a far greater extent than 
at the present time. 


E. de Mulinen: (by letter) Mr. deGoede mentions that the 
first trial installations of automatice switching equipment were 
not made in Europe until 1921-22. I should like to mention 
that an automatic converter substation in Basel (Switzerland) 
has been in successful operation since 1918. Mr. de Goede 
states that the development in Europe was forced by post-war 
conditions, but the actual development of automatic equipment 
was started during the war on account of shortage of labor. 


Mr. de Goede mentions that load-limiting resistors are not 
much used in Europe. It might be said that a drooping charac- 
teristic is used in most of the European substations for traction 
purposes, resulting in a great flexibility in load distribution 
between the different substations. This scheme protects the 
converter from high overloads and assures continuity of service 
without destroying a considerable amount of energy in load- 
limiting resistors. In this country, about 90 per cent of the 
traction substations use compound-wound machines which 
require load-limiting resistors to give the system some flexibility, 
but when laving out a new system, it will always be found that a 
drooping characteristic will give the most economical results 
In this respect, it may be of interest to note that in one of the 
most recent automatic substations in Chicago—the Grimm 
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Avenue Substation—no load-shifting resistors are used, as the 
inherent voltage characteristics of the machines in this sub- 
station do not require such equipment. 

In saying that automatic vacuum control is not generally 
furnished with the European automatic rectifier equipments, 
Mr. de Goede doubtless refers to the first trial installations. 
After considerable research, Brown, Boveri & Co. has succeeded 
in bringing out a most reliable vacuum control which has been 
in commercial use since 1923 and supplied with each automatic 
rectifier equipment. This type of automatic vacuum control 
is used with over a hundred automatic rectifiers in Europe and 
in eight automatic rectifier substations in this country. 

A. H. de Goede: Mr. de Mulinen states some of the reasons 
why load-limiting resistors are in such little use in Europe. It 
might be said that the service conditions in the United States 
are usually much more severe, and in many instances it has 


de GOEDE: AUTOMATIC SWITCHING EQUIPMENT 


Transactions A. I. E. E. 


been proved that during periods of heavy load it was not possible 
to keep a machine with drooping characteristics on the line, 
making it necessary to add load-limiting resistors to maintain 
service. 

I was familiar with the fact that the Brown Boveri Company 
has equipped its automatic rectifier substations with auto- 
matic vacuum control during the last two years. However, 
as stated in my paper, this is still not generally furnished by 
most of the European manufacturers, while the American practise 
considers it an essential feature for full automatic operation. 


The remarks of Mr. Lichtenberg supplement my paper on some 
interesting points. Many other points might have been treated 
more broadly, but in order to keep my paper within bounds, 
I have only endeavored to give a brief outline of the main ad- 
vantages of automatic switching equipments, and of what has 
been accomplished along this line. 


The Most Economical Power Factor 


A Practical Design Formula for Distribution Circuits 
BY H. S. LITCHFIELD: 


Associate, A. I. E. E. 


Synopsis.— The use of power factor corrective devices on dis- 
tribution circuits is justified, under certain conditions, by rather 
substantial savings in investment charges and by a reduction in the 
power losses of the system. The object of the present paper is to 
develop a practical working formula for calculating the most econom- 
ical corrected power factor for a distribution circuit. Most econom- 
ical conditions are assumed when the total of such annual circuit 
costs as are directly affected by a change in power factor, 18 a 
minimum. 


The usual methods for computing separately, the saving in I? R 


losses and the decrease in investment charges due to power factor 
improvement, are inadequate. Particularly in the design of new 
circuits and extensions has the need for a more accurate method for 
calculating optimum power factor and conductor sizes been expressed.” 
Since these equations were originally worked out, two other 
solutions for the most economical corrected power-factor angle 
have been published, each having been obtained independently of 
the other. Menjelou® obtained his formula in the form: 

asin@d = 1 — g tan 0 
in which 0 is the power-factor angle and a and 8 are constants 
computed from the circuit costs. Stevenson‘ obtained a similar 
expression: 

sin 0 = è — n tan 0 


generating station, the generator was the most 

convenient and, in some cases, the most economical 
source of magnetizing current. But with the elimina- 
tion of small stations and with the growth of inter- 
connection, the shunting of large blocks of reactive 
power from one point on the system to another has 
introduced serious operating complications. Low sys- 
tem power factor limits the availability of installed 
capacity, adds to the J? R line losses, and increases the 
conductor sizes required to maintain proper voltage 
regulation. The kilowatt-hour losses on circuits oper- 
ated at low power factor may run as high as 20 to 30 
per cent of the annual input. For a switchboard cost 
of eight mils, a reduction in line losses from 25 to 15 
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OY long as each community was served by its own 


the difference lying in the constants to be evaluated. 
The equation developed in this paper reduces to the simple jurm. 
sin 0 = unit cost ratio 

That is, the sine of the most economical corrected power-factor 
angle is determined by the ratio of the annual cost of condenser 
capacity per reactive kilovolt-ampere of correction to the annual cost 
(fixed charges plus value of losses) per kilovolt-ampere delivered, of 
that portion of the supply circuit which is directly affected by the 
change in power factor. When the unit cost ratio is greater than the 
sine of the original power-factor angle, it is found that no invest- 
ment in corrective equipment is economically justified. 

The equation is set up in such a form that solutions are readily 
obtained for the most economical size of conductor as determined by 
the Kelvin law, and for the required kilovolt-ampere rating of the 
transformers and condensers. A method is suggested for includ- 
ing generating station costs with those of the individual circuit 
under consideration. 

In evaluating circuit costs, the effects of load factor and the shape 
of the typical daily load curve upon capital investment and power 
losses have been worked out after the methods used by Gear and 
Williams’ and by Reyneau and Seelye’. 

Equations for evaluating the circuit constants are included in the 
appendiz. Several illustrative examples are worked out. 


per cent is nearly equivalent to a saving of one mil per 
kilowatt-hour at the stations. The economical utiliza- 
tion of the modern generating station is dependent not 
only upon a favorable base load but also upon the cost 
of distributing this lower cost power to the consumer. 
The full value of modern refinements in station design 
and operation cannot be realized unless there be a 
commensurate increase in the efficiency of the system 
of distribution. Certainly, industry cannot hope to 
obtain full advantage of low cost power made possible 
by the modern generating station so long as generators, 
bus structure, cables, substations, lines and transformers 
must be designed to carry excessive, inductive loads. 


Considerable improvement in system power factor 
usually may be obtained through a more scientific 
application of the individual induction motor to its 
load. When loaded continuously between three-fourths 
and full load rating, a good induction motor should 
operate at a power factor of from 0.80 or 0.85 to 0.92 
or 0.94 lagging, depending on size and speed. The 
prospective increase in high power-factor heating load 
will tend to raise the average of the system power factor. 


For further improvement, rather substantial invest- 
ment in corrective devices is necessary. Prices range 
from six to sixty dollars per reactive kilovolt-ampere 
of correction. If such large expenditures are to be made 
in unproductive equipment, it is necessary to know that 
the largest possible savings are to be effected. How 
much money can be invested profitably in such im- 
provement? What is the most economical corrected 
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power factor? The term “most economical” is here 
used to indicate an economic balance in circuit design 
for which the total annual cost of supplying a standard 
power service is a minimum. 


In the analysis that follows, a circuit cost equation 
is set up with 6, the corrected power-factor angle, as a 
variable. The minimum value is found by equating 
the first derivative to zero. The general equation 
includes only the variable circuit costs that are directly 
affected by a change in power factor. It does not 
include what may be termed fixed costs that are not 
reduced by an improvement in the power factor of the 
circuit. The mathematical correctness of the solution 
is not changed by the elimination of the fixed costs, 
since all constant terms drop out in the differentiation. 

The equation is developed subject to the following 
conditions: 


a. The value of generating station and outside plant 
capacity released through power factor correction 
depends upon its availability for carrying additional 
profitable kilowatt load. In the design of new circuits, 
smaller conductors and transformers may be used for 
a given kilowatt load. 


b. The cost’ of line losses per kilowatt-hour includes 
fuel cost at the generating station and demand charges 
prorated over the kilowatt-hour losses for the year. 

ce. Load is figured in terms of maximum kilowatt 
demand. 


d. Power factor is measured at the time of maximum 
kilowatt demand at the point where the condenser is 
to be installed. It is defined as the ratio of kilowatt 
demand to coincident kilovolt-amperes. The term 
‘“‘power-factor angle” is used as a convenient mathe- 
matical convention rather than as a true instantaneous 
vector relationship. 

e. It is assumed that the distribution voltage has 
been determined by conditions affecting the system as 
a whole. Existing standards usually determine in a 
general way the types and ratings of equipment. 

f. Construction standards on overhead distribution 
systems are usually such that the cost of the supporting 
structure is the same for each of the several possible 
wire sizes which could be chosen for a given circuit. 

g. The cost of spare condenser equipment is not 
included. This is offset by the reduction in spare 
transformer and line capacity required for emergency 
service. 

h. Capacity rating of condensers determined by 
economical considerations: Synchronous condensers 
to be operated normally at full excitation to obtain 
maximum corrective effect during working hours, and 
shut-down during off-peak hours. Static condensers 
act as a constant capacity connected across the line 
with losses practically constant. When installed in 
accessible locations these are usually disconnected 


7. See reference 6, Chap. IV, for a method of computing the 
cost of energy losses at any point on the system. 
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during off-peak hours. Annual condenser losses are 
determined by the number of hours connected. 

i. Partial voltage control with capacity rating of 
synchronous equipment determined by economical 
formula: In this case condenser and circuit losses should 
be computed for the actual duty cycle of the condenser 
throughout the year. 

j. Constant voltage control: The rating of the syn- 
chronous condenser in this case is determined by the 
constants of the circuit and by the generator and 
receiver voltages. The economical power-factor 
formula does not apply to this condition. 

The equation is developed for an overhead line 
supplying power through a single bank of transformers. 
The power factor of the load is cos ĝo, lagging. A 
condenser is to be installed on the low voltage side of 
the distribution transformer. Kilowatt demand is 
known, as is also the required full load receiver voltage. 
It is assumed that the rating of the transformer will be 
just equal to the resultant kilovolt-ampere demand at 
the corrected power factor and that the size of the line 
conductors will be just sufficient to carry the resultant 
full load amperes at the most economical current 
density. The annual fixed charges on the investment 
and the cost of losses for the primary line conductors, 
transformers, and the condenser are to be set up in an 
algebraic equation in which the variable is 0, the 
corrected power-factor angle. 

The following symbols are used: 


Qı Annual fixed charges on the most economical 
line conductors per kilovolt-ampere delivered, 

Q: Annual cost of line losses per kilovolt-ampere 
delivered, 

Q3 Annual fixed charges on transformers per 
kilovolt-ampere delivered, 

Q4 Annual cost of transformer iron losses per 
kilovolt-ampere, 

Q; Annual cost of transformer copper losses per 


kilovolt-ampere, 


K, Annual fixed charges on the condenser per 
reactive kilovolt-ampere of correction, 

K: Annual cost of energy losses in the condenser 
per reactive kilovolt-ampere of correction, 

P Power in kilowatts delivered to the load at the 
time of maximum demand, 

p Kilowatt loss in the condenser at full load volt- 
age and excitation, 

cos 9,, Power factor of the load, at the maximum 
demand, 

cos @ Corrected power factor at maximum load, 

M Cir. mils per ampere at full load for most 
economical line-current density in the 
conductor, 

Y Annual cost of the circuit, including the con- 


denser; it includes only those costs which 
are directly affected by an improvement in 
power factor. 

In the appendix will be found-a list of additional 
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symbols and a detailed mathematical development of 
the equations for evaluating the K and Q terms, to which 
reference is made in the following paragraphs. 

By the Kelvin® law, that wire size is assumed most 
economical for which the annual fixed charges on the 
investment in the conductors are just balanced by the 
yearly cost of I? R energy losses. Assuming a current 
of one ampere, the most economical circular mils per 
ampere, designated by the symbol M, may be calcu- 
lated by formula (6) in the appendix. The value of M 
depends on the cost of copper, the shape of the typical 
daily load curve, and the cost of energy. It is indepen- 
dent of the ampere load, voltage, phase, spacing, and 
the length of line. The size of the most economical 
conductor is then equal to M times the resultant 
amperes per wire. Multiplying by the length of line 
and by the unit weight of copper, and by the cost per 
pound, the cost of one conductor is obtained as in (7). 
The resultant current may be expressed in terms of 
kilowatt load, voltage, and power factor. Substituting 
for the current terms in (7) and multiplying through 
by the number of conductors and by the annual fixed 
charge rate yields expression (8). It represents the 
annual fixed charges on the most economical size of 
conductors expressed as a function of the resultant 
power-factor angle 6. The coefficient Q, is obtained 
in expression (9). 

The energy loss in the most economical conductor at 
full load is J? R watts. The resistance may be repre- 
sented by the resistivity per cir. mil ft. times the length 
of the conductor divided by the area of the conductor 
in cir. mils. The cross-sectional area equals M times 
resultant amperes, as in the previous paragraph. 
Multiplying by the cost of energy and by the number 
of conductors, expression (10) gives the hourly cost 
of losses at constant full load. 

The actual J? R losses of a fluctuating load may be 
evaluated in terms of loss at full load by means of a 
special “loss factor” computed from typical daily load 
curves of the circuit under consideration. The loss 
factor is found by dividing the sum of the squares of the 
hourly ordinates of a typical daily load curve by 24 
times the square of the annual peak. Descriptions of 
the method are given in the references*. The loss 
factor multiplied by 8760 hours gives the “equivalent 
hours” per year that it would be necessary for the 
annual peak load to continue in order to yield the same 
energy loss as that given by the actual fluctuating load 
throughout the year. 

The annual cost of losses in the conductors is then 
obtained by multiplying expression (10) by the equiva- 
lent hours. The current term is expressed in terms of 
kilowatts, voltage, and power factor as before, yielding 
expression (11). The simplicity of the final result 

8. For Kelvin law, ‘‘loss factor’ and “equivalent hours,” 


see reference 5; reference 6, Chaps, V. VI; also Standard Handbook 
for Electrical Engineers, Sec. 12, Par. 235-238; Section 13, Fig. 14. 


8. loc. cit. 
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depends in part upon the fact that, by this method of 
setting up the equation, the cost of losses is expressed as 
a function of the power-factor angle to the first power 
rather than to the usual square. 

Transformer costs apply to the nearest standard size 
required for the resultant kilovolt-ampere load. In 
cost analyses of this sort, where the unit cost varies 
inversely with the size, it is sometimes desirable to 
plot the cost per kilovolt-ampere against kilovolt- 
ampere rating and to obtain the equation of the line 
passing through the desired points. Under the con- 
ditions of the present problem, however, it is simpler 
to use the unit cost of the nearest standard size. A 
first approximation may be used and a second value 
substituted later, if necessary. 

The evaluation of the transformer cost coefficients, 
Q, Q4, and Q; is given in expressions (13) (14) and (15). 
Transformer copper losses are found by multiplying the 
loss at full load by the equivalent hours defined above. 
The iron losses are approximately constant and may be 
represented by loss at the manufacturer’s rating times 
8760 hr. in a year. 

As in the case of the transformers, the unit cost of the 
condenser is that of the nearest standard size. For 
static condensers in groups of 30 kv-a., the unit cost 
does not vary greatly. In the larger sizes of synchro- 
nous condensers, the cost per kilovolt-ampere is fairly 
constant. For the smaller sizes of both types the unit 
price increases rapidly and it may be necessary to try 
one or two approximate values. The annual fixed ` 
charge rate includes interest, depreciation, and taxes. 
Where special attendance is required, as with syn- 
chronous equipment, the extra expense may be added to 
the fixed charge rate. Condenser losses are evaluated 
by multiplying the rated loss at full load voltage and 
excitation by the hours per year that the equipment is 
connected to the line. The evaluation of terms 
K, and K: is given in expressions (16) and (17). 


THE CIRCUIT CosT EQUATION 


The kilovolt-ampere delivered by the transformers 
at the corrected power factor are 


P+p 
cos 0 


= (P + p) sec 0 


The annual cost of line conductors and transformers 
at the resultant power factor is then: 


(Q: + Q2 + Q: +Q: + Q:;) (P + p) sec 0 (1) 

The condenser capacity required to raise the original 
load power factor from cos ĝo to cos 0 is shown graphi- 
cally by the familiar condenser diagram, Fig. 1. The 
reactive kilovolt-amperes in leading quadrature to be 
carried by the condenser are given by the vertical line 
D — F. For static condensers and for synchronous 
condensers without mechanical load, the losses are com- 
paratively small so that the quadrature difference is 
usually taken as the approximate condenser capacity 
required. This quadrature difference, or reactive 
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kilovolt-amperes of correction, may be expressed alge- 
braically as 
P tan 0.,— (P + p) tan 0 

and the annual cost of condenser capacity as 
(Kı, + K.) P tan ĝa — (Kı + Ke) (P + p)tan@ (2) 

P is the maximum kilowatt load and is assumed 
constant. The energy loss, p, in static condensers is 
small, about 0.5 per cent, and is often neglected in 
calculating the power polygon. For synchronous 


Fic. 1 


P Kilowatt load 
p Kilowatt loss in condenser 
Kv-a. at original load power factor 
Kv-a. at corrected power factor 
Reactive kv-a. correction 
For 3 per cent condenser loss, the error in using D F for C F is less than 
0.05 of one per cent 


ANNUAL COST IN DOLLARS 


0 _ 40 
ANGLE © (DEGREES) 


Fig. 2—ANNUAL Cost or CIRCUIT WITH CONDENSER 

Drawn for a unit cost ratio of 0.40 and a load power factor 0.50. 

minimum point on the Y curve occurs at sin @,, =0.40. 
corrected power factor cos 8p; = 0.916 


The 
Corresponding to a 


condensers, losses will be about 1.7 to 3.5 per cent of 
rating for the larger machines and higher for the smaller 
units. If » is expressed as a function of 0, the equation 
becomes unnecessarily complicated. It is simpler, and 
sufficiently accurate within a limited range of the 
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probable value of 0, to assume a fixed value’ for p. The 
first approximation may be corrected later if necessary. 
ə is a constant, and 0 the only variable. 

The annual cost of the circuit, including condenser, 
for any power factor, cos 0, is 


Y = (Q: +Q: + Qs +Q. + Qs) (P + p) sec 0 

+ (Kı + Kə) P tan 6, — (Ki + K2) (P +p) tan 0 (3) 
The minimum point on the cost curve is found by 

equating to zero the first derivative of Y with respect 

to 0, and solving 


dY 
yg 707: +R: + Qs + Qi +P + p)tan 0 sec 0 


— (K, + Ke) (P + p) see 6 (4) 
and 
ai © Q+Q0.+0;+0,+ 9; (5) 


The graphical representation of these cost functions 


0 20 40 
ANGLE © (DEGREES) 


3—CoMPARISON OF Y-CosT CURVES 
The number on each curve is the unit cost ratio 


F 1a. 


in Fig. 2 indicates the variation in total cost as the con- 
denser capacity is increased. The conditions for a 
minimum” are that the sum of the K terms be less than 
the sum of the Q terms; that the sum of the K terms be 
positive or equal to zero, and that the sum of the 
Q terms be positive and greater than zero. 

If the sum of the K terms be zero, that is, if condenser 
capacity could be obtained at no extra expense, 
cos ĝe = 1.00 and correction to unity power factor 
would be justified. 

If the ratio of the K terms to the Q terms be equal to 
the sine of the original power-factor angle, then sin 
6.. = sin @,,, and the original power factor is the most 
economical one. This is illustrated graphically by the 
upper curve in Fig. 3 marked 0.866. If the unit cost 
ratio is greater than sin ło, the mathematical minimum 


9. For percentage error in assuming p constant see appendix B. 
10. For test for minimum point see appendix B. 
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lies in the area of negative values of the condenser cost 
i curve. The physical interpretation of the curves for 
E values of the unit cost ratio greater than sin @,, is that 

condenser correction is not economical. The lagging 
E power-factor angle is taken as positive. 


The conditions under which equation (5) may be 
used in practical problems are that the sum of the Q 
"I terms be positive and greater than zero, that the sum of 
x: the K terms be positive or equal to zero, and that the 
r: ratio of the K terms to the Q terms lie between zero 

and sin ĝe. Within these limits, the following con- 
clusions are warranted. 


z A, Thesine of the most economical corrected power- 
factor angle is determined by the ratio of unit annual 
condenser costs per reactive kilovolt-ampere of correc- 
tion, to unit annual cost per kilovolt-ampere delivered, 
of that portion of the supply circuit directly benefited 

- by the improvement. 


B. Correction to unity is economically justified only 
if corrective capacity can be obtained at no additional 
expense. | 

C. If the unit cost ratio is found to be equal to, or 
greater than, the sine of the original load power-factor 
angle, investment in corrective equipment is not 
economically justified. 


D. Fora given unit cost ratio, the most economical 
power factor is the same, irrespective of the power 
factor of the load. 


Conclusion D is illustrated by the dotted curves in 
Fig. 3 where each of the four total cost curves drawn at 
a unit cost ratio of 0.25, for load power factors 0.80, 
0.65, 0.50, and 0.40, has its minimum value at sin @,, 
= 0.25 corresponding to the corrected power factor, 
cos 6., = 0.986. 

Conclusion D is based on a constant unit cost ratio 

within the range of values considered. This condition 
is met in the case of a distribution substation with 
supply lines, built to a standard maximum current 
rating. Local power load is served, up to the limit 
of circuit capacity, by radiating branch feeders either 
at the same or at reduced voltage. The circuit cost per 
kilovolt-ampere of its capacity is known, and the 
average unit price of the static condensers, to be located 
at the load ends of the radiating branches, is fixed by 
the manufacturer’s quotation. The unit cost ratio is 
therefore practically constant and a common most 
economical power factor for the circuit as a whole is 
determined by equation (5). Sufficient condenser 
capacity is installed at the end of each branch, whatever 
its original power factor, to raise the corrected power 
factor to the most economical value. This result, based 
on economic considerations, is in agreement with the 
best operating characteristics of the circuit. If all 
the condenser capacity be placed at the ends of the 
branches, but each corrected to a different power 
factor, circulating currents will be set up between the 
branches which tend to offset the desired savings. 


r 
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GENERAL APPLICATION 


In the design of a circuit to serve a definite kilowatt 
load, the unit cost ratio tends to decrease as the size 
of the condenser is increased, and the required line and 
transformer capacity becomes less. This is due to the 
variation in cost per kilovolt-ampere of condensers and 
transformers with a change in size. The correct 
relationship is given by the unit cost ratio at the mini- 
mum point on the total cost curve. In the usual case, 
standard sizes of equipment will not agree exactly with 
the most economical sizes of conductors, transformers, 
and condensers as calculated by the formula. The 
flatness of the cost curve near the minimum point, 
however, indicates that this value is not critical. With 
static condensers, it is quite practicable to install just 
the capacity required, since these are built up in small 
units. 

The formula has been derived for the particular case 
of an overhead feeder. Similarly, it may be developed 
for distribution circuits in general, both overhead or 
underground, by introducing appropriate Q terms. 
The criterion for including a given cost is whether or 
not a saving can be effected in that particular item by 
improving power factor. The cost of the supporting 
structure should be included in the case of parallel 
circuits, when a reduction in the number of paralleled 
conductors can be effected after correction, due to the 
reduced ampere capacity required to supply the same 
kilowatt load. This applies also to the cost of ducts in - 
an underground system, when fewer cables will be re- 

quired after correction. The cost of stringing wire or 
running cable should be included if the labor charge 
for the larger size is materially higher than for the 
smaller. The unit annual costs per kilovolt-ampere of 
circuit capacity applying to cables, switches, bus 
structure, and substation electrical equipment in general 
should be evaluated as Q terms if an actual saving can 
be made. In including cost at the sending end, such 
as step-up transformers, the cost per kilovolt-ampere 
should be increased by a factor covering per cent line 
loss between that point and the condensers. 


The sine relationship between unit condenser and 
Circuit costs may be used also in making power factor 
improvement calculations in industrial plants. The 
method of computing optimum rating of static condensers 
within the consumer’s plant is the same as for outside 
feeders. Where over-excited synchronous!" motors or 
internal corrective motors of thesynchronous-induction!? 
type" are used, the power, p, consumed by the motor is 
included as a part of the useful load, P. The cost? 
properly chargeable to power factor improvement is 
the difference between the price of the synchronous 


11. Electric Journal, March 1926, p. 99. 

12. H. Weichsel, A New Alternating-Current General-Purpose 
Motor, presented at the Midwinter Convention of the A. I. E. E. 
New York, February, 1925. 

13. Underhill, “Power Factor Wastes,” MeGraw-Hill. 

JourNAL of the A. I. E. E., October 1926, p. 949. 
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motor and that of a lower priced induction motor of 
equivalent rating. The correction in reactive kilovolt- 
ampere is the sum of the power component in leading 
quadrature of the synchronous motor and the lagging 
component of the equivalent induction motor. The 
cost per reactive kilovolt-ampere of correction, term K, 
in the equation, is thus determined. Further correction 
may be justified when the rate schedule contains a 
special power factor clause. 

In making a basic cost study of the power factor 
problem on a utility system preparatory to working 
out new power rate schedules, the use of the sine formula 
is suggested as a means for determining the optimum 
consumer power factor upon which the schedule of 
penalties or bonus is based. In this case the cost of 
correction at the motor is credited with savings on the 
central station system back to the generator, in addition 
to savings within the industrial plant. Direct com- 
parison may be made between the over-all savings 
obtained by consumer correction and those resulting 
from the use of condensers on the lines of the central 
station. 

GENERATING STATION COSTS 

Excess generating station costs chargeable to low 
lagging power factor include (a) fixed charges on 
generating capacity which could be released for profit- 
able kilowatt load, (b) excess electrical losses due to 
increased excitation requirements and the reactive 
current component in station bus and transformers, and 
(c) lower steam economy due to the necessity for operat- 
ing turbines below normal power rating or for floating 
spare units on the line as condensers. Figures for 
determining excitation losses are usually obtainable 
from the manufacturer’s design data. Other losses 
must be worked out for each individual station from 
daily operating data and special tests. 


The evaluation of station costs is not within the scope ' 


of the present paper. The following method is outlined 
for segregating that portion of the station costs directly 
affecting the distribution circuits. 

Case I: Generating capacity insufficient to supply 
kilowatt demand at existing power factor, necessitating 
the purchase of a new generator or additional power 
from an outside source. It may be assumed that it 
would be cheaper to release existing generator capacity 
up to the limit of the horse power rating of the turbines 
by installing a large synchronous condenser at the 
station. The larger units have the lowest cost per 
kilovolt-ampere. Let the annual fixed charges, in- 
cluding routine maintenance, be K; and the cost of 
losses K, dollars per reactive kilovolt-ampere per year. 

The problem is to determine how much of this cor- 
rective capacity could be installed more profitably at 
the load end of the distribution circuit. The annual 
unit cost of the load end condenser has been evaluated 
as (Kı + K,) dollars per reactive kilovolt-ampere per 
year and is greater than (K, + K,). Due to load 
diversity between feeders, additional capacity is 
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required at the load end than at the station. Let 
D = the ratio of coincident reactive klovolt-ampere 
demand at the station peak to the sum of the reactive 
demands of the individual feeders. One reactive 
kilovolt-ampere of condenser correction out on the line 
saves D (K; + K,) dollars per year in station con- 
denser costs, at the same time releasing generating 
capacity for profitable kilowatt load. The difference 
in the annual unit costs of the two condensers, repre 
senting the additional cost of load end correction, 
applies to the distribution circuit. Equation (5) in its 
general form is then: 


(K,+ K-)- D(K; +K, 
QAR: ARQ: +U AR tR... 


(5a) 
the additional Q terms representing cost of cables, 
substations, et cetera, as previously noted. 

Case II: Spare generator capacity available, station 
economy reduced by inefficient operation at low 
power factor. It is assumed that the expense of a 
station condenser is not justified. Term K, is not 
included since no immediate saving in annual fixed 
charges on generating equipment will be made. The 
excess cost of operating the station at low power 
factor, compared with the cost of generating the same 
kilowatt-hours in salable energy at unity power factor, 
represents the cost of using station generators as con- 
densers. The excess cost throughout the year divided 
by the reactive power component at the station peak 
demand gives K,, the annual cost per reactive kilovolt- 
ampere of correction at the station. The numerator of 
equation (5a) is then (K, + K) — D K.. 

The method does not apply to distant hydroelectric or 
steam stations operating at leading power factor. The 
sine formula does not apply to transmission lines!‘ of 
such length and voltage that charging current, corona 
loss, conductor material, tower spacing, and other 
special factors enter into the problem. The correct 
rating of condensers for long lines is usually determined 
by the requirements for voltage control and system 
stability. 

The sine formula may be used in the design of the 
individual distribution circuits of the network supplied 
by a transmission line, as in Case I for the generators. 
Thus, if it is found economical to correct the power 
factor at the load ends of the individual circuits of the 
distribution network from 0.70 to 0.90, the size of the 
synchronous condenser required to control transmission 
line voltage is considerably reduced. 

The annual saving at the most economical power 
factor depends upon the power factor of the load and 
the unit cost ratio. In Figs. 2 and 3, the difference in 
the height of the ordinate to the total cost curve at the 
original power factor, and the ordinate at the minimum 


sin Âe = 


14. Kirsten and Loew, The Line of Maximum Economy, 
presented at the Pacifie Coast Convention of the A. I. E. E., 
September, 1925. 
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point indicates the saving effected. For a load power 
factor of 0.50 and a unit cost ratio 0.4, the saving at the 
economical power factor, 0.916, is about 20 per cent, 
but would be only about 15 per cent if corrected to 
unity. For a unit cost ratio of 0.5, there would be a 
saving of 14 per cent if corrected to 0.866, but only 
7 per cent at unity power factor. The percentage 
annual saving at the most economical corrected power 
factor has been plotted against unit cost ratio in Fig. 4. 
These curves show in a general way the conditions 
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under which substantial savings may be expected. 

The upper set of curves in Fig. 4 gives the required 
correction in reactive kilovolt-amperes for any power 
factor. 

CONCLUSION 


An annual cost equation has been developed for an 
overhead distribution circuit supplying a lagging power 
factor load partially corrected by a condenser. An 
economic balance in circuit design is obtained when the 
sine of the corrected power factor angle equals the ratio 
of the unit annual cost of correction to the unit annual 
cost of that portion of the supply circuit in which an 
` actual saving is effected by power factor improvement. 
For this value of 9... the total annual cost of the circuit 
is a minimum, and cos @,, is the most economical 
corrected power factor. Comparison is made on the 
basis of the most economical conductor sizes and trans- 
former ratings equal to the resultant load. If the unit 
cost ratio is equal to, or greater than, the original load 
power-factor angle, correction is not economically 
Justified. 
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~ Application of the formula may be extended to 
distribution circuits in general, both overhead and 
underground. A method has been outlined for working 
out the comparative advantages of power factor 
correction at the generating station and at substations, 
feeder load ends, and the motors. This requires a 
careful study of load diversity and of the effect of each 
type of condenser upon the shape of the load current 
curve and therefore upon I? R losses. 

The equations and methods here given have the 
definite advantage that they may be applied equally 
as well to the design of new circuits and extensions as 
to the selection of optimum condenser ratings for 
existing circuits. 

Although the present discussion has been limited to 
the cost element of the power-factor problem, it should 
be understood throughout that applications to specific 
cases should always be made in accord with practical 
operating requirements, and with those more intangible 
attributes connoted by the term “electric service.” 


Appendix A 


Supplementary List of Symbols and Working Formula. 
In addition to the symbols already defined, the follow- 
ing list is given for use in evaluating the K and Q 
terms. It represents circuit design data ordinarily 
available to the distribution engineer. 

Ceu Cost of conductor in dollars per lb. of actual. 
copper, actual price of bare wire. For insulated 
wire, multiply charging out price by ratio of 
weight per 1000 ft. insulated wire to weight 1000 
ft. bare wire of same size A. W. G. 

C. Cost in dollars per kilowatt-hour of generating 
and distributing energy to supply losses. 

Coen Cost of condenser equipment in dollars per kilo- 

volt-ampere. 

Cost of nearest standard size of transformer to 
carry the resultant load, in dollars per kilo- 
volt-ampere. 

g Rate of annual fixed charges; includes interest, 

depreciation, insurance, and taxes. 

Urre Decimal ratio of watts iron loss in transformer 
to the volt-ampere rating. 

Urcu Decimal ratio of watts copper loss in transformer 
at full load to the volt-ampere rating. 

Uo, Decimal ratio of kilowatts required to operate the 
condenser at full load to the kilovolt-ampere 
rating. 

l Length of line in feet, one way. 

N Number of conductors with respect to relative size. 

N’ Number of conductors carrying full current. 

For 3-phase, 38-wire. . .N = 3,N’ =3 

w Weight of conductor in lb. per 1000 cir. mil ft. 
For copper, w = 0.00303 lb. 

p Resistivity of conductor per cir. mil ft. 

H 8760 hr. ina year. 

f — Load factor. 

fH Hours use of demand, yearly. 


Cr 
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F Loss factor’, computed from typical daily load 
curve 


sum of squares of hourly ordinates 
24 X (peak load)? 


F H Equivalent hours’ per year at constant full load to 
produce the same kilowatt-hours in J? R line 
losses as occur with the actual fluctuating load. 
Analogous to “‘hours use of demand.” 

h Hours per year that condenser is connected to 
the line. 

E Receiver voltage, phase voltage at full load. 

Ie Amperes per wire at full load at the resultant 
economical power factor, for a 3-phase line, 


1000 (P + p) 
ala E cos b.e 


Ia = 


lw I. M 


1000 ft. ~ Weight of one conductor. 


pl 
I.e M 


= Resistance of one conductor. 


The K and Q terms are set up for a 3-phase, delta- 
connected line. Similar expressions may be worked 
out for 3-phase, 4-wire and 2-phase, 3- or 4-wire cir- 


cuits. The economical circular mils for one ampere 


are calculated from the Kelvin law.® 


FC, (6) 


M = 5500 J 


The area in circular mils of the economical size of 
conductor is I.-M. If the line drop for this size 
proves too great, calculate M from the allowable 
regulation. 


C.ulwM I. 


The cost of one conductor = 1000 


(7) 


The annual fixed charges on N conductors, substituting 
for L.e 


gC.,.NlwM 1000 (P + p) 
1000 V3 E cos bee 
g Ca NLw M (P + p) sec b.. 8 
: V3 E (8) 
and 
Q gCuNlwM E 0.00525 g Ceu LM (9) 
a V3E p E 
l 27.12 g Cou LM ; 
Q, per mile = aa; aa dollars per mile per year 
(9a) 
The J? R losses in kilowatt at full load, for one conductor 
pl 1 
= 12 TM * 1000" 
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The cost of losses in N’ conductors at C, dollars per 
kilowatt-hour 
C. plN’ 
1000 M 


dollars per hour at constant full load. When the 
load fluctuates, the J? R losses vary as the square of the 
current. The annual cost of loss for a fluctuating load 
may be approximated by multiplying loss at full load 


X Lee 


(10) 


by the “equivalent hours,” F H, defined above. The 
annual cost of line losses 
C.plN' FH I = C.plN' FH 
1000M  % +“ =  1000M 
1000 (P + p) 
v3 E cos b. 
L ea eee (11) 
“T BEM i i 
and 
Q Cepl N'FH 160826 C, l F (12) 
5 BEM ` EM 
, 849.16 C. F 10° l 
Q per mile = EM dollars per mile per year 


(12a) 

Transformer prices and losses are those of the nearest 

standard capacity actually required at the resultant 
power factor 

g Cr (P + p) sec 8.. 


Q: =gCr 
Transformer iron losses may be assumed as practi- 
cally constant through the year. Transformer iron 
loss 


(13) 
and 


= Urre C. H (P + p) sec bec 
Q, = 8760 Urre G, 
Transformer copper losses vary as the square of the 
current. Annual losses in kilowatt-hours may be 
approximated by multiplying loss at full load by the 
“equivalent hours,” F H. The annual cost of copper 
losses in the transformer 


= Urcu C. FH (P + p) sec be 


Q: = 8760 Urcu C, F 

Annual condenser costs are divided into fixed charges 

and cost of losses. The unit fixed charges are ; 
K, = 9 Cren (16) 

For synchronous condensers, an estimated percentage 
should be added to the annual fixed charges, g, to cover 
the cost of routine maintenance. 

The yearly losses may be approximated by multi- 
plying loss at full load excitation by the hours use 
= U..,h per kv-a. The unit annual cost of losses will 
be 


(14) 


(15) 
and 


K: = U con Ch (17) 
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Appendix B 


Test for Minimum. If a root of the first derivative 
of Y with respect to 0 yields a positive result when 
substituted in the equation of the second derivative, 
a minimum is indicated at that point. 


Let K = sum of K terms and Q = sum of Q terms. 
Taking the second derivative of (3) and substituting 
the value of 0 from (5) 


d? Y Q? 
d — /Q?— K? 

The expression is real and positive when Q is positive 
and > 0, K is positive or = 0, and Q > K. Negative 
values of K and Q terms have no physical significance 
in the present problem. Lagging power factor is 
taken as positive. 


Accuracy of Results. For the purpose of calculating 
the power polygon in equations (3) and (4), the value 
of p, kilowatt loss in the condenser, was assumed a 
constant. The error thus introduced is practically 
negligible. In a typical numerical example, for a load 
of 1000 kw., the loss in the condenser required to 
correct the power factor from 0.50 to 0.85 was 3 per 
cent, or 33 kw. The assumption that the condenser 
loss would be the same for corrected power factors 
ranging from 0.75 to 0.95 introduced a maximum 
error of less than 0.9 of one per cent of the total kilo- 
volt-amperes. Since plus errors in calculating condenser 
kilovolt-amperes offset minus errors in required trans- 
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former kilovolt-amperes, even these small errors tend 
to cancel out in evaluating the total cost, Y. 

In equations (1), (2), and (3) and in Figs. 2 and 3, a 
constant unit cost per kilovolt-ampere is assumed for 
transformers and condensers. In the usual case, 
however, the unit price of the larger sizes tends to 
decrease with increase in rating. If necessary, this 
condition could be expressed mathematically by 
plotting cost per kilovolt-ampere against kilovolt- 
ampere rating and writing the equation of a line pass- 
ing through the required points. Introducing these 
expressions into equation (3) would tend to complicate 
the problem unnecessarily. The location of the mini- 
mum point of the Y cost curve is all that is required, 
and this can be determined accurately from the simple 
formula in one or two trials. No error is involved when 
the conditions of formula (5) are satisfied. 

In the application of the formula to practical prob- 
lems, it may be desirable to design the circuit for a 
corrected power factor slightly above or below the 
calculated value in order to make the most advan- 
tageous use of standard sizes of wire, cable, trans- 
formers, and condensers. In the design of new circuits, 
probable growth in load may dictate the use of larger 
wires and transformers than are immediately required. 
Where static condensers are used, provision may be 
made for adding additional units as required, thus 
maintaining economical operation during the period 
of growth and increasing the ultimate kilowatt capacity 
of the circuit. 


Instability in Transformer Banks 
BY KING E. GOULD: 


Associate, A. I. E. E. 


Synopsis.—This paper considers the instability which some- 
times occurs in banks of transformers supplying a capacity 
load when certain harmonics in the primary current are sup- 
pressed, either by the type of transformer connections or by a 
resonant circuit in series with the primary of the transformer, 
and the similarity between the several unstable circuits is pointed 
out. 

Curves showing the triple-frequency voltage distortion as a 
function of the capacity load have been included for two of the 


INTRODUCTION 


N 1915 Mr. L. N. Robinson published a paper? con- 
cerning the unstable condition which sometimes 
occurs when a Y-connected capacity load is supplied 

by a Y—Y-connected transformer bank with the secon- 
dary neutral closed but the primary neutral open. The 
phenomenon was evidently closely associated with the 
voltage distortion which occurs with this and similar 
transformer connections, and which has been studied by 
many investigators’. No very satisfactory explanation 
of this unstable condition, however, has ever been ad- 
vanced so far as the author knows, and the principal 
object of this paper is to advance an explanation sub- 
stantiated by considerable analytical proof and ex- 
perimental observation. 

Mr. Robinson suggested that the instability might be 
due to a “reversing transformer leg,” but thistheory has 
been disproved by oscillograms which show that the 
line voltages and currents are balanced during some of 
the unstable conditions, and by hysteresis loops ob- 
served during instability, which were found to remain 
symmetrical with respect to the two axes. 

Mr. R. P. Shaw investigated this phenomenon‘ 
and took oscillograms and very complete data through- 
out both the stable and the unstable ranges of line 
voltage and capacity load. He also investigated a 
quite similar case of voltage distortion and instability 
which occurs when a capacity is inserted in the delta 
of a Y-delta-connected bank of transformers, primary 
neutral open. Two of his curves showing the third 
harmonic induced voltage as a function of the capacity 
load have been included in this paper. 


EXPERIMENTAL WORK 


Three identical transformers, each of 114-kv-a. 
rating at 100 volts, 60 cycles, the ratio of transforma- 


1. Research Division, Dept. of Elect. Engg., Mass. Inst. of 
Tech., Cambridge, Mass. 

2. Trans. A. l E. E., 1915, p. 2183. 

3. L. F. Blume, Trans. A. I. E. E., 1914, p. 735. G. Faccioli, 
Jour. A. I. E. E., May, 1922, p. 351. O. G. C. Dahl, Trans. 
A. I. E. E., 1925, p. 792. 

4. M. I. T. thesis, 1924, Investigation of the Triple Frequency 
Distortion in Three-Phase Transformer Banks. 

Presented at the Regional Meeting of District No. 1 of the 
A.1. E. E., Pittsfield, Mass., May 25-28, 1927. 
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unstable circuits. For one case, oscillograms taken during the insta- 
bility are shown. 

An ezplanation, substantiated by actual analyses, has been 
brought forward for the simplest unstable circuit, consisting of three 
branches connected in Y across a three-phase line with balanced, 
sinusoidal line voltages, with the neutral unconnected, each branch of 
the Y consisting of an iron-cored reactance in parallel with a capacity. 
This explanation is extended to the other cases, two with experimental 
evidence as justification, and the third by analogy only. 


tion being unity, were connected Y—Y to supply a Y- 
connected, balanced capacity load of 12.5 u f per phase. 
The secondary neutral was closed while the primary 
neutral was open. The transformers were supplied by 
a 5-kv-a., 60-cycle alternator of very good wave form 
for balanced loads, direct-connected to an 8-hp., 
d-c. motor. Under these conditions, the transformers, 
emitted “grunts” or “beats” which sounded like a 
solid body, such as a wooden mallet, striking the lamina- 
tions, and all the meters with the exception of the line 
voltmeter oscillated badly. The line voltage was 
about 200 volts, as indicated by a dynamometer type 
meter, and oscillated but slightly, as the change in 
load over a beat had but little effect upon the terminal 
voltage of the alternator. | 

This instability persisted with a widerangeof capacity 
Mr. Shaw, who worked with the same appara- 
tus, records instability with a capacity load of as high 
as 40 uf. per phase. With any given line voltage, 
stability would occur with either a very high or a very 
low value of capacity, the maximum values of capacity 
which would produce instability being increased as the 
voltage was increased. 

The instability was not due to the alternator supply- 
ing the transformers, as was proved by Mr. Shaw by 
connecting them to a large alternator, and also by taking 
oscillograms of the alternator field current, which was 
found to be perfectly regular. Mr. Robinson had also 
noted this instability under conditions differing widely 
enough to indicate that it was not due to the power 
source. 

Fig. 1, taken from Shaw’s work, shows the variation 
of third-harmonic induced voltage with the size of the 
capacity load, throughout the lower, stable range of 
capacity and part of the unstable range, where measure- 
ments were possible. These voltage readings were 
taken with a thermocouple heater element, in series 
with a high resistance, inserted in one corner of a delta 
formed with an auxiliary winding on each transformer, 
as shown in Fig. 2. Multiples of the third harmonic 
appeared in this voltage also, but they were small, 
as indicated by analyses of the wave form. 


Mr. Shaw also experimented with a quite similar 
unstable condition produced by connecting the pri- 
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maries of the transformers as before, in Y with the 
neutral unconnected, and the secondaries in delta, 
with a capacity inserted in one corner of this delta as 
shown in Fig. 3. The third-harmonic induced voltage 
was measured across one corner of an auxiliary delta as 
before. As was to be expected, the capacity necessary 
to produce instability in this latter case was about one- 
third that inthe Y— Y connection, asthe third-harmonic 
voltages induced in the secondary windings add up 
directly to make the voltage across the capacity three 
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times the third-harmonic phase voltage. Fig. 4, due 
to Mr. Shaw, shows the third-harmonic phase voltage as 
a function of the capacity inserted in the delta, and is 
similar to Fig. 1 except that the capacity has been re- 
duced to about one-third its previous value. Mr. Shaw 
records that the instability commenced in the Y-delta- 
delta case with a capacity of from 2 to 4 u f., which 
corresponds to from 6 to 12 u f. per phase in the Y— Y— 


Tertiary 


Primary. 


Secondery. 
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delta connection. That the Y— Y connection and the 
Y-delta connections are essentially the same so farasthe 
third harmonic and its multiples are concerned is evi- 
dent from a comparison of Figs. 5 and 6, which represent 
the same circuit except that in Fig. 6 the leakage re- 
actances of the transformer windings have been 
neglected. 


As the removal of the primary neutral connection 


produced instability in an otherwise stable circuit, it 
seemed evident that the instability must be due to the 
third harmonic and its multiples, introduced by the 
varying permeability of the iron cores of the transform- 
ers. The existence of the Y-delta instability confirms 
this hypothesis. 

As it was well established that the unstable condition 
which sometimes occurred in some star-connected 
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transformer banks was due to the suppression of the 
third harmonic and its multiples in the primary current, 
it was conceived that by means of a series filter, 
the partial suppression of the harmonics in the primary 
current of a single-phase transformer supplying a 
capacity load might produce an unstable condition. 


Prim ary ey Torhery 
E 
Fie. 3 


Accordingly a circuit was set up as shown in Fig. 7, 
the transformer being one of those used in the three- 
phase case. The filter circuit consisted of a capacity 
in series with two identical air-core inductances which 
were mounted so that the mutual inductance between 
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them could be varied. This filter circuit was ad- 
justed for resonance at 60 cycles, the combined impe- 
dance being 12 ohms, while the capacity and the in- 
ductance each had an impedance of 203 ohms at 60 
cycles. 

With this arrangement, with 110 volts at 60 cycles 


ee re Transformer. 


_ phase supply. 


impressed upon the circuit and with a capacity of 
13.5 u f. placed across the secondary of the transformer, 
the circuit was found to be distinctly unstable, even 
worse than the three-phase case, although the two insta- 
bilities were quite similar. This single-phaseinstability 
occurred over a considerable range of capacity either 
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side of 13.5 u f., but the beats seemed most violent at 
about this value of capacity. A great enough change of 
capacity in either direction would produce stability, 
the voltages and currents at the stable condition with 
high values of capacity being low, as in the three-phase 
case. By changing conditions, such as the voltage, fre- 
quency, or capacity load, the beats could be varied 
continuously from less than one per sec. to so many that 
nothing could be heard but a hum. In general, the 
beats were more violent the longer they were. 

The beats were adjusted to about five per sec., so 


To three- 
phase supply. 


A 


Filters, 

removing all 
but multiples of 
the third harmonic. 
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that each one included about 12 cycles, and simul- 
taneous oscillograms long enough to show the wave 
form over a complete beat were taken. These are 
shown in Fig. 8. The oscillations were not very violent 
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in this case, but a beat of longer period was not used 
because of the length of film required. It will be noted 
that a beat does not include an integral number of 
cycles. 

By means of the two-dimensional oscillograph’, an 
examination of the hysteresis loops of the transformer 
during instability was made. The hysteresis loops 
could be thrown upon a ground glass screen and viewed 
very well indeed. Anattempt was made to photograph 
the series of loops during the unstable condition, but 
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with no success, as the point of light traversed a given 
path but once, and was too faint to record this path. 
The loops thrown upon the screen brought out one 
fact—that the loops increase and decrease in size, 
but they always remain symmetrical with respect to 
the two axes. 

It seemed possible that the unstable condition might 
not depend upon leakage reactance of the transformer 
windings, so a switch was arranged to shift the capacity 
load from the secondary to the primary, as shown in 
Fig. 7A. The unstable condition was established, and 
the capacity suddenly switched from the secondary 
to the primary of the transformer. No change could be 
detected in the frequency or violence of the beats. 
Thus it was proved that leakage reactance of the trans- 
former windings is not a contributing cause of the 
instability. 

In view of the fact that the single-phase instability 
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A. Primary current 

B. Primary voltage 

C. Induced voltage 

D. Secondary voltage 
E Secondary current. 


occurred with the capacity across the primary of the 
transformer, it seemed probable that the unstable 
condition would occur if an iron-cored reactance and a 
capacity of the proper size were connected in parallel, 
and three such branches were connected in Y across a 
three-phase line of the proper voltage, the neutral 
being unconnected. Accordingly, the three trans- 
formers used before were connected in Y, the primary 
neutral open, and with a capacity of about 12.5 uf. 
in parallel with each primary, as shown in Fig. 9. 
This combination was connected across a three-phase 
supply with a line voltage of 200 volts, at 60 cycles, 
and distinct beats occurred in each transformer, just as 
in the case with the capacity load across the secondary 
of the transformer. 


EXPLANATION OF INSTABILITY 


Of the circuits found to be unstable, the one shown in 
Fig. 9 is most easily analyzed, as nothing but odd 
multiples of the third harmonic can appear in the phase 
voltage under stable conditions with sinusoidal, bal- 
anced line voltages, and the third harmonic and its 
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multiples in the exciting current must be equal in magni- 
tude and opposite in phase to the respective harmonic 
currents through the capacity. All multiples of the 
third harmonic above the third itself seemed, from 
actual analyses, to be comparatively small and hence 
were neglected. The effect of the third harmonic 
in the phase voltage upon the third-harmonic exciting 
current was determined as follows. 

A fundamental flux density of 10.2 kilogausses was 
assumed, corresponding to a fundamental (60-cycle) 
phase voltage of 100 volts. Various amounts of 
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Fia. 9 
third harmonic were introduced “in phase” with the 
fundamental; that is, so that the resultant flux wave was 
of the form, Asinwt + Bsin3 wt, and the resultant 
flux wave was drawn. This was done with the third- 
harmonic flux from 12 per cent to 60 per cent of the 
fundamental. From Mr. P. A. Blackwell’s series of 
hysteresis loops* for one of the transformers, the 
magnetization curve was drawn as shown in Fig. 11. 
From this curve, the exciting current corresponding to 
each resultant flux wave was determined, and each of 


these was analyzed for the third-harmonic current. 
When the third-harmonic flux was “in phase” with 


the fundamental flux, the resultant flux wave was, of 
course, always symmetrical with respect to the 90-deg. 
(fundamental scale) ordinate. As there is only one 
value of current corresponding to each value of flux 
density, using the magnetization curve, the exciting 


current was symmetrical, also, with respect to the 


90-deg. ordinate. Thus no cosine component of the 
third harmonic could appear in the exciting current; 


6. M. I. T. thesis, 1924, Unstable Effect in Three-Phase 
Transformer Bank with Capacity Load. 
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in other words the third-harmonic current ıs in phase 
with the third-harmonic flux. From Fig. 10, it will be 
seen that this is a condition which must be fulfilled if the 
third-harmonic exciting current, J;, is to be in phase 
opposition to the current through the capacity. In 
Fig. 10, @3 is the third-harmonic flux which produces the 
induced voltage E, while V; is the third-harmonic 
impressed voltage which causes the current I. to 
flow through the capacity. The resistance and leakage 
reactance of the transformer winding are neglected. 
Thus it will be seen that the phase relation of the 
third-harmonic exciting current remains correct if the 
magnetization curve is used. Moreover, the third- 
harmonic exciting current increases more rapidly 
than the third-harmonic current through the capacity, 
after the maximum flux density becomes high, so that 
the two will become equal in magnitude. Hence the 
saturation curve cannot produce instability by making 
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it impossible for the two third-harmonic currents to 
become equal in magnitude and opposite in phase. 

As the use of the saturation curve would not indicate 
instability, the exciting current was determined from the 
hysteresis loops shown in Fig. 11 and taken by Mr. P. 
A. Blackwell for one of the transformers. For any 
desired maximum flux density, a loop similar in shape to 
the ones shown was interpolated It was assumed that 
each secondary hysteresis loop was thin enough to 
practically coincide with the portion of the main hyster- 
esis loop where it started. Loops taken by Mr. W. 
M. Gilman’ indicate that this assumption introduces 
but little error. 


The third-harmonic flux density was varied, in steps 
of 12 per cent, from zero to 60 per cent of the funda- 
mental flux density, as before, but each value of third 
harmonic flux density was introduced at 20-deg. (funda- 
mental scale) intervals. The resulting exciting current 
waves were analyzed for the third harmonic by means of 


7. M. I. T. thesis, 1925, Quantitative Analysis of Transformer 
Harmonics. 
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the Woodbury analyzer’, which was quite satisfactory 
for waves with a cyclic length as long as was used, 
12 inches. Fig. 12 shows a sample wave, the third- 
harmonic flux being 48 per cent of the fundamental, 
and introduced so that the resultant flux wavewasof the 
form, [A sin wt + 0.48 A sin 3 (wt + 20°)]. 

The magnitude of the third-harmonic exciting 
current, I, was plotted against the third-harmonic 
flux, s, for given angular displacements between the 
fundamental and the third-harmonic fluxes, as shown in 
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Fig. 13. This angle, which we shall call 634, is the 
fundamental angle by which the zero point of the third- 
harmonic flux wave lags the zero point of the funda- 
mental flux wave, both zero points being those at which 
the slope is positive. Thus the flux wave is expressed 
as Asin wt + Bsin3 (wt + 0:3). The intersections 
of the curves of I, against $3 with a line which repre- 
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sented J; against ġ; for a capacity of 6.5 uf. gave 
values of ġ, and 634 at which the magnitude of the third- 
harmonic exciting current was correct for this value of 
capacity. These values of $3; and 636 were plotted 
as shown in Fig. 15, curve I. 

The angle, 631, by which the third-harmonic current 
lags the fundamental flux (that is, the fundamental 
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angie by which zero point of the third-harmonic current 
lags the zero point of the fundamental flux, both zero 
points being those at which the slope is positive), for 
constant values of third-harmonic flux, was plotted 
against the lag of the third-harmonic flux behind the 
fundamental flux shown in Fig. 14. As this third- 
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harmonic current must be in phase with the third- 
harmonic flux in order to be in phase opposition to 
the third-harmonic current through the capacity, 
the angles 631 and 634 must be the same so that the 
intersections of the curves of Fig. 14 with a straight 
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line through the origin and with a slope of unity gave 
values of 3; and 635 at which the phase of the third- 
harmonic exciting current was correct. The locus of 
the point at which the phase was correct is shown in 
Fig. 15, Curve 2. 

It should be noted that the part of Curve 2 which lies 
at 03s, equal to about 117 deg.,is actually discontinuous 
downward, stopping at a value of #3; somewhere between 
12 per cent and 24 per cent. The portion between 
these two points is shown dotted, as it is not known 
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exactly where the curve stops. For each value of 
p: below 12 per cent, there is only one value of 03+ 
at which the phase of J; is correct. Also, it should be 
noted that the “phase correct” curve at 634 equal to 
about 60 deg. approaches 61 deg. as a limit, 634 at o3 
equal to zero being indeterminate. 

It will be seen from Fig. 13 that the magnitude of 
the third-harmonic exciting current is never correct 
for values of 0: between 48 deg. and 72 deg., as all the 
I; — $3 curves for this range of 63¢ lie entirely above the 
straight line which is drawn for the 6.5-y f. condenser. 
As this straight line is tangent to the curve for 43¢ 
equal to 48 deg., the left-hand “magnitude correct” 
curve becomes vertical at this value of 634, and for 
increasing values of ġġ, 939 will decrease. Similarly, 
the right-hand “magnitude correct?” curve becomes 
vertical at some value of 636 greater than 72 deg., 
and for increasing values of œ, 636 increases. The 
dotted line added to the “magnitude correct” curve is to 
show that it is definitely known that the curve never 
crosses a vertical line erected at 63» equal to 72 deg. 

Thus, in Fig. 15, there is no intersection between the 
“magnitude correct” and the “‘phase correct” curves, 
which means that with a fundamental phase voltage of 
100 volts and a capacity of 6.5 u f. per phase, the magni- 
tude and phase of the third-harmonic exciting current 
never become correct at the same time, at least over 
the range of third-harmonic voltage considered; that is, 
up to about 150 per cent of the fundamental. This 
seems a reasonable cause of the instability, as under 
stable conditions the third-harmonic exciting current 
-and the third-harmonic current through the capacity 
must be equal in magnitude and opposite in phase. 

It would seem probable that with higher values of 
third-harmonic voltage, no intersection of the ‘‘magni- 
tude correct” and “phase correct” curves would occur. 
In Fig. 13, it looks as though the straight line for 
6.5-u f. capacity would not intersect the J; — $3; curves 
for 0: near 120 deg., which would mean that no 
intersection would occur along the “phase correct” 
curve near 63. equal to 120 deg. Moreover, analyses 
of oscillograms and Mr. Shaw’s measurements have 
not shown a third-harmonic voltage so great as 150 
per cent of the fundamental for this value of capacity. 

If, in Fig. 13, the straight line is given a greater slope 
—that is, the capacity is increased far enough—this 
line will intersect the J;— o3 curves corresponding to 63 
in the range about 60 deg., and hence an intersection of 
the ‘‘magnitude correct” and the ‘‘phase correct” 
curves would occur along the “phase correct” curve 
near 032 equal to 60 deg. Moreover, no matter how 
much more the capacity is increased, there will always 
be an intersection in Fig. 15, with 63. near 60 deg., and 
hence always a stable point. 

If the capacity is decreased far enough, the I;—@¢; 
line for the capacity, in Fig. 18, will intersect the J;— ¢; 
curves for 632 near 117 deg., at values of œ, great 
enough to produce an intersection of the “phase correct” 
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and ‘‘magnitude correct” curves near 034 equal to 120 
deg. At very low values of capacity, the straight 
line, Fig. 18, becomes tangent to the curves for 63¢ 
equal to 120 deg., and of course for smaller capacities 
than this, the magnitude never becomes correct, 
according to the curves. For such a small capacity, 
however, higher multiples of the third harmonic may 
have appreciable effect upon the third-harmonic ex- 
citing current, or there may be instability which, 
due to the small current through the capacity, is 
unnoticeable. 

According to the analysis described above, there 
appears to be a wide range of capacity at which the 
unstable condition occurs, although an insufficient 
number of J;— œ, curves have been plotted to determine 
the limits of this range of capacity. Experimentally 
it was found that 8.5 uf. per phase would produce 
instability, the fundamental phase voltage being 100 
volts at 60 cycles, while with four uf. per phase no 
instability could be detected. Lack of suitable capacity 
prevented more accurate determination of the range of 
instability. According to the curves of Figs. 13 and 15, 
it seems likely that instability would occur at four 
u f., which indicates that the lower limit of capacity 
which will produce instability is actually greater than 
that indicated by this analysis, due possibly to the 
stabilizing effect which is possible by the introduction of 
odd multiples of the third harmonic in the phase voltage. 

As the circuit analyzed is equivalent to a Y— Y-con- 
nected transformer bank supplying a Y-connected 
capacity load, with the secondary neutral closed but 
with the primary neutral open, neglecting the leakage 
reactances of the transformer windings, and as ex- 
periment has shown that the instability is essentially 
unchanged by switching the capacity load from the 
primary to the secondary (taking due accaunt of the 
ratio of transformation), the above explanation should 
apply to this latter type of circuit also. Moreover, 
as the circuit analyzed is equivalent, so far as the 
third harmonic and its multiples are concerned, to 
a Y-delta-connected bank of transformers with a 
capacity inserted in one corner of the delta, and with 
no primary neutral, again neglecting the leakage re- 
actances of the transformer windings, the above ex- 
planation seems valid in this case also. Figs. 5 and 6 
illustrate the similarity of the circuit analyzed and the 
above y-delta connection. 


RESULTS AND CONCLUSIONS 


1. An unstable condition, quite similar to the one 
which may occur in some star-connected transformer 
banks, may be produced with a single-phase trans- 
former supplying a capacity load, by partial suppression 
of all higher harmonics in the primary current by means 
of a filter circuit. Stability will be produced if any of 
the conditions, as voltage, frequency, or size of the 
capacity load, are changed far enough in either 
direction. 
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2. Hysteresis loops traced upon a ground glass screen 

by the two-dimensional oscillograph during this un- 
stable condition increased and decreased in size, but 
always remained symmetrical with respect to the two 
axes. 
3. Both the single-phase and the three-phase insta- 
bility existed with the capacity load connected across 
the primary. Thus leakage reactance cannot be a 
contributing cause of the instability. . 

4. Under the cause of the three-phase instability 
developed herein, the saturation curve cannot alone 
produce instability. Hysteresis, as well as non-line- 
arity of the magnetization curve, is necessary. 

5. There is considerable evidence that the three- 
phase instability (Y-connected branches of capacity and 
iron-cored inductance in parallel, with neutral un- 
connected) is due to the inability of the third harmonic 
and its multiples in the phase voltage to adjust them- 
selves so as to make the third-harmonic exciting current 
and its multiples equal and opposjte to the respective 
harmonics in the current through the capacity. As 
these conditions must be fulfilled during steady-state 
operation, this failure constitutes a reasonable cause of 
the instability. Hysteresis is necessary .to produce 
instability, as mentioned above; non-linearity of the 
magnetization curve alone is not sufficient. 

It has been shown, by drawing the exciting current 
wave from the hysteresis loops and the voltage waves, 
that when the iron-cored inductance and a certain 
capacity are connected in parallel, with three such 
branchesconnected in Y and with noneutral connection, 
across a three-phase supply with a certain value of 
balanced, sinusoidal line voltage, the third-harmonic 
phase voltage cannot adjust itself to make the third- 
harmonic current through the inductance equal and 
opposite to that through the capacity. This analysis 
neglects all multiples of the third harmonic above the 
third itself. 

The lower limit of capacity which will produce in- 
stability, as indicated by this analysis, is somewhat less 
than the actual limit as indicated by experiment. This 
would seem to be due to the stabilizing effect produced 
_ by the introduction of higher odd multiples of the third 
harmonic in the phase voltage, these harmonics appear- 
ing only in order to produce stability. 

6. The above explanation covers the instability 
which occurs when the capacity is connected across the 
secondaries of the transformers, Y— Y, with no primary 
neutral connection, as the two circuits are equivalent, 
neglecting leakage reactance of the transformer wind- 
ings. It also coversthecaseof Y-delta-connected banks, 
with the primary neutral unconnected, when a capacity 
is inserted in the secondary delta, as this circuit is 
similar, in so far as the third harmonic is concerned, 
and neglecting leakage reactances, to the circuit for 
which the analysis was made. 

T. It seems probakle, although no proof has been 
advanced, that the single-phase instability is due to the 
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inability of all the harmonics in the voltage impressed 
upon the inductance and capacity in parallel, to adjust 
themselves so as to make each harmonic in the exciting 
current equal and opposite to the corresponding har- 
monic current through the capacity, assuming that the 
filter circuit is perfect. Thecauseof this instability then 
becomes quite analogous to that of the three-phase case. 


— 


Discussion 


V. M. Montsinger: I was very much interested in Mr. 
Gould’s paper because it gives a possible explanation of the 
same kind of phenomena that I observed on some single-phase 
transformers a few years ago. 

In 1914, I presented discussion for a series of papers on trans- 
former connections, ete., and in this discussion, showed how con- 
denser capacity, connected either across an opening in the delta 
of a Y-delta connected bank, or across the legs of the delta, 
intensified the harmonic voltages. Fig. 4, as given in Part I 
of the A. I. E. E. Transactions, for 1914 p. 782, shows that at 
about 45 or 50 kilolines per sq. in. core density, the harmonic 
voltages suddenly increases to 200 per cent of the fundamental 
voltage. Upon further increasing the density, the harmonic 
voltage decreases and then increases again; in fact, as the core 
density increased, there were three points at which the harmonie 
voltages were intensified. 

Fig. 6, shown on p. 783, gives results of similar tests made on a 
three-phase core-tv pe transformer, and these curves demonstrate 
that no intensification of the harmonic voltages occurred at 
any point as the core density was increased—the maximum 
intensification being in the order of 15 to 20 per cent of the 
fundamental. 

One point I wish particularly to emphasize is that while we 
have these dangerous harmonie voltages in single-phase trans- 
formers, we do not have them in three-phase core-type trans- 
formers. The reason for this obviously is due to the fact that 
in single-phase transformers, the third harmonic voltages in the 
three legs, which are in phase and flowing towards the neutral 
of the “Y” connection, have a return path through the iron core 
leg external to the windings; while in three-phase core-type 
transformers, the harmonic voltage flux must return through 
the air. 

I should like very much to have Mr. Gould's comments on 
how this difference in phenomena between single-phase and 
three-phase core-type transformers lines up with the conelusions 
that the contributing cause of this intensification is leakage 
reactance. 

K. E. Gould: I have done no work with the three-phase 
transformer, and the present paper considers only three single- 
phase transformers star-connected. The statement that the 
leakage reactance of the transformer windings is not a contribut- 
ing factor in the instability is based on the fact that in changing 
the capacity from the secondary to the primary. there was 
practically no difference in the instability which seemed to me 
conclusive evidence that the leakage reactance is not a con- 
tributing cause. 

This statement that leakage reactance does not eause in- 
stability, was made particularly in consideration of work that 
Mr. Shaw did at M. I. T. in 1924. He gave a very good expla- 
nation of the instability, showing that there were two conditions— 
two points at which the transformers could operate—due to the 
interaction of the capacity, and the leakage reactances of the 
transformer windings, .particularly in the Y-delta case, where 
the capacity is inserted in one corner of the delta. However, 
as soon as it was discovered that the instability still existed with 
only the iron-core reactor in parallel with the capacity, it seemed 
evident that the instability was not due to what Mr. Shaw called 
a resonance effect between the capacity and the leakage re- 
actance of the transformer windings. 


An Instrument for Measuring Short-Circuit 
‘Torque 


BY G. W. 


Associate, 


Synopsis.—The torque produced by a short circuit or other 
transient will produce a corresponding acceleration of the rotor. If 
the rotor is not connected to a load the acceleration of the rotor will 
be directly proportional to the torque. A small instrument is 
described which can be attached to the end of the shaft of the machine 
to be tested. This instrument records the instantaneous acceleration 
of the rotor, the corresponding torque being calculated. The accelera- 
lion is measured by two separate methods. The first method gives 
points on an acceleration—time curve and the second gives a continu- 


INTRODUCTION 


N order to design machines to withstand all possible 
operating conditions and yet not waste material, 
it is necessary to know the magnitude of the greatest 

forces which may act on the machine under the worst 
possible conditions. At the instant of a short-circuit 
surge, or when synchronized out of phase, enormous 
forces may act on a machine. The end windings are 
inherently rather weak mechanically and usually these 
are the first parts to be injured by a short circuit. 
These failures are caused by local magnetic forces, but 
in a few instances, the resultant torque of the machine 
has caused failure. One of the first large vertical shaft 
generators of low reactance sheared off the foundation 
bolts and turned through a considerable angle. In 
another case, a 6000-kv-a. frequency changer set had 
the frame supporting foot broken off and the holding 
down bolts stretched when the set was connected to the 
line out of phase. 


These failures show the enormous forces produced by 
short circuits and other transients. In order to make 
machines sufficiently strong to withstand these abuses 
to which they are frequently subjected and yet not 
waste material, the maximum torque which may be 
developed under abnormal conditions must be known. 
Because of its transient nature, this torque is very 
difficult to calculate or measure. Methods thus far 
developed for calculating short-circuit torque are 
rather questionable because the assumptions which 
must be made do not accurately represent the actual 
conditions. 


So far as the writer is aware, the only previous at- 
tempts to actually measure this torque have been by 
recording the oscillations of the rotor, using the torsio- 
graph or similar instrument giving a space—time curve 
of the movement of the rotor or by measuring the 
voltage generated by a small generator connected to the 
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ous record of the torque. The acceleration is recorded on the oscillo- 
gram so that by using a siz element oscillograph a simultaneous 
record can be obtained showing both the accelcration and the short- 
circuit currents. The mechanism for closing the short circutt at the 
desired point of the voltage wave and the method of checking the 
accuracy of the instrument are also described. A record from an 
actual short-circuit test is shown. The results of the tests will be 
discussed in a later paper. The instrument can also be used for 
measuring sudden shocks on motors and other rotating machinery. 


shaft of the machine short circuited?. The determina- 
tion of torque from a space—time record is very un- 
certain because the torque is proportional to the second 
derivative, 7.e., curvature of the space—time record. As 
is discussed later, this is very unsatisfactory for this 
purpose. The measurement of the voltage generated 
by a small direct-connected generator is much better 
but this method requires taking the slope of the record 
which is not entirely satisfactory. This paper outlines 
an analysis of the general problem of measuring torque 
produced by short circuits and other transient phenom- 
ena and describes the instrument which was 
developed. The instrument was designed to be at- 
tached to the end of the shaft of a machine and gives a 
record on the oscillogram of the instantaneous accelera- 
tion of the rotor which is proportional to the instan- 
taneous torque provided the machine is not connected 
to an external load. If it is desired to measure the 
torque developed when the machine is short circuited 
while running under load, the test must be arranged so 
that the torque developed by the machine short cir- 
cuited can be determined from the acceleration of its 
rotor and the known characteristics of the connected 
load or driving motor. The instrument was designed 
for the one purpose of measuring the acceleration of the 
rotor produced by a sudden pulsating torque. It was 
intended to give an accurate record of the first torque 
cycle and a fairly accurate record of succeeding torque 
cycles. It was designed for torque frequencies not 
exceeding 120 cycles and accelerations of 500 radians ` 
per sec. and above. It can be readjusted for measuring 
lower accelerations provided the frequency is reduced. 
In addition to studying short circuits, it may be useful 


2. The torque developed by a short circuit was measured by 
H. Rikli, (Bulletin Association Suisse des Electriciens No. 5, 
1925). He measured the voltage generated by the exciter which 
was operated on open circuit with its field supphed by storage 
batteries. The torque was of course proportional to the rate of 
change of voltage. If the torque developed had a sinusoidal 
form, it would be fairly easy to determine the rate of change of 
voltage, but with the irregular torque developed by a short 
circuit, it is very difficult to measure the peak acceleration. 
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for studying shocks on rolling mill equipment and 
similar applications. 


SELECTION OF TYPE OF INSTRUMENT 


There are many methods which might be used to 
measure the torque produced by a short circuit. Per- 
haps the most obvious method would be to mount the 
stator on trunions and attempt to measure the torque. 
This would require large, clumsy, and expensive ap- 
paratus, and since the torque is of a pulsating nature, it 
would beextremely difficult, if not impossible, to measure 
this torque accurately, for any known method of 
measuring such a large pulsating force would allow some 
motion of the stator and any such motion absorbs force 
in the inertia reaction of the stator, so that the torque 
measured would not be the same as the actual torque 
developed. 

Another method of attack is to measure the effect on 
the rotor. If the rotor is sufficiently rigid so that it 
can be regarded as a single mass, the acceleration of the 
rotor will be directly proportional to the torque applied 
(assuming that the rotor is not connected to any other 
device). This general scheme was adopted since it 
requires only a record of the acceleration of the rotor 
and therefore lends itself to a small instrument which 
may be readily attached to any machine. 

The pulsating nature of the torque produced by a 
short circuit is the major difficulty in measuring the 
torque accurately. For instance, if an attempt were 
made to measure the actual force acting on either the 
stator or the rotor a very slight movement would 
absorb a large force in the inertia reaction, resulting in a 
large error in the recorded force. For example, the 
stator of a representative 20,000-kv-a., 60-cycle genera- 


2,600,000 


tor has a moment of inertia of Then if 


this stator were mounted on trunions and perfectly free 
to move and if a sinusoidal torque of 60-cycle frequency 
and having a peak value equal to the normal torque of 
the machine were acting on the stator, the amplitude of 
the resulting movement would be only 0.00002 radians. 
At an 80-in. radius, the total movement (double am- 
plitude) would be only 0.0032 in. This movement of 
0.0032 in. assumes a sinusoidal torque whose average 
value is zero so that it has no tendency to produce 
continuous rotation and with the stator mounted on 
trunions, the only effect is to produce this torsional 
oscillation of 0.00004 radians total movement which 
absorbs the full pulsating torque in the inertia reaction 
of the stator. This is merely given as an example 
of the enormous force required to produce a very small 
oscillation of a stator or rotor at 60-cycle frequency. 
If an attempt were made to measure the torque de- 
veloped during short circuit by measuring the force 
exerted by a stator mounted on trunions, it 1s evident 
from the above discussion that the allowable movement 
of the stator is very small. The problem is further 
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complicated by the probability of resonance*®. The 
same general difficulty applies to other methods of 
measurement, so that in any method of measurement, 
the flexibility of the instrument must be carefully 
considered for any slight relative movement permitted 
may result in very large errors. It is much easier to 
control the natural frequency in a small instrument 
which measures the acceleration of the rotor than in a 
large device for measuring force, so that the small 
instrument should be more accurate and reliable as well 
as cheaper and more convenient. 

There are several possible methods of measuring the 
acceleration of the rotor. One method would be to 
obtain a space—time curve showing the instantaneous 
position of the rotor as a function of time. The second 
derivative of this record (7. e., the curvature) would then 
give the acceleration. But inthis method any vibration 
of the recording mechanism would indicate a torque 
which did not exist. In general, the tendency is to 
exaggerate errors when a record must be differentiated. 
A record of instantaneous speed could be obtained, 
but this would have to be differentiated to get the 
acceleration so that excessive accuracy would be re- 
quired in the speed—time record in order to obtain a 
reasonably accurate record of acceleration. Thus, to 
secure an accurate record as well as to save time in 
interpreting the record, the instrument should measure 
acceleration directly. 


The acceleration could be measured electrically by 
generating a voltage proportional to the rotor speed and 
impressing this voltage across a condenser. The 
charging current would then be proportional to the 
acceleration of the rotor. This method is possible, but 
to secure sufficient current to give a reasonable deflec- 
tion on the oscillograph, the apparatus must be rather 
large or amplification must be used. There is con- 
siderable chance for error due to e. m. fs. induced by 
stray fields at the time of short circuit and by the varia- 
tion in drop across the brushes which must be used to 
collect the current. The most serious disadvantage is 
that it does not lend itself to a small instrument and the 
calibration is neither as convenient nor as accurate as 
in the device adopted. 


The general scheme of measuring the force required 
to drive a small flywheel is believed to be the most ac- 
curate method available for measuring the acceleration 
of the rotor. It is very convenient since it can be 
incorporated in a small instrument which can be at- 
tached directly to the shaft of a machine, and since it 
can be calibrated statically by applying a known torque 
to the flywheel, the corresponding acceleration being 
calculated from the moment of inertia of the flywheel. 


3. The torque transmitted to the foundation by a stator 
mounted with some flexibility is discussed by Mr. Soderberg in 
an article published in the April, 1924 issue of the Electric 
Journal (p. 160). This article covers the steady state con- 
ditions. For a transient such as a short circuit, the solution is 
much more complicated. 
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THE INSTRUMENT 


The instrument decided on combines two separate 
devices for measuring the acceleration of the rotor. 
The first merely gives eight points on the acceleration- 
time curve and the second gives a continuous record of 
the acceleration. These devices are in a single, very 
rigid casting which can be attached to the end of the 


— 


Fic. 1—ILLUSTRATION OF THE INSTRUMENT ATTACHED TO THE 
SHAFT OF A 100-Kv-a. GENERATOR 


shaft of the machine to be tested. The acceleration is 
recorded on the oscillogram giving a simultaneous 
record of acceleration and of short-circuit current. 
Figs. 1 and 2 show two views of the instrument attached 
to a small 1200-rev. per min. alternator. 

The device which records points on the acceleration— 


Fic. 2—ILLUSTRATION OF THE INSTRUMENT 


time curve consists of several small disk flywheels 
mounted on and free to rotate on the instrument shaft. 
Fig. 3 is a cross-section of the instrument showing one 
of the disk flywheels and also shows the wiring diagram 
for a group of flywheels. Each disk flywheel (a) has a 
projection (b) on its periphery which engages with a 
stop (c) on the body of the instrument. This stop also 
serves as an electrical contact. The flywheel projec- 
tion is held against this stop by a spring (d) as shown in 
Fig. 3. The projection on the flywheel is made of hard 
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rubber with a brass insert for a contact, so that current 
is carried through the spring, brass insert, and stop, 
being entirely insulated from the flywheel disk. 

When the instrument is accelerated in a clockwise 
direction, the inertia reaction of the flywheel will tend 
to open the contact, but the spring will hold the contact 
closed until the acceleration force exceeds the spring 
force. As soon as this point is reached, the contacts 
will start to separate thus breaking the circuit and 
recording the time at which the acceleration reaches a 
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Fig. 3—CROSS-SECTION SHOWING Disk FLYWHEEL AND CONTACT 


This shows a disk flywheel and its contact. The time at which the 
contact opens shows when the acceleration reaches a certain value. The 
instrument includes eight of these flywheels. The wiring diagram shows 
the connection for recording the action of several contacts with one oscillo- 
graph vibrator element. 


value corresponding to the spring setting. By using 
several flywheels with different spring settings an 
acceleration—time curve can be plotted. 

It is evident that at the instant when the contact 
pressure becomes zero, the contacts will start to separate 
very slowly at first and then more rapidly. If an 
appreciable separation of the contacts is required to 
break the circuit, a considerable time lag will be intro- 
duced. Fig. 5 shows the calculated rate of separation 
of contacts. It is evident that if a record of the instant 
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when the pressure becomes zero, can. be obtained, 
the instrument is accurate, but if a separation of one 
1/1000 of an inch is required, a considerable error is 
introduced. A resistance is connected across the con- 
tact so that opening the contact will merely produce a 
slight decrease in current and by using a small current 
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Fic. 4—Cross-SECTION SHOWING MAGNETIC ACCELEROMETER 
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The instrument combines two independent devices for measuring ac- 
celeration. This is a cross-section showing the device which gives a 
continuous record of the acceleration. The wiring diagram is shown above. 


and low voltage, and making the circuit as nearly non- 
inductive as possible, the contact separation required is 
reduced to a minimum. As described later, a calibra- 
tion test was made which showed that in this circuit a 
change in the current can be observed almost at the 
instant when the contact pressure becomes Zero. 
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Eight of these flywheels are mounted on the instru- 
ment shaft. Each flywheel is 514 in. in diameter and 
3% in. thick at the hub, so that the axial space required 
is only three inch. The flywheelsare connected in groups 
as shown in the wiring diagram (Fig. 3). In this way, 
several contacts are connected in series, each contact 
being shunted by a resistance. When any contact 
opens, there will be a certain decrease in the current. 
The values of resistance are chosen such that if the 
contacts open in the normal order, the steps in the 
current record will be approximately equal, but if they 
open in any other order, the steps will be unequal and 
the contact which opens can be determined from the 
value of resistance shunting the contact. In this way, 
a group of flywheels requires only one slip-ring and one 
oscillograph vibrator element. 

In this device there is considerable time lag in the 
closing of the contacts and severe chattering after they 
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Fig. 5—CALCULATED OPENING OF CONTACTS 


Full line shows the assumed sine-wave acceleration. 

The dotted line shows the acceleration that would be recorded if a contact 
separation of 0.0001 in. were required to give a perceptible change in 
current. Actual tests showed a negligible time lag indicating that for the 
circuit used, the contact separation required to give a perceptible change in 
current was very much less than 0.0001 in. 


close so that the record is of no value after the first 
torque cycle, but in a short circuit the main point of 
interest is the first torque cycle, so that for this purpose 
this instrument is very satisfactory. 

The device which gives a continuous record of the 
torque consists of a flywheel rim mounted from a rigid 
hub with spokes which are flexible in a tangential direc- 
tion. Then when the instrument is given an angular 
acceleration, the inertia reaction of the flywheel rim 
will deflect the spokes producing a relative tangential 
movement between the flywheel rim and body of the 
instrument. A magnetic device measures this relative 
movement which is proportional to the acceleration. 
Fig. 4 is a cross-section of the instrument showing this 
device for giving a continuous record of the accelera- 
tion. The flywheel rim (a) carries a laminated arma- 
ture (b). Two sets of U-shaped laminations (c) are 
attached to the body of the instrument. Any relative 
tangential movement between the flywheel rim and 
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body of the instrument will increase one air-gap and 
decrease the other. Each set of U-shaped laminations 
carries a coil. The two coils are connected in a bridge 
circuit with a balance coil and oscillograph vibrator 
element as shown in the wiring diagram (Fig. 4). 
An 800-cycle e. m. f. is impressed across the coils. The 
balance coil can be adjusted to give approximately zero 
current for the neutral position of the armature. 
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Fie. 6—CALIBRATION OF MAGNETIC ACCELEROMETER 


Then any movement of the armature will decrease the 
inductance of one coil and increase that of the other, 
causing a current to flow in the oscillograph element. 
With negligible resistance, saturation, and leakage flux, 


Fic. 7—ScHEME FOR CALIBRATION TEST 


The instrument rotates at a known velocity and a projection on the 
flange strikes the spring ‘‘K,"' at 0 =O. 


the oscillograph current will be proportional to the 
movement of the armature. For the oscillograms 
shown in Fig. 9, the only attempt to balance the resis- 
tance was by constructing the resistances approximately 
equal. To reduce the initial current further, the resis- 
tance and reactance should be balanced separately. 

In an ideal instrument, the motion of the flywheel 
rim should be exactly the same as the motion of the 
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body of the instrument so that the acceleration of the 
flywheel rim will be the acceleration which it is desired 
to measure. This would require the measurement of 
force without permitting relative movement. Practi- 
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“Fig. 8—ReEsvuuts or CALIBRATION Test or ACCELEROMETER 


The full line shows the acceleration calculated from the initial speed and 
spring characteristics. 

Points indicated by dot and circle ( ©) shows the acceleration as recorded 
by the magnetic device. 

Points indicated by ‘‘x’’ are the points recorded by the disk flywheel 
contacts 


cally, it is sufficient to have the motion of the flywheel 


-rim substantially the same as the motion of the instru- 


ment. The error corresponding to a given relative 
movement is discussed in Appendix I. 

In Appendix I, it is shown that to obtain a given 
accuracy a certain natural frequency of the flywheel is 
required, and for a given natural frequency and accelera- 
tion, the relative movement between the flywheel rim 
and the body of the instrument is fixed. If the error 
is to be small, the relative movement allowable is very 
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Fig. 9—OsciLLoGRAM SHOWING CURRENTS AND TORQUE FOR A 
SINGLE-PHASE SHORT CIRCUIT 


A—Terminal voltage 

B—Current through a group of contacts 

C—800-Cycle current—the magnetic record of acceleration. 
D—Field current 

E—Current in short-circuited phase 


small. In this instrument, the natural frequency of the 
flywheel is 400 cycles per sec. so that for an acceleration 
of 1000 rad. /sec.? which is a fairly high value of accelera- 
tion, the corresponding relative movement between 
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flywheel rim and instrument body is only one-half mil. 
Since this one-half mil of relative movement is be- 
tween two parts rotating at high velocity and subject 
to severe vibrations at the instant of short circuit, very 
careful design is required to insure an accurate measure- 
ment. The instrument as constructed gives a 2-in. 
amplitude on the oscillogram for an armature motion 
of 14 mil, or a -magnification of 4000 times. This 
gives a very satisfactory method of measuring the 
acceleration of the rim since the relative movement is 
so small that the motion of the flywheel rim is 
practically the same as the motion of the shaft. 

This 144 mil of allowable movement does not 
mean that the absolute position of the flywheel rim 
must be located with any such accuracy. It does 
require however, that there be no relative move- 
ment permitted between the flywheel rim and body of 
the instrument except the elastic tangential movement 
of the flywheel rim which is proportional to the accelera- 
tion. To accomplish this, the flywheel rim is carried on 
flexible spokes so that the flywheel and body of the 
instrument behave as one piece of metal having the 
proper flexibility to permit a slight relative tangential 
movement, but with sufficient rigidity in other 
directions so that all other relative movements are 
negligible. The magnetic instrument must then mea- 
sure minute relative tangential movement with ac- 
curacy. To accomplish this, the air-gaps are set as 
nearly alike as possible and the final balance obtained 
with the balance coil adjustment. Then a very slight 
movement of the armature can give a very large oscillo- 
graph deflection. 

A slight torsional vibration of the flywheel rim will 
sometimes occur, but with the high natural frequency 
of the flywheel (400 cycles) this can readily be dis- 
tinguished from other effects. Serious trouble might 
occur if there was a tooth pulsation or other disturbance 
having a frequency the same as the natural frequency 
of the flywheel. For this reason, it is desirable to be 
able to change the natural frequency of the instrument. 
It is also desirable to have a means of changing the 
. sensitivity of the instrument. Both of these objects 
are accomplished by the auxiliary springs (d in Fig. 
4), which give additional stiffness to the flywheel 
system. Each spring is merely a piece of piano wire 
stretched between two parts of the instrument body 
and with its midpoint attached to the flywheel mm. 
It isso arranged that the size of wire can te readily 
changed. For the small movement required, this gives 
the stiffness required ina very light spring. 

The amplitude of the current recorded by the oscillo- 
graph is a measure of the movement of the armature 
from its neutral position. If this current is adjusted to 
be zero in the neutral position, a movement in either 
direction will produce an increase in the amplitude 
of the recorded current, but since the direction of the 
first acceleration of a short circuit is known, this is 
satisfactory. With negligible resistance, saturation, 
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and leakage flux, the amplitude of the current recorded 
should be proportional to the movement of the arma- 
ture. The instrument used can be set to give a slight 
initia] deflection and a straight line characteristic in 
one direction, but not quite a straight line characteristic 
in the reverse direction. In this case, the main point 
of interest is the first torque peak, so that this adjust- 
ment was used. Fig. 6, shows a calibration curve for 
the instrument. The magnification can. be increased 
by increasing the voltage applied to the instrument. 


METHOD OF CALIBRATING THE INSTRUMENTS 


The moment of inertia of each flywheel can easily be 
determined so that the torque corresponding to a given 
acceleration can be calculated. To calibrate the disk 
flywheel springs, a torque is applied to the flywheel 
rim using a spring balance. The torque is gradually 
increased until the contact opens as shown by watching 
the deflection in the oscillograph. Each spring can 
then be adjusted to give the desired value of torque 
required to open the contact. 

In practise, the springs are adjusted roughly to cover 
the desired range and the torque required to open each 
contact measured and recorded as the calibration for 
that contact. 

To calibrate the instrument which gives a continuous 
record, a known torque is applied by hanging scale 
weights from the flywheel rim and measuring the cor- 
responding deflection in the oscillograph. By doing this 
for several values of torque, an acceleration—deflection 
curve can be plotted. This calibration curve is shown 
in Fig. 6. The method of calibration is very simple, 
so that if desired it can be checked before and after 
a test to be sure that nothing is out of adjustment. 

By calibrating the instrument in this way, the oscil- 
lograph and acceleration measuring instrument are 
calibrated as a unit so that all errors are eliminated 
except those due to the difference between rotating and 
stationary conditions. Two of these errors which must 
be considered are the variation in contact drop at the 
slip-rings and any e. m. f. which might ke induced by 
stray fields at the instant of short circuit. The effect 
of a slight change in contact drop is negligible since the 
reactance of the circuit is large compared to the resis- 
tance, so that a change in resistance will result ina 
change in phase angle, but only a very slight change in 
impedance. 

Any currents induced by stray fields will have a low 
frequency compared to the 800-cycle e. m. f. supplied to 
the instrument, so that an induced current will merely 
shift the zero line and not affect the amplitude of the 
800-cycle record so that an induced current will not 
give an appreciable error. There is usually considerable 
lateral vibration at the instant of short circuit, but this 
does not produce angular acceleration in an accurately 
balanced flywheel. 


As a check on the operation of the instrument in 
actually recording pulsating acceleration, a calibration 
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test was made in which a sine-wave acceleration of 
known frequency and magnitude was imparted to the 
instrument by rotating the instrument and allowing a 
spring to engage with a projection on the periphery of 
the instrument. This method is discussed in Appendix 
II. Fig. 8 shows the agreement between the calculated 
acceleration and the acceleration as measured by the 
instrument. The agreement between the records was 
considered very close for measurements of this kind. 


CLOSING THE SHORT CIRCUIT 

The torque developed by a short circuit varies with 
e the point of the voltage wave at which the short circuit 
occurs. In order to measure the maximum possible 
torque, it is necessary to close the circuit at the proper 
point of the voltage wave. To accomplish this, a 
switch is arranged to be tripped at a given position 
of the rotor. The switch is designed to close quickly 
(1/100 of a sec.) sothata small percentage of variation in 
the time required for the switch to close will give only 
a very small error in the time at which the switch closes. 
The position of the rotor at which the switch is tripped 
is adjustable. In making a test, one short circuit 
must be made with a known setting of the tripping 
mechanism. The point at which the switch is closed is 
noted on the oscillogram and the tripping device set 
ahead or back the required number of degrees to close 
the switch at the desired point of the voltage wave. 

The switch shown in Fig. 1 was improvised using an 
ordinary knife switch. It is closed by very heavy 
springs and has a rubber bumper to absorb the shock 
at closing. The tripping device consists of a projec- 
tion on the flange of the shaft coupling which engages 
with a very light phosphor bronze dog. This phosphor 
bronze dog can be moved in an arc of a circle to engage 
at the desired position of the rotor. This arc is gradu- 
ated in degrees to facilitate setting the dog. This 
device can be seen at the bottom of Figs. 1 and 2. The 
dog is made as light as possible and is connected to the 
catch of the switch by a piece of small piano wire. 
These parts are very light, for if heavy, they would 
cause a serious Jar of the instrument at the instant 
of short circuit which might destroy the accuracy of the 
record. A certain amount of flexibility is also essential 
to prevent breaking the parts due to the high speed at 
which they engage. 

This device can be depended upon to close the circuit 
with less than 10 deg. variation from the desired posi- 
tion of the voltage wave, which is less than one-half 
thousandth of a second error. Prior to closing the 
short circuit, a piece of small fuse wire holds the phos- 
phor bronze dog sidewise in a position where it will not 
engage with the rotating projection. A hand operated 
switch is used to start the oscillograph. This switch 
also connects 110-volts, d-c. power, directly across this 
small fuse wire, blowing the fuse and releasing the dog. 
Then as soon as the rotor reaches the proper position, 
the main switch will be tripped closing the circuit at the 
desired point of the voltage wave. In this way, closing 
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the circuit and taking the record are controlled auto- 
matically so that all the operator has to do to take a 
record is to close a small instrument switch. 


CONCLUSION 


Some tests have been made and these have shown 
remarkable agreement between the two separate 
methods of recording the torque. This fact, together 
with the calibration test, shows quite conclusively that 
the instrument is very accurate. Fig. 9 shows an 
oscillogram taken of a short circuit, the circuit being 
closed slightly off zero voltage. The armature current 


_and acceleration of the rotor are recorded simultane- 


ously. Fig. 10 shows the torque developed by a single- 
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Fig. 10—Torgre—TIME-CURVE FOR A SINGLE-PHASE SHORT 
CIRCUIT 


Points shown by dot and circle ( ©) show acceleration as recorded by 
opening of contacts 

Points indicated by cross “ +" show acceleration recorded by magnetic 
instrument (peaks of 800-cycle current) 


phase short circuit. A discussion of the results of the 
tests will be given in a later paper. 

The means of measurement used are old devices, 
merely redesigned and combined for the particular 
purpose desired. The idea of measuring linear accelera- 
tion by a mass held against a contact by a spring has 
been used frequently, and its adaptation to angular 
acceleration was suggested by Mr. Soderberg several 
years ago. 

The idea of measuring small movements by the 
variation in inductance resulting from the change in 
air-gap has been used in many instruments and experi- 
ments.: The magnetic device used for measuring the 
movement of the flywheel rim in this instrument was 
copied from an instrument built four years ago by 
Mr. J. G. Ritter, for measuring railway track stresses. 

The author is indebted to many men in the Westing- 
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house organization for valuable suggestions and ideas 
used in designing the instrument and wishes to take 
this opportunity to thank them, particularly Mr. 
C. R. Soderberg, Mr. J. G. Ritter, Mr. J. W. Legg, and 
Mr. C. J. Fechheimer. 
| Appendix I 
In measuring the acceleration of a rotor by measuring 
the force required to drive a small flywheel, the flywheel 
should have exactly the same motion as the shaft, but 
since any known device for recording the instantaneous 
force allows a slight relative movement of the parts, the 
error due to this relative movement between flywheel 
and shaft must be considered. 
Let 
ar = Acceleration of flywheel in rad. ‘sec.? 
ae = Acceleration of rotor of machine in rad. /sec.? 
6 = Relative angular movement between rotor and 
flywheel. 
K = Spring constant of device driving flywheel 
(pound-inches per radian). 
Moment of inertia of flywheel. 
ar + relative acceleration between rotor and 
flywheel. | 


I 


QIR 


7 d? 6 i 
Qr = ar + dE (1) 
But 

Kô =Iær (2) 


or 


I 
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Then assume that 
ar = Asin wt 
Then 
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ar + qe =Asinwt 


or 
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This gives 


ar = C, cos w. t + Csin wt + — r zy: A sin w t 
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In this solution | A ) sin w t l represents 


the steady state condition and C, cos wet + C: sin wet 
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represents the transient condition which will be damped 
out by friction. Thus in the steady state condition, 
ar, Which is the acceleration measured, is equal to the 
actual acceleration of the rotor (œr) multiplied by the 


1 1 
factor | (2 | So that | 1-() l repre- 
We Ww, 


sents a fundamental error in this method of measure- 


ment. The smaller the value of can be made, the 


(A 


smaller will be the error. If —— = 14, the measured 


value will be 614 per cent high. 

Any mechanical device for continuously recording 
force can be regarded as having a certain flexibility and 
as measuring the deflection due to the action of a force 
on this flexibility. Then if the value of w. is fixed by 
the allowable error, and if a given acceleration must be 
measured, the corresponding relative movement be- 
tween rotor and instrument flywheel is fixed. 

For, from equation (2) 


Kô =lar 
or 
K Or 
I 7 6 
or 
Or 
We = N 5 (4) 
or 
a'r 
ô = oe (5) 


In designing this instrument, a natural frequency of 
400 was used and the instrument designed to measure 
an acceleration of 1000 rad. /sec.? with accuracy. 

Using equation (5) 

1000 
~ (400 * 2 1)? 


The radius of the measuring device was approxi- 
mately 3 in. so that 0.00026 multiplied by 3 = 0.00048 
in., which the instrument must be able to measure with 
accuracy. This is a very small movement to measure 
accurately but it cannot be increased without increas- 
ing the size of the instrument or the fundamental error 
considered above. 


= 0.00016 radian 


1 
The factor of error a Ne derived above applies 
1-() 


We 


only to measuring a steady sinusoidal acceleration. 
For measuring irregular accelerations, the factor will 
not be exactly the same, but the error will still be a 
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function of the ratio of the acceleration frequency to the 
natural frequency of the instrument and the factor 
derived above will give a good approximation to the 
magnitude of the error to be expected. 


Appendix II 


As has been mentioned, the method used to calibrate 
the instrument was to rotate it at a known speed, but 
running free, and let a projection on the flange strike a 
very light, stiff spring. To rotate the instrument, it is 
mounted in a lathe but instead of driving it by a lathe 
dog a string is used having just sufficient strength to 
overcome friction. Then when the projection on the 
flange strikes the spring, the string breaks, allowing the 
instrument to move under the influence of the spring 
force and its own inertia. As shown below, thisimparts 
a sinusoidal acceleration to the instrument. 


Assumptions and symbols: 

Friction negligible 

Mass of spring negligible 

Initial velocity = wo 

0 = Angular position of instrument 

I. = Moment of inertia of instrument 

K, = Spring constant (inch pounds perradian) of the 
spring used to stop the instrument 

t = time/ 

Att = 0 the projection of the flange of the instru- 
ment strikes the spring. 


Then 
d? 0 


hec 


dt 
0=A cos 4 


Where A and B are constants of integration. 


+K:-0=0 


7, t+ B sin 4 k t 


d? 


0 
—— = 0 sothatA =0 


Ati=0, -Tp 


irade a 
kee oe 


This gives 


Ww = B 


2 
I.: 
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or 
B = Wo I: 
K: 
Then the acceleration of the instrument is 
d? 8 K. . K, 
qe 7 T, sin T, t (7) 


This equation holds only during the time when the 
spring is in contact with the projection on the instru- 


ment, which is from t = 0 to = q. Or in 


=f 
I, 
other words the sinusoidal acceleration continues for 
only one-half a cycle. 


From this it is evident that the acceleration imparted 
to the instrument in this manner has a frequency deter- 
mined by the inertia of the instrument and the stiffness 
of the spring used. This frequency used for checking 
the instrument should be approximately the same as 
the frequency which the instrument is to measure. 
For any given frequency the magnitude of the accelera- 
tion is determined by the initial speed of rotation. 


A piece of piano wire in tension was used for the 
spring. This gave a very light spring combined with 
the required high spring constant. 

Fig. 7 shows the schematic arrangement for the test. 
Fig. 8 shows a plot of the results of this test as com- 
pared to the calculated acceleration. The agreement 
between calculated and test results is within the ac- 
curacy with which the oscillogram could be read. 
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Reduction of Transformer Exciting Current 


to Sine- Wave Basis 
BY G. CAMILLI: 


Associate, A. I. E. E. 


Synopsis.—As a sequel to an earlier investigation and develop- 
ment of a method for the reduction of core-loss measurement to sine- 
wave basis, this paper describes two methods developed for the 
reduction of exciting current to sine-wavc basis. 


The first method consists of making two measurements at wave 


shapes as widely different as possible, setting the voltage in each case 
by means of the flux voltmeter. The current corresponding to sine- 
wave voltage is obtained by extrapolation from the observed values of 
currents and form factors. Although the method might be con- 
sidered to some extent empirical, it is found to yield an accuracy 
within one per cent even under extremely unfavorable conditions. 
The second method utilizes as before the flux voltmeter for setting 


INTRODUCTION 


T is well known that the no-load losses, that is, 
the iron loss and exciting current, of a transformer are 
dependent upon the wave shape of the excitation 

voltage. While the Institute rules provide that the 
efficiency rating of transformers must be based on sine- 
wave operation, it is known how difficult it is to obtain 
sine-wave voltage on a commercial scale for the testing 
of transformers. Some scheme that will reduce core loss 
and exciting current tests to a sine-wave basis is 
therefore a necessity, much more important now than it 
was some years ago, due primarily to the increased 
kv-a. capacity of transformers. This may be seen 
better by considering the fact that while the kv-a. 
capacity of transformer units has steadily increased, the 
kv-a. capacity of generating units used for testing them 
has not increased proportionately, and therefore the 


core-loss load on generators in testing departments is a- 


much larger percentage of the generator capacity than 
was formerly the case, with the consequence that wave 
distortion 1s much larger. 


In a paper presented to the Institute a year ago,’ 
the writer described a new and accurate method for the 
reduction of transformer core-loss measurements to 
sine-wave basis, utilizing a flux voltmeter developed for 
that purpose by the writer. The accuracy of the 
meter and method was checked and endorsed by the 
Bureau of Standards,? and it 1s understood that a 
number of research laboratories besides the Bureau of 
Standards have already adopted the scheme. 

Since the successful solution of the problem of the 
reduction of the core-loss component of the no-load loss 


1. General Transformer Engineering Department, General 
Electric Company Pittsfield Mass. 

2. See G. Camilli, A Flux Voltmeter for Magnetic Tests, 
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the voltage but uses a ‘‘crest ammeter” (developed for this purpose) 
for reading the instantaneous maximum values of the corresponding 
currents. Measurements are made at 100 per cent, 86.6 per cent 
and 50 per cent voltages. These data determine the fundamental, 
third and fifth harmonics of the exciting current corresponding to 
sine-wave voltage and hence the exciting current itself, because these 
harmonics are the only important components in determining the 
effective value of the exciting current. 

Theory of the crest ammeter is given, and its applicability (in 
conjunction with the flux voltmeter) to the determination of d-c. 
saturation curves by means of a-c. tests in magnetic investigations is 
indicated. 


measurements to sine-wave basis, the writer studied the 
problem of the reduction of the exciting current com- 
ponent of the no-load measurement to sine-wave basis. 

Two different methods were developed for the reduc- 
tion of exciting current measurements to sine-wave 
basis, as follows: 


Method I. In core-loss measurements, setting the 
voltage by the flux voltmeter,? the maximum flux 
density and therefore the maximum value of the 
exciting current are those corresponding to sine-wave 
voltage regardless of the wave shape of the test voltage. 
The effective value of the exciting current, however, 
will be variable with the wave shape of the test voltage. 


To apply a wave-shape correction to the observed 
effective value of the exciting current, it would be 
necessary to have some applicable measure of wave 
distortion. Now, form factor is one kind of a measure 
of wave-shape distortion and is given in a simple way 
by the flux voltmeter, and therefore it occurred to the 
writer that some simple relation might exist between 
form factor and effective value of the exciting current. 
Thus, indicating the values of form factors by F, 
and the values of the exciting current by Y, we may 
write as a general equation between these two variables: 


Y=at+bF+ceF?+dF?+...+fF" 


Equations of this type are frequently used in engi- 
neering problems and are very convenient whenever it 
is found that the terms above the first or second power 
are negligible. Tests were therefore made to deter- 
mine what approximation could be used, and it was 
found that all terms above the first power could safely 
be ignored; that is, the exciting current corresponding 
to sine-wave form factor may be extrapolated asJa 
straight line function of the form factor. 


A-c. Voltmeter reading 


Orm ACYE E IEX Flux Voltmeter reading 


In a dozen test cases, the error was not more than 1 per 
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cent. With no correction applied, the error would have 
been up to 20 per cent, making the exciting current 
that much too high. 


Method II. In the foregoing, it was mentioned that 
in using the flux voltmeter the maximum flux’ density 
and therefore the maximum value of the exciting 
current are determined. Consequently, if a trans- 
former is tested at various voltages, observing the 
voltage on a flux voltmeter and the current on a 
crest ammeter (to be described below), points of the 
B-H curve of the transformer are obtained. Having 
the B-H curve, the effective current corresponding to 
sine-wave voltage can be calculated. 


on 
RESET 45°. 4 40 RR eee 
GREP & wx 


Fic. 1—H-B Curve sy Means or THE CREST AMMETER 

It may appear at first as though this would be a very 
laborious method, but it is extremely simple. Three 
readings, viz.: one taken at full voltage, one at 86.6 per 
cent voltage, and one at 50 per cent voltage (by the 
flux voltmeter), enable us to determine the fundamental, 
third-harmonic and fifth-harmonic components of the 
exciting current corresponding to sine-wave voltage, 
and, since these are the only important harmonics, 
their resultant gives the total effective current for 
sine-wave voltage. In this method, the higher har- 
monics are not entirely neglected, because they appear 
partially in the first, third, and fifth harmonics by 
modifying their values. For greater accuracy, a larger 
number of readings and correspondingly larger number 
of harmonics may be included, but this appears to be 
hardly necessary. When a large number of points is 
taken, it becomes unnecessary to bring in the harmonics 
at all, as the r. m. s. value of the exciting current for 
sine-wave voltage may be calculated by taking points 
equi-distant in time. The harmonic idea is useful in 
obtaining a greater accuracy from a few points than 
would otherwise be possible. 

The B-H curve obtained by observing simultaneous 
values of Bmaz and Ima: will be recognized to be the 
locus of the tips of the symmetrical hysteresis loops for 
various densities, as shown by the heavy line in Fig. 1, 
and therefore, intermediate between the ascending and 
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descending branches of the loop for maximum (normal 
density). The error which this introduces into the 
exciting current calculation is that of ignoring the power 
component of exciting current corresponding to hystere- 
sis loss, which ordinarily may be neglected in the value 
of the exciting current. The exciting current thus 
obtained lacks, therefore, the hysteresis loss com- 
ponent; and therefore, if desired, this component may 
be added to it as determined by the core-loss test. 
This refinement, however, appears to be hardly neces- 
sary, because tests show that exciting currents obtained 
by this method err on the safe side; that is, results 
obtained by the three-point method are a little larger 
than those obtained by direct sine-wave tests. 

Crest Ammeter. The principle underlying the func- 
tioning of the crest ammeter is as follows: In an air-core 
reactor, the maximum flux density, and consequently 
the maximum value of the current, is proportional to 
the arithmetical average value of the reactive voltage 
across it. 

The proof of the theorem may be seen in the follow- 
ing way: Let e be the instantaneous voltage drop in the 
inductance of the circuit and i the current through it. 
By elementary theory: : 


di 


e= Lr (1) 


where L is the inductance of the circuit, a constant. 
From (1) it follows that 


edt= Ldi (2) 
efdt=Lfdi (3) 
Fic. 2—Use OF THE CREST AMMETER 
{2 I highest value 
fedt=L fai (4) 
tl lowest value 

But 
12 

edt = area of half-cycle = ess (t2 — t,) (5) 

tl ` 

And 


T highest value 
Lf ai 


I lowest value 


= L times maximum change in 
current. (6) 
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Therefore, substituting (5) and (6) in (4), 
eac (te — ti) = L times the maximum change in the 
current. . 
Since the maximum change in current is twice the 
maximum value of the current, €a», is proportional to the 
maximum value of the current. 


FIG. 


3—CREST-AMMETER 
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Fig. 5—CALIBRATION OF THE CREST AMMETER 


The arithmetical average voltage drop across the 
reactor can be measured by means of the flux voltmeter, 
so that the flux voltmeter shunted by a reactor becomes 
a crest ammeter. 

The scheme of the apparatus and its connection to the 
circuit may be seen from Fig. 2 in which T is the trans- 
former under test, C T is an ordinary current trans- 
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former, A is an ordinary a-c. ammeter, X is the air-core 
reactor, and V isa flux voltmeter. 

Fig. 3 shows a view of the outfit. Fig. 4 shows the 
details of the air-core reactor. . 

Fig. 5 shows how the calibration of the crest ammeter 
may be made. A sine-wave generator is used for this 
purpose connected to a non-inductive load. 

The calibration is made by comparing the readings in 
the voltmeter V and the ammeter A. The calibration 
of this instrument corrects also for the slight error intro- 
duced into the readings by the fact that the shunt reac- 
tor cannot be of zero power factor required theoretically, 
but must have some little resistance. 


B-H CURVES BY A-C. TESTS USING CREST AMMETER 
AND FLUX VOLTMETER 


Usual methods for obtaining the B-H curve of a 
specimen require the use of direct current and labora- 


oo 12 
4 8 {12 16 20 


Fic. 6—-D-c. MAGNETIZATION CURVE OBTAINED BY THE USE 


OF THE Crest AMMETER AND FLUX-VOLTMETER 


tory instruments and methods unsuited for commercial 
test. It will be evident from the foregoing discussion 
of the crest ammeter that B-H curves (not hysteresis 
loops) can be obtained by very simple and convenient 
commercial a-c. tests by men with no particular labora- 
tory training, using the crest ammeter and the flux 
voltmeter, two sturdy portable meters. 

Although, in a way, it may be considered a disadvan- 
tage that hysteresis loops cannot be obtained by these 
simple tests, on the other hand troubles from residuals, 
and need for proper demagnetization, etc., attendant on 
d-c. tests, are entirely avoided in the a-c. tests. 

Fig. 6 shows the magnetization curve of a 2000-kv-a. 
transformer obtained by this method. 


TEST DATA 


Method I. Inthe tests tabulated below a given trans- 
former was tested on two or more generators of widely 
different wave shapes, or on the same generator but 
connected to different voltage diagram, so as to obtain 


a er TE = EE 
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the exciting current for at least two different form 
factors. 

The values so obtained were plotted in rectangular co- 
ordinates, and by extrapolation the exciting current 
for a sine-wave form factor was obtained. 

As a check, the same transformer was tested with the 
best generator available and the two results were com- 


pared and are tabulated below. (See Table I.) 
TABLE I 
Rating Exc. I Remarks 
24.1 
24.2 
H-60-2000- C-2300 /18,400/ 25.0 See Fig. 7a 
32000 Y-2300/4600 Y 26.1 
28.7 
23.6 | By extrapolation from 
23.4 |J Best wave test 
H-60-1000- 63,000 Y - 6925 - 20.19 See Fig. 7b 
2400 18.76 Best wave test 
18.50 By extrapolation 
H-60-1000- C-36,700/ 19.70 See Fig. 7c 
63,100 Y-6926/12,000 Y-2400 18 
17.6 Best wave test 
17.5 By extrapolation 
1.19 8.91 
H-60-667-C-23 ,000-2300/ 1.13 8.31 
4000 Y 1.112 8.16 Best wave test 
1.11 8.10 By extrapolation 
H-50-2500- C-25,200-6300 1.19 19.9 
1.27 20.8 
1.11 19.1 By extrapolation 
H-60-2000- C-34,700-2300// 1.13 34.0 See Fig. 7d 
4000 Y 1.24 38.0 
1.115 33.0 Best wave test 
1.110 33.2 By extrapolation 
TABLE II 
Exciting 
Rating Form Factor Current 
H-60-667-C-13,200-2400 1.170 9.64 
1.121 9.40 
1.11 (By extra.) 9.36 
W C-25-3333-45,100/78,000 Y-2200 | 1.155 47.6 
1.125 45.4 
1.11 (By extra.) 44.3 
H-60-833- C-22,000-2300 1.21 29.3 
1.15 26.25 
1.11 (By extra.) 24.3 
H-60-500- C-12,500-2300 1.155 - 7,90 
1.12 7.25 
1.11 (By extra.) 7.06 
H-60-500- C-4000-2200 1.145 8.64 
1.115 8.34 
1.11 (By extra.) 8.24 


The data in Table II are taken from the records of an 


earlier core-loss investigation‘ and illustrate the fact 
that the exciting current is a function of the form 
factor and increases with it. 


Method II. In using this method, a given trans- 
former is tested at three different voltages: viz., 50 per 
cent, 86.6 per cent, and 100 per cent (set by the flux 


4. G. Camilli, A Flux Voltmeter for Magnetic Tests, JOURNAL 
A. I. E. E., Oct. 1926. 
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voltmeter), and value of the current corresponding to 
each voltage is measured by the crest ammeter. With 
the help of these data the effective value of the exciting 
current is calculated. (See Appendix B.) 

Asa check to the value of the current obtained by this 
method, six transformers were tested also with the best 
wave shape available, and the results are compared 
below. 
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APPENDIX A 


In using Method I, instead of graphical extrapola- 
tion, calculation may be made by slide rule as 
follows: | 

Calling the value of current J, at form factor F, 
(for instance, the higher form factor), and J, at form 
factor F, (the smaller form factor), the value of exciting 
current J at sine wave may be expressed by: 


(I; — Is) (Fy — 1.11) 


=l- F.F, 


| ie wate 


1.43 


118 1.19 
FORM FACTOR 


1.47 
1.20 


1.51 1.55 
121 122 


1.27 131 135 1.39 
1.15 116 1.17 


Fıc. 7—METHOD No.1 FOR THE REDUCTION OF THE EXCITING 


CURRENT TO SINE-WAVE Basis 


APPENDIX B 


In using Method II (the crest ammeter method), 
the effective value of the exciting current is found from 
the peak values of the exciting current corresponding to 
50 per cent, 86.6 per cent, and 100 per cent rated voltage 
of the transformer. The following method gives in a 
simple way the fundamental, third and fifth harmonics 
by means of which it is possible to calculate the effective 
value of their resultant. Example: 

Let A be the value of Imax corresponding to 100 per 
cent voltage. 

Let B be the value of Imas corresponding to 50 per 
cent voltage. 

Let C be the value of Ima, corresponding to 86.6 per 
cent voltage. 

Then 
A-—2B 


3rd harmonic = 3 = Í, 
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Exciting current 
by conventional Error of conven- Error of crest 
Exciting current by method, a-c. Exciting current at tional method, ammeter method, 
Item Rating crest ammeter ammeter sine-wave voltage . per cent per cent 
(1) H-60-2000- C-73 ,000-2520 79 93 78.3 19 0.9 
(2) H-60-667- C-33 ,000-2300/4000 Y 7.97 8.9 8.03 11 0.85 
H-60-3333- C-13,200 Y-2300/ 
(3) 4000 Y H 480 61.8 65.1 61.5 6 0.5 
H-60-2000- C-69,300-2400 / 
(4) 4160 Y-K D H 47.7 48.0 47.3 1.4 0.8 
(5) H-60-2000- C-2300-23,000 23.3 23.5 23.5 (0) 0.85 
H-60-4000- C-23,000-4200 / 
(6) 7260 Y 16 17.8 16 10 0 
A (Is +1150) wave basis. These methods greatly lessen but do not completely 
5th harmonic = oe ee : eliminate the possible errors mentioned, due to the fact that the 
2 bases of all the methods used in the past have been imperfect. 
Mr. Camilli therefore has undertaken to develop methods which 
Ist = A — (I+ I) = I, will have a better basis and will be entirely reliable. I think 
From which he has succeeded surpassingly well. 
K. K. Palueffs: With the tests made by various manu- 
: eee pe oie a. facturers under different conditions, it is impossible to adjudge 
I a aia ae I? + Iè + Is the comparative characteristics of different transformers, and 
Meee eee ee 2 it seems to me that the methods described by Mr. Camilli will 
give a very fine basis on which to decide whether the magnetizing 
i ; current really is 2 per cent or 4 per cent. 
Discussion I should like to take exception to Mr. Camilli’s statement in 


Aram Boyajian: For the. benefit of those who are not 
intimately familiar with transformer problems I wish to say 
that the reduction of core loss and exciting current to a sine- 
wave basis is not quibbling over laboratory precision. The 
reduction of the core loss to a sine-wave basis involves wave- 
shape errors of from zero to 20 per cent, and the reduction of 
exciting current to a sine-wave basis involves errors of from zero 
to 50 per cent. The leading manufacturers of the country use 
methods to reduce core loss to sine-wave basis, and possibly some 
of them use methods to reduce the exciting current also to sine- 


the first paragraph of his paper wherein he says that the testing 
facilities, in regard to the capacity of the generators, are not 
increasing in proportion to the transformer kv-a. capacity. 
That isn’t our case here in the General Electric Company. 
For the last five years, our testing capacity in generators has 
increased from 3000-kv-a. to 25,000-kv-a. units, and at the 
present time we are equipped to test the largest transformer we 
have yet built, or are going to build for several years to come, 
with a generator which will give very good agreement with that of 
the perfect sine-wave generator. 


| Research 
Annual Report of the Committee on Research» 


To the Board of Directors: 
1. THE TRAINING OF RESEARCH WORKERS 
There is, perhaps no more important problem at 


this time than that of the training of research workers | 


and engineers. The popular appreciation of research 
is increasing. This is good because the chief stimulus 
of research is a certain state of mind akin to, but more 
than, curiosity and inquisitiveness which without doubt 
can be developed in the proper atmosphere. It was a 
similar state of mind, a dissatisfaction, a desire to go 
where others had not gone and see what others had not 
seen that actuated our pioneer ancestors and resulted in 
America. It would thus seem that the right material 
should be available; but more than material and popular 
appreciation is required to create the necessary state 
of mind. Are our colleges doing their part? As was 
pointed out in the report of this Committee last year, 
indications are that they are not. As a gage on the 
research in electrical engineering at colleges, Dr. F. E. 
Terman, of Stanford University, has made a statistical 
study of research papers presented by college professors 
and their students. The following is quoted from his 
report which appeared in the April 22, 1927 of Science: 

' “The summary of this survey shows that the electrical 
engineering schools of our country produce about one- 
eighth of the electrical and radio research that is re- 
ported in the pages of the national engineering societies. 
This represents about eleven articles a year. Of these 
eleven articles coming from the colleges each year, 
approximately seven come from four universities. 
There is a total of several hundred. Apparently not 
over a dozen technical schools are making much effort, 
if any, in the way of research. Over half of the uni- 
versity research in electrical engineering is the work of 
eight men. 

This is the situation, and it now remains to consider 
the consequences of this condition. University re- 
search in electrical engineering is primarily significant 
as an indication of the situation which exists today in 
the education of electrical engineers. The laboratories 
of the big electrical companies make technical progress 
assured even without university research, but the 
country’s supply of technically trained young men can 
come only from the university.” 


These facts are disconcerting. In correcting this 
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condition, it must be kept in mind that true research 
workers are more than mere readers of instruments 
and collectors of data and cannot be turned out 
mechanically. 

It is not a mere matter of money and apparatus; 
atmosphere and inspiration are necessary. These must 
be supplied. There is, perhaps, something still to be 
done by the industry in further recognition of the 
research worker in a monetary way. 


2. ACTIVE RESEARCH 


This Committee serves as the Advisory Committee 
on Electrical Engineering to the National Research 
Council. At the request of that Council, the Com- 
mittee on Research has been instrumental in establish- 
ing in the National Research Council, a Committee on 
Electrical Insulation. This has given work of a definite 
character to the Committee on Research and a small 
group of its members has been active in this connection. 

The Committee on Insulation, largely made up of 
members of the Committee on Research, has already 
made two reports; the second of which is a compre- 
hensive review of the literature and present information 
on the subject of dielectric absorption, and has sug- 
gested channels for further research in this field. Asa 
result, a number of researches are now under way in 
different universities; one of these, in Johns Hopkins 
University, is of special interest on the present occasion, 
as it is being supported by a generous fund guaranteed 
by Engineering Foundation. 

A third report of this Committee on Dielectric 
Strength of Solid and Liquid Dielectrics is being pre- — 
sented at this meeting. 

Research on cable insulation, under the auspices of 
the N. E. L. A., is under way in several colleges. Part 
of this work—lInfluence of Residual Air and Moisture 
on Impregnated Paper Insulation—has already been 
presented to the Institute by Doctor Whitehead. 


3. STIMULATION OF RESEARCH 


All divisions of electrical engineering offer wide oppor- 
tunity for experimental study, development, and 
research. It is the special duty of our Committee to 
encourage and stimulate research, to keep in touch with 
the results accomplished, and to see to it that the 
members of the Institute and others interested are 
informed. ) 

To do this, the Committee asks its members to report 
onall mattersof the following natures that come to their 
attention: 

1. New experimental work about to be undertaken. 
Information assists in co-ordination and often prevents 
duplication. 

2. Important results of completed research. 
formation is necessary for our annual report. 
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3. Suggestions of important problems for research. 
The Committee has frequent opportunities for sug- 
gesting promising problems for experimental attack. 

4. Any method or occasion which suggests itself for 
obtaining important research papers for the Institute. 

President Chesney has done much to stimulate re- 
search in hisinspiring talks at our various Sections in the 
United States and Canada. While he has pointed out 
clearly the necessity of pure research and adequate 
support of our colleges, he has not let us forget that the 
work cannot go on by research alone. Combined with 
this research spirit of adventure, there must be the 
spirit of cooperation and willingness of standardization 
at the proper time. Strange as it may seem, research 
and standardization must go together if the maximum 
prosperity is to be attained. It is well, in closing, to 
place the engineer by quoting from President Chesney’s 
Chicago talk: 

“‘The electrical engineer’s hopes and aspirations turn 
him to the future. His spirit is essentially the spirit 
of progress, and, while he reveres the accomplishments 
of the past in which figures of men were more con- 
spicuous than events, the changing conditions of 
modern day civilization still leave him the embodiment 
of progress. Complacent satisfaction with things as 
they are has ever been foreign to his nature; he is con- 
stantly striving for improvement.”’ 

F. W. PEEK, Acting Chairman. 


a 


Discussion 


F. C. Caldwell: There are two types of minds that are 
particularly adapted to the training for researech,—on the one 
hand, the student who is distinctively scientific, who has the real 
research spirit, the desire to know, the scientific curiosity,— 
on the other hand, the inventor, the man who has ideas that 
seem, to him at least, to be inventions of importance. 

The man of the first type is interested only moderately in the 
money side of his work. The man of the second type usually has 
in mind that financial return his invention will bring to him and 
often vastly over-estimates its money value. 

Such a student needs to have impressed upon him the real 
situation with regard to invention and development, the problems 
and the difficulties involved and the value of team work in this 
connection. He may thus come to appreciate the advantage of 
working cooperatively in an organization rather than trying to 
play alone hand. 

The other student, the one who is of the scientific research ty pe, 
wants to know that he will earn a good living, assuming a reason- 
able degree of success, and that he will not have to worry too 
much about the cost of living, if he trains himself for and devotes 
himself to research. 

Recently one of the large electrical organizations sent us a 
curve showing the average salaries which the graduates of our 
institution Were earning at various intervals after leaving college 
It was a very interesting curve, and quite encouraging. It 
showed that for a man who was satisfied with a comfortable 
living, that was a good organization to join; little prospect of 
making a fortune, but an opportunity to live a comfortable life. 

It would be interesting if we could have such a curve for 
research workers. A curve like this, if it shows such an upward 
slope as I believe it will, should be very encouraging to would-be 
research workers. 

Another point,—often when a university teacher does develop 
some research ability, he is taken out of teaching work and 
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absorbed by industry. That is a real difficulty, but we certainly 
would not want to eliminate it. The loss of such men from 
education is a hard problem to solve. Perhaps there is no solu- 
tion for it, until the time comes, if it ever does, when teachers will 
be paid salaries commensurate with those that the same men get 
in industry. 


R. W. Sorensen: The educational problem in our engineer- 
ing colleges up to the present time has been largely with under- 
graduate students whose college life is limited to four years. A 
few engineering colleges are extending their courses to five and 
in some instances to six years. This seems to indicate that in the 
near future there will be available in the colleges graduate 
students who will have the required preparation and time to do 
research work. 


Just at present the scientists are ahead of the engineering 
students in their ability to raise finances for pure research work as 
compared to applied research work or engineering research work. 

In those colleges with which I am acquainted a pure scientist 
research teacher may have one course to teach, and usually that 
is just a lecture course, or perhaps he has only a few research men 
with whom he holds conference regarding their research problems. 
Engineering teachers for the most part have to devote about half 
their time to teaching; some of them also have to devote a 
large share of time to administrative work to keep a department 
going. in addition to being expected to try to get in a bit of 
personal research work and at the same time inspire students’ 
work of a research type. 


In engineering as well as in pure science we must find a way tv 
make available a large number of fellowships which capable men 
may make use of while doing research work and studying for a 
Ph. D. degree in engineering. At the present time the few 
available fellowships of this nature make it necessary for engineer- 
ing students who are not members of fairly well-to-do families to 
find all kinds of outside work in order that a few dollars may be 
earned to keep soul and body together. 


Another factor is, only a few of the industries of today have 
expressed a willingness to pay for increased engineering training 
beyond that required to obtain a Bachelor's degree. I think it 
ean well be said the few who have been liberal in paving men who 
have been worthy of doing graduate work have found the in- 
creased pay a profitable investment. Another factor is that engi- 
neering research men have been directed toward commercial prob- 
lems beeause of larger pay frequently given tocommercial men. 

If colleges are to undertake engineering research problems they 
must also give considerable attention to the study of patents, how 
to obtain them, and the ownership of patents resulting from 
research work in college laboratories. It is my opinion that for 
the best results, patents thus developed should be the property 
of the edueational institution where the work is done, but the 
institution must, on the other hand, do as the industries have 
done, recognize patentable features resulting from research 
work as worthy of being the basis for financial compensation to 
the workers who make it possible to obtain patents. Inasmuch 
as educational institutions have limited funds available for taking 
out patents, industries, who after all will get the return by 
manufacturing the goods, must be very liberal in assisting the 
educational institutions in developing and patenting new devices. 

In fact, the whole problem is intricate and requires a great deal 
of study, but that study is inevitable because our technical 
problems are reaching a state where they ean be analyzed and 
extended further only by engineers who have a thorough under- 
standing of modern physics and mathematics; that is, the 
engineering profession has become so thoroughly a language of 
physies and mathematies that four years of training is insufficient 
for the man who wishes to be in the forefront of technical 
progress. To make it possible for colleges to turn out such men 
the industries and colleges must work out a new plan for financing 
men qualified to do graduate work. The colleges must see to it 
that they admit to graduate work only men peculiarly fitted for it. 


LL S ge A, o Seas 


June 1927 


Some criticism has been made regarding the number of papers 
coming from our college research laboratories. I am quite con- 
vineed, however, that the colleges are producing results com- 
mensurate with the amount of money spent in their laboratories 
equal to that in the industrial laboratories. Our own experience 
has been such as to indicate that often research problems useful 
to industries can be carried on by students in a college laboratory 
as well as by a man in an industrial laboratory for much less 
money than the industry would require should they use the same 
man for the same work in one of their own laboratories. 

R. E. Hellmund: I think the subject of research in colleges 
is a very timely one to discuss. The reason why I believe so is 
that there are relatively few students coming from the colleges 
with the intention of taking up research work or design work 
which is similar to research. I have for many years interviewed 
most of the students coming to the Westinghouse Company to 
take up engineering work, and until recently the large majority 
of them showed a preference for application work and but very 
few came with the idea of going into design or research. 

We, of course, have given this a good deal of thought, because 
a manufacturing company is primarily in need of design engineers. 
The usual idea that the compensation may be the reason for the 
existing condition can hardly apply heeause the salar’es of re- 
search and design engineers are in general the same as those of 
application engineers. I believe the real reason is that the 
colleges do not instill into the students a desire to do this kind of 
work. I have found, for instance, that in some schools the 
students during their senior year do a number of design calcula- 
tions for induction motors, generators, transformers, ete. They 
are given formulas for this purpose, and in using them make 
numerous mistakes. Because of their inexperience, they do not 
discover such mistakes until well toward the end of their caleu- 
lations, and as a consequence they are obliged to carry through 
the slide-rule work many times. Asa matter of course, they be- 
come thoroughly disgusted with the work and make up their minds 
that this is not the kind of thing they wish to do all their lives. 

With the realization by the schools that it is impossible to 
give the students a complete knowledge of design, there has for 
several years been a tendency to eliminate design activities 
entirely and merely equip the students with a fundamental 
knowledge. This point of view has also found support with 
the representatives of the industries, who felt that if the student 
had a thorough knowledge of fundamentals, the industry could 
teach him the particular design knowledge required. This 
may be true, but it must not be overlooked that even the funda- 
mental knowledge is merely a tool and that the real function 
of the research man and the designer is to create. In other words, 
all the fundamental knowledge is of no use if the design engineer 
does not have the desire and ability to create, and I therefore 
do not believe it is safe to keep a student in college for four years 
merely absorbing knowledge and without continually fostering 
in him the desire to create something himself. Unless this is 
done, the student is not properly developed for his future work, 
nor will he be interested in design or research work upon entering 
industry. 

It is. of course, impossible to teach all varieties of design and 
research during the limited time of a college course. However, 
I consider it essential to keep the student engaged in some kind 
of design work throughout the entire course, without any attempt 
to cover the entire field. Starting with the simplest kind of 
problems, more difficult ones may follow later, and care should 
be taken at all times to utilize and apply in this connection the 
knowledge acquired in the fundamental studies. 

I fully agree with the previous discussors that additional 
financial resources are desirable in connection with the research 
work of the schools, but I also believe that a great deal can be 
accomplished simply hy keeping the student interested in design 
and research work and continually fostering in him a desire to 
exercise his creative ability. 

W. A. Del Mar: There is one observation I should like to 
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make about training of research men which I believe has never 
come up in the discussion between the engineers and educators; 
that is, the importance of training men in manual dexterity, both 
for making instruments and experimental “set-ups,” and for 
their manipulation. 


Success in research work depends very largely upon the dex- 
terity of the worker in making, assembling, and using apparatus. 
The man who depends entirely upon ready-made commercial 
instruments or who has to wait for the commercial concerns to 
make his instruments will not get very far in research work. 


There is one other point in connection with training of research 
men, and the development of research mentality. I do not think 
there is a single research mentality. We need two different types 
of men in the research laboratory, one having reliability in making 
measurements, and the other having extraordinary coordinating 
power, bringing together the results of tests and uniting them 
together into something new. I think those are two entirely 
distinct types and ought to be recognized as such by the 
educators. 


J. Tykocinski-Tykociner: (communicated after adjournment) 
Research becomes more and more the result of cooperation 
instead of the effort of a single individual. With the growing 
complexity of engineering problems, the number of individuals 
participating in the solution of a particular problem will 
naturally increase. This development, conspicuous in the 
industrial laboratory, will have to be met also in the colleges. 
The development of theory, experiment, and equipment forms 
the three special divisions of research activities in which the 
individual research workers will have to specialize according 
to their natural aptitude. The type of student gifted in 
theoretical formulation of problems finds ample opportunities 
of preparing himself and developing for research.work. Origi- 
nality and knowledge of mathematical methods is all that is 
required for his future success. 


However, the gifted experimenter, whose chief aim is to apply 
his creative faculties to the development of new methods of 
investigation, the design of new apparatus, and to the surmounting 
of innumerable difficulties presenting themselves in the course 
of research work, finds himself limited by the lack of talent to do 
things requiring skilled manual work. An inventor of new scien- 
tific methods and devices will rarely be sufficiently skilled in 
mechanies to produce the actual experimental apparatus and pre- 
cise measuring instruments he requires. In fact he will find in 
most cases that there is no mechanic available at the college 
who could do all the work he needs. If he can get the mechanic 
to do work on his apparatus, he will find him a dutiful craftsman 
but without initiative or understanding of the real needs for 
which the apparatus is to be built. Colleges as well as industries 
must face the fact that the old generation of good mechanics 
adapted for the varied auxiliary research work is vanishing 
and that the present sources for supplying trained men are 
inadequate. Continued progress in research calls for the 
creation of an efficient professional body of mechanics especially 
trained for research work. The research mechanic of the 
immediate future will regard his vocation as a fine art and he 
will acquire all the knowledge, training, and skill in a special 
department of an engineering school to be created for this 
purpose. The research mechanie will actively cooperate with 
the theoretical investigator and with the experimenter. His 
aim will be to produce and to improve the equipment required 
for the solution of the various problems. All three must have 
an understanding for one another’s part of the common work. 
The work of each must be regarded as an equivalent contribu- 
tion. Each of them will participate with his particular ingenui- 
ties for a common achievement. Cooperation of this kind and 
the organization of special courses for education and training 
research mechanics seem to me to be the factors which will 
further research and which should be stimulated at the present 
stage of development. 


Electrophysics 
Annual Report of the Electrophysics Committee’ 


To the Board of Directors: 


The general views of the chairman of the committee 
will be found in the editorial entitled Relationship 
between Physics and Electrical Engineering, in the 
JOURNAL for February, 1927. This editorial may be 
considered as part of this report. During the year, 
some of the members of the committee volunteered 
to watch new developments in the following topics: 
Ferro-magnetism, theory of mapping of fields, short- 
time phenomena, high-voltage research, insulation 
and dielectrics (solid, liquid, and gaseous), ares and 
discharges, short-wave propagation, atomic physics, 
spectroscopy, quantum theory, and surges. This 
list will give an idea of the scope of interest in electro- 
physics. Several manuscripts submitted to the Insti- 
tute were read and passed upon by the committee. 

The committee has felt that a constant influx of new 
ideas from the field of pure physics to Institute member- 
ship should be carefully maintained, in order that the 
profession might promptly take advantage of new. 
discoveries, methods of measurement, and theories. 
As a partial realization of this endeavor, the committee 
desires to report as follows: 

1. It has obtained permission from your Board to 
invite two members of the American Physical Society 
to sit with the committee. It is hoped that this 
arrangement will actually go into effect after August 
first. 

2. It has obtained permission from the editor of 
Physical Review to publish in our JOURNAL abridgments 
of any papers appearing in the Review, with the usual 
credit. This will make it possible to note important 
articles immediately after their publication. 

3. It has arranged with Professor K. T. Compton of 
Princeton University to write a paper on The Nature of 
the Electric Arc for presentation at this convention. 
It is hoped that another prominent physicist may be 
secured to address our next Winter Convention and that 
such addresses may become a regular practise in ene 
future, at least at Winter Conventions. 


PAPERS PRESENTED 


The following papers and articles, which appeared in 
the JOURNAL during the period covered by this report, 
will give an idea of the range of topics in electrophysics 
covered. While not all of these papers were presented 
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under the auspices of the Electrophysics Committee, 
they all lie within the scope of the committee’s interests. 
The pages refer to the JOURNAL. 


1926 


Temperature of a Contact and Related Current-Inter- 
ruption Problems, J. Slepian, October, p. 930. 

Measurement of Transients by the Inchtenberg Figures, 
K. B. McEachron, October, p. 934. 

The Space Charge That Surrounds a Conductor in 
Corona at 60 Cycles, J. S. Carroll and H. J. Ryan, 
November, p. 1136. 

Coolidge’s Cathode Ray Tube, November, p. 1143. 

Vacuum Switching Experiments, R. W. Sorensen and 
H. E. Mendenhall, December, p. 1203. 


1927 


Frequency Measurements with Cathode Ray Oscillo- 
graph, F. J. Rasmussen, January, p. 3. 

Maxwell’s Theory of Layer Dielectrics, 
Murnaghan, February, p. 132. 

A New Electronic Rectifier, L. O. Grondahl and E. H. 
Geigher, March, p. 215. 

Space Charge and Current in Alternating Corona: 
C. H. Willis, March, p. 272. 

Oil Breakdown at Large Spacings, D. F. Miner, 
April, p. 336. l 

Graphical Determination of Magnetic Fields, A. R. 
Stevenson, Jr., and R. H. Park, Winter Convention. 
E. E. Johnson and C. H. Green, June, p. 583. 


ELECTRICAL DISCHARGES IN GASES 


Disruptive Discharges. Using a development of 
Townsend’s theory of ionization by collision, it has been 
proved possible to design electrode shapes of high- 
voltage spark-gaps so as to obtain minimum electrode 
size. “No time-lag’” electrodes so designed are much 
smaller than corresponding “no time-lag’’ spheres, 
(Rogowski and Rengier, Archiv. f. Elektrotech.). A 
study of time lag of spark-over of gaps has shown that 
in many cases the duration of the lag is a matter 
of chance and must be dealt with statistically, 
(McEachron, A. I. E. E. JOURNAL; Braunbek, 
Zeitsch. f. Physik). The influence of the state of 
electrode surfaces on time lag has been confirmed, 
(Burawoy, Archiv. f. Elektrotech.). The Townsend 
theory of ionization by collision seems to be inadequate 
for explaining the shortness of the time lag, (Rogowski, 
Archiv. f. Elektrotech.). Progress has been made in the 
theory of lightning, (Simpson, Proc. Roy. Soc.; Dorsey, 
Frank. Inst. Jl.); experimental work has been done 
aiming to discover the manner of striking of lightning, 
(Peek, Frank. Inst. Jl.). 

Corona. Progress is being made toward a rational 
theory of corona, and the influence of space charge in 
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the discharge is being taken into account, (Carroll and 
Ryan, Jl., A. I. E. E.). 

Arcs. An improved equation for the volt—ampere 
characteristic of an arc, with one constant of the equa- 
tion directly related to the boiling point of the anode, 
has been developed, (Nottingham, Phys. Rev.). Ex- 
perimental and theoretical evidence has been produced 
for the existence of cold cathode arcs, (Newman, 
Phil. Mag.; Slepian, Phys. Rev., Frank. Inst. Jl.). 

Miscellaneous. Important formulas have been 
theoretically derived and experimentally confirmed for 
the properties of electrodes immersed in gaseous elec- 
trical discharges, (Langmuir and Mott-Smith, Phys. 
Rev.). Cathode rays due to very high voltages have 


} been brought outside the vacuum tube, and have 


produced strange phenomena, 


(Coolidge, Frank. 
Inst. Jl.). 


SHORT-TIME PHENOMENA 


Much progress has been made in developing instru- 
ments for the determination of the characteristics of 
short-time electrical phenomena. Through the use 
of the modern cathode ray oscillograph of the Dufour 


| type, it is now possible to determine the relationship 


between time, voltage, and current for any device 


_ operating under transient conditions, such as a lightning 


| 


ee ee 


arrester. 

Heretofore, it has only been possible to calculate 
wave fronts, and such calculations were of course 
limited to the assumptions made and frequently gave 
results considerably in error because of the presence 
of unsuspected oscillations. The cathode ray oscillo- 
graph has been used successfully for transients whose 
crest voltage was attained in one ten-millionth of a sec. 

The propagation of waves over circuits and effects of 
-eflection points, the breakdown of insulation, and other 
similar problems, are being actively studied with the 
help of this oscillograph. It is also being used to study 
the effects of lightning on transmission circuits, and 
gives for the first time an opportunity for the deter- 
mination of the character and form of transients due to 
lightning. 

For the purpose of making field studies of transients 
and transmission lines, surge recorders based on 
Lichtenberg figures have become of very great im- 
portance. The magnitude, polarity, and frequency of 
occurence of disturbances have been determined for 
many. systems. These data have added greatly to our 
knowledge of phenomena for which there were only few 
quantitative data in the past. The measurements 
cover a very wide range of voltage, having been made 
on practically all ratings, from telephone circuits to 
220-kv. transmission systems. 

The surge recorder is also very useful in the laboratory 
as a device for measuring the potential of transients, 
without drawing appreciable energy from the test 
circuit. Many investigators, both here and abroad, 
are now studying the phenomena of lightning with 
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renewed interest, and considerable benefit is certain 
to come from these studies. 


FERROMAGNETISM 


During the past year notable advances have been 
made in our understanding of ferromagnetism, principal 
among which may be noted: 

1. Studies of single crystals of iron and of nickel 
have shown remarkable magnetic properties different 
from those obtained in multi-crystalline materials. 
The principal contributors in this field have been 
Honda, Webster, Gerlach, and Sucksmith. 


2. Studies of magnetostriction in permalloy by 
McKeehan have indicated that this phenomenon plays 
a much more important role in ferromagnetism than 
had previously been appreciated, and that hysteresis is 
very definitely related to magnetostriction. Work 
by Wedensky and Simanow and by S. R. Williams 
confirms the existence of such a relation. 


3. Studies have been made on the magnetic proper- 
ties of iron and magnetite at radio frequencies by Wait. 
His results throw doubt on the results previously 
reported by Arkadiew and his collaborators. 


4. Studies of the specific heat of ferromagnetic 
metals by Sucksmith and of the closely related magneto- 
caloric effect by Weiss throw some light on the relations 
between thermal and magnetic energy. 


A very notable contribution to the literature of 
ferromagnetism which is of particular interest to 
electrical engineers is Thomas Spooner’s book on the 
properties and testing of magnetic materials. 


HIGH-VOLTAGE RESEARCH 


In the realm of high-voltage research, steady progress 
has been made. Corona has been studied up to 
potentials of 1,000,000 volts. Spark-gap measurements 
have been extended to 2,000,000 volts. The past year 
saw the first 220-kv. transmission system in the East 
put into operation (in Pennsylvania). 

The use of the ground wire seems to find increasing 
favor as a means of decreasing the number of serious 
impulses occurring on transmission systems during 
lightning storms. Laboratory tests have shown quan- 
titatively the benefits to be derived from the use of the 
ground wire under various conditions. The shielding of 
buildings and other structures from the effects of 
lightning has also been studied. 


Several high-voltage laboratories are now available 
for research and test purposes, the latest being the new 
2,000,000-volt Ryan Laboratory at Stanford University. 


GENERAL PROGRESS IN ELECTROPHYSICS 


With the discovery of X-rays and radioactive 
substances, some 30 years ago, the progress in physics 
has been phenomenal, and it is not possible even to 
enumerate briefly the important contributions which 
have been made within the last year or two, especially 
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in the domain of our knowledge of the fine structure of 
spectral lines. These contributions follow the trend 
of ideas, previously established, with respect to the 
individual electronic orbits which determine the 
atomic and molecular structure of matter and the 
ultimate nature of various forms of radiation and other 
forms of energy. 

An authoritative and monumental work on modern 
physics is now appearing under the title, Handbuch der 
Physik, edited by Geiger and Scheel, in 24 large volumes 
(Springer, Berlin). Scores of prominent physicists are 
contributing to this work. Numerous special books 
are also available on branches of physics of interest 
to our profession, such as X-rays, spectroscopy, ioniza- 
tion, dielectrics, photoelectricity, molecular structure, 
radiations, chemical physics, ete. 

Those who wish to get a bird’s-eye view on modern 
developments in physics should read Darrow’s ‘‘Intro- 
duction to Contemporary Physics” (Van Nostrand) 
and his serial articles in the current issues of the 
Bell System Technical Journal. Seealso R. A. Millikan, 
“The Last Fifteen Years of Physics,” Amer. Philos. 
Soc. Proc., 65.2, pp. 68-78, 1926. 

By following certain portions of Science Abstracts, 
Section A, one may readily keep in touch with the 
progress of any particular branch of physics in which one 
is interested. For work done in this country, the 
abstracts of papers presented before the American 
Physical Society and published in its bulletin should be 
consulted. This bulletin appears separately and is 
also subsequently reprinted in the Physical Review. 


Transactions A. I. E. E. 


Publications of the National Academy of Sciences, 
Franklin Institute, American Philosophical Society, 
Bell System, etc., will also be found useful. 


VLADIMIR KARAPETOFF, Chairman. 


Discussion 


R. W. Sorensen: The 1927 Pacific Coast Convention papers 
will include reports of work done in a study of the characteristics 
of lightning and devising means of protecting oil reservoirs 
against lightning strokes. One of the two papers to be pre- 
sented at that time is the result of work done in the research 
laboratories of California Institute of Technology, a group of 
people who wish protection for oil-storage reservoirs providing 
funds for this definite piece of research work. These funds have 
been used up and certain protective plans for oil reservoirs 
prescribed, but there remains much to be done in making a com- 
prehensive study of lightning and protection against it. Also 
this is one of the types of problems. which, if properly financed, 
could well be carried out by one or more college staffs. Re- 
search on such a problem should not be limited to one or two 
laboratories and their respective groups of research men, but 
we should have a number of field observation crews and a number 
of laboratory groups making studies about lightning. It is my 
hope that a way will be found for men interested in the subject 
of lightning and provided with high-voltage equipment to do 
experimental work at our colleges in order that we may train 
students for this kind of work by permitting members of the 
faculty and student body to have a part in the work. 


I am much encouraged by the work already done. Observers are 
coming more nearly into accord as to what lightning phenomena 
are and how to protect against the destructive nature of lightning; 
but may 1, in closing, urge that a comprehensive program be 
financed in such a way as to enable several college laboratories, 
as well as the high-voltage laboratories maintained by industrial 
organizations, to have a part in carrying out these investigations. 


A. I. E. E. Standards 


Annual Report of the Standards Committee’ 


To the Board of Directors: 


The Standards Committee has continued actively the 
revision of the Standards of the Institute, both as to 
form and content. In 1922, the Institute published its 

< Standards in a volume of nearly 200 pages, divided into 
26 chapters, with an appendix in which are reprinted 
the Rules for Electrical Machinery of the International 
Electrotechnical Commission. Soon after this edition 
was issued the Standards Committee was reorganized 
by the Board, and a revision was begun which involved 
the splitting up into separate sections the existing 
Standards, rearranging the material, and bringing 
together into separate complete compilations, the defi- 
nitions, service conditions, rating, heating, dielectric 
tests, markings, and other requirements applicable to 

| any particular type of apparatus or brand of the art. 

Thirty sections have been definitely projected of 

which 23 have been issued; 7 are in preparation. Of the 
23 issued 2 are reprinted without change from the 1922 
edition of the Standards, but one of these sections is 
now in a revised report form for comment and criti- 
cism, and will shortly be issued. Five of the revised 
Standards have been approved as American Standards 
by the American Engineering Standards Committee, 
and other sections are now before that committee for 
consideration. A complete list of Standards adopted 
and in preparation is given below as an appendix to 
this report. 


The revised form of the Standards has justified itself 
in the ease with which revisions may be made in the 
published sections. The sections are published in 
comparatively small editions, and revisions are readily 
made and a new edition printed without much expense 
or difficulty. Several of the Standards have been 

= revised in this way. Monthly lists of the Standards 
available are published in the JOURNAL of the Institute. 

The Standards Committee is charged with the coordi- 
nation of all the standardization activities of the Insti- 
tute. The Committee has made recommendation to 
the President and Board of Directors upon all cases of 
representation of the Institute upon Sectional Commit- 
tees working in accordance with the procedure of the 
American Engineering Standards Committee; upon 
acceptance of and requests for sponsorship by the 
Institute; and has cooperated very closely with the 
United States Committee of the International Electro- 
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technical Commission. The cooperation of the com- 
mittee with the technical committees is being made 
closer and more effective. The chairman of each 
technical committee, or a member of the committee 
designated by the chairman, is a member of the Stand- 
ards Committee. Several of the Standards have been 
formulated by technical committees and accepted by 
the Standards Committee, and in other cases subcom- 
mittees of technical committees have been made the 
working committee on specific standardization projects. 

By direction of the Board, certain Standards have 
been translated into the Spanish language under the 
very able supervision of Past President Mailloux. The 
translation of 19 of the standards has been completed 
and 18 have been published by the Bureau of Foreign 
and Domestic Commerce of the U. S. Department of 
Commerce. By July 1, it is expected that all of the 
translated sections will be in print. The Spanish 
edition is printed in the same style and in the same size 
as the English edition. The translation has been 
received with interest by engineers in Spanish-speaking 
countries of South America. The Institute is very 
much indebted to the Bureau of Foreign and Domestic 
Commerce for the excellent manner in which the Span- 
ish text has been published, and for the fine cooperation 
that exists between the Bureau and the Standards 
Committee. American electrical manufacturers will 
no doubt find this Spanish edition of considerable value 
in business relationships in Spanish-speaking countries. 


The committee has cooperated to the fullest extent 
with the American Engineering Standards Committee, 
the International Electrotechnical Commission, and the 
Standardization activities of other organizations. In 
the formulation of Institute Standards, the committee 
has endeavored to enlist the fullest cooperation of all 
other organizations interested in electrical standardiza- 
tion. Standardization work as now organized in the 
electrical field, is somewhat complex, and there is of 
necessity a certain amount of unavoidable overlapping. 
It is believed, however, that very good progress is being 
made as represented by the present Standards of the 
Institute. 


Sections of A. I. E. E. Standards 


No. 1 General Principles upon which Temperature 
Limits are Based in the Rating of Electrical 
Machinery. 

5 Standards for Direct-Current Generators and 
Motors and Direct-Current Commutator 
Machines in General. 


7 Standards for Alternators, Synchronous 
Motors and Synchronous Machines in 
General. 
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STANDARDS 
Standards for Synchronous Converters. 36 
Standards for Induction Motors and Induction *37 
Machines in General. 38 
Standards for Direct-Current and Alternating- 39 
Current Fractional Horse Power Motors. 
Standards for Railway Motors. 41 
Standards for Transformers, Induction Regu- *42 
lators and Reactors. 
Standards for Instrument Transformers. *46 
Standards for Industrial Control Apparatus. 
Standards for Railway Control and Mine 
Locomotive Control Apparatus. 
Standards for Oil Circuit Breakers. No. 2 
Standards for Disconnecting and Horn Gap : 4 
Switches. 
Standards for Wires and Cables. 20 
Standards for Electrical Measuring Instru- 26 
ments. 98 
Standards for Telegraphy and Telephony. 45 


*Approved by A. E. S. C. as American Standard. 
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Standards for Storage Batteries. 

Standards for Illumination. 

Standards for Electric Arc Welding Apparatus. 

Standards for Electric Resistance Welding 
Apparatus. 

Standards for Insulators. 

Standard Symbols for Electrical Equipment of 
Buildings. 
Standards for 

Conductors. 
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Standard Definitions and Symbols. 

Standards for the Measurement of Test 
Voltages in Dielectric Tests. 

Standards for Air Circuit Breakers. 

Automatic Substations 
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Recommended Practise for Electrical Instal- 
lations on Shipboard (Marine Rules). 
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High-Frequency Measurements 
Report of Committee on Instruments and Measurements 


To the Board of Directors: 


Three branches of the field of electrical measurements 
in which the demands of industry have stimulated new, 
improved and more precise methods and means of 
measurement are:—electric power and energy, dielec- 
trics, and high frequency. The first two items were 
covered in the report of the committee for 1925-26 and 
in the symposium on dielectric measurements con- 
ducted at the Niagara Falls Regional Meeting of the 
Northeastern District, May, 1926. 


HIGH-FREQUENCY MEASUREMENTS 


This year’s activity has been focussed on the matter 
of measurement of high-frequency quantities arising 
principally in the field of carrier telephony and radio. 
The committee, functioning largely through a sub- 
committee consisting of Messrs. H. M. Turner, Chair- 
man, E. D. Doyle, Melville Eastham, W. N. Goodwin, 
Jr.,and B. W. St. Clair, arranged for the presentation 
of a series of papers at the Pittsfield Regional Meeting 
of the First District (May 25-28, 1927). 

A list of these papers and a résumé of the information 
in these papers are included as part of this report under 
the heading “Symposium on High-Frequency Measure- 
ments.”’ 


ELECTRICAL MEASUREMENT OF PHYSICAL VALUES 


The committee has also continued, through a sub- 
committee of one, (namely Mr. P. A. Borden), the 
extension of the bibliography of articles in other periodi- 
cals dealing with the application of electrical methods 
to the measurement of other than purely electrical 
quantities. This bibliography is submitted as part of 
this report. 

REMOTE METERING 


There has been formed this year a new subcommittee 
to survey the field of distant indications of electrical 
quantities. This committee consists of Messrs. E. I. 
Rutan, R. T. Pierce, and P. A. Borden, and it will 
report at a later date. 

A. E. KNOWLTON, Chairman. 


SYMPOSIUM ON HIGH-FREQUENCY MEASUREMENTS 


The following article consists of a résumé of a series 
of fifteen papers dealing with measurements at high 
frequencies. The study of this subject, the 
preparation of these papers and their presentation, 
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will constitute the major activity of the Committee on 
Instruments and Measurements during the year 1926- 
27. The papers are to be presented at the Regional 
Meeting in Pittsfield, Mass., May 25, 1927. Complete 
copies may be obtained from Institute headquarters. 
The papers are as follows: 

1. Notes on the Use of a Radio-Frequency Voltmeter, 
by W. N. Goodwin, Jr. 

2. Substitution Method for the Determination of 
Resistance of Inductors and Capacitors at Radio Fre- 
quencies, by C. T. Burke. 

3. Condenser Shunt for Measurement of High- 
Frequency Currents of Large Magnitude, by Alexander 
Nyman. 

4. Radio-Frequency Current Transformers, by Paul 
MacGahan. 

5. Methods for the Measurement of Radio Field 
Strengths, by C. R. Englund and H. T. Friis. 


6. The Quantitative Determination of Radio Receiver 
Performance, by H. D. Oakley. 


7. High-Frequency Measurements of Communication 
Lines, by H. A. Affel and J. T. O’ Leary.. 


8. Methods of Measuring the Insulation of Telephone 
Innes at High Frequencies, by E. I. Green. 


9. High-Frequency Measurement of Communication 
Apparatus, by W. J. Shackleton and J. G. Ferguson. 


10. Impedance of a Non-Linear Circuit Element, 
by E. Petersen. 

11. Empirical Analysis of Complex Electric Waves, 
by J. W. Horton. 

12. A New Thermionic Voltmeter, by S. C. Hoare. 

13. The Oscilloscope: A Stabilized Cathode Ray Oscillo- 
graph with Linear Tome Axis, by Frederick Bedell and 
H. J. Reich. 

14. Sensitivity Characteristics of a Low-Frequency 
Bridge Network, by P. G. Edwards and H. W. 
Herrington. 

15. Microammeter Indication 
Bridge Balance, by H. M. Turner. 

The committee feels that these papers reflect the 
latest development in the methods of measurement 
of quantities associated with frequencies ranging from 
those just above power and ordinary telephone fre- 
quencies through those used in radio communication. 

The instruments commonly employed in measure- 
ments at ordinary power frequency have very definite 
limitations when used at the higher frequencies. Also 
it is a matter of common knowledge that measure- 
ments of circuit properties under the higher frequencies 
cannot in general, be made satisfactorily by direct 
determination of current and voltage drop in a series 
arrangement. Much of the progress in the field of 
high-frequency measurements has been in the direction 
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of bridge modifications, adaptation of the electron 
tube to measurement circuits, and also the improvement 
of thermocouple type instruments. 


INSTRUMENTS FOR RADIO FREQUENCIES 


A shielded thermocouple type voltmeter for radio 
frequencies was described by L. T. Wilson in the 1924 
TRANSACTIONS. The current consumption varies from 
2 to 8 milliamperes for the conductive circuit of the 
instrument and a quadrature component for shield- 
charging of the same order of magnitude. Subsequent 
investigation during the development of the instrument 
have shown that in order that the inherent precision of 
the instrument shall be realized, the effect of induc- 
tance and capacitance in the connections must be 
avoided by observance of careful technique. Thus 
in measuring the effective resistance of a reactor, the 
low-potential section of the measuring circuit should be 
carefully grounded and the high-potential section kept 
short and clear of solid dielectrics and consequent stray 
loss. 

In measuring the R and L of a broadcast tuning coil, 
for example: It is connected in series with a 500-m.m. f. 
condenser, a 100-milliampere ammeter and a 1.2-ohm 
resistor (say 2 in. of 0.0065-in. manganin) the latter 
serving as conductive coupler with an oscillator 10-watt 
or larger. The drop across the resistor as indicated by 
the voltmeter will be of the order of three volts when 
the measuring circuit is tuned to sharp resonance. The 
effective resistance of the coil is less than Æ/I by the 
amount of milliammeter and condenser resistances. The 
inductance of the coil is computed from the resonance 
formula and the capacity setting of the condenser. The 
frequency error of this device is about 1 per cent for 
frequencies of the order of 1500 kilocycles. (See 
paper No. 1.) 

Circuit constants of capacitors and inductors are, in 
one method, of a substitution type, found by resonating 
them in a series circuit and using asan indicator a crystal 
in series with a d-c. microammeter, the combination 
shunted across a small inductance in the series circuit. 

The resistance of an inductor is found in the value of a 
non-reactive resistor substituted for the inductor in a 
circuit tuned in both cases to resonance by adjustment 
of a capacitor having negligible equivalent series re- 
sistance. The inductance is found in terms of the 
quotient of difference and product of the capacities 
required for resonance. Similarly, the capacitance and 
resistance of a capacitor are found in terms of the change 
in resistance and capacitance between resonance with 
and resonance without the capacitor in question. 
(See paper No. 2). 

In the measurement of high-frequency current of 
more than 10 amperes the hot wire instrument is not 
feasible because the size and resistance tend to become 
prohibitive. The thermocouple ammeters for larger 
ranges than 100 amperes become very expensive on 
account of considerations of skin effect and size of 
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heating element. Iron-cored current transformers are 
satisfactory up to 500 kilocycles but for much higher 
frequencies the difficulties in design increase. 

A method has been developed which employs a hot- 
wire or thermocouple ammeter in series with a relatively 
small condenser and the combination in parallel with a 
large condenser shunt. The error due to the thermo- 
couple resistance need not exceed 0.5 per cent with 
frequencies up to 6000 kilocycles and satisfactory 
commercial measurements are feasible up to 60,000 
kilocycles. Unit assembly of the shunt condenser 
readily permits the provision of several current ranges, 
—say 50, 100,200 amperes, the thermocouple instrument 
in each case having a 0.25-ampere rating. Care must 
be taken to avoid losses from resonance of the closed 
circuit at some harmonic of the fundamental. The 
absolute calibration of the arrangement presents 
difficulty even by means of a calorimeter ammeter be- 
cause of the uncertainty about high-frequency resis- 
tance and effect of distributed capacity. The condenser 
shunt is apparently entitled to greater confidence than 
a direct thermal determination. (See paper No. 3). 

For the measurement of large currents at high fre- 
quency, there are also available current transformers of 
the through-type with secondary rated at one ampere; 
the indicator is usually a thermocouple type ammeter. 
(See paper No. 4.) 


RADIO FIELD-STRENGTH AND RECEIVING SETS 


The vacuum tube used as detector, amplifier, and volt- 
meter is the basis of sensitive comparator methods for 
determining radio field strengths at frequencies below 
1000 ke. in the customary unit of micro volts per meter. 
The loop-antenna is employed in preference to the open- 
antenna and no indirect evidence has appeared which 
places in doubt the value of equivalent effective height 
computed for the loops used. Both the I R drop and 
mutual-inductance voltage methods are employed for 
introducing into the antenna the sinusoidal comparison 
voltage; the resistance method is preferred because its 
reactance is of less concern than the resistance of a 
mutual inductance and also it serves admirably as a 
terminal impedance for a constant impedance attenua- 
tion network. Shielding is easier with resistance 
coupling. 

For frequencies higher than 1000 kc. the above method 
becomes unworkable and a double-detection type of 
receiver is used after calibration as a vacuum tube 
voltmeter. The received field strength is evaluated in 
terms of three measured attenuation factors, the 
received signal voltage, and the loop effective height. 
Static energy and static “noise value” are of interest; 
continuous static is readily measurable in terms of the 
telegraph signal strength masked by it. The enormous 
variability of usual static has prompted measuring it by 
noting the gain of the receiving set necessary to main- 
tain constant static output. A non-restoring type of 
deflection instrument comparable to a fluxmeter has 
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merit in summing the received energy over a definite 
interval. (See paper No. 5.) 

The problems of measurement of the common electri- 
cal properties of the individual elements and of circuit 
units of radio receiving sets having been dealt with, 
there are remaining those factors of set performance 
which differentiate sets with respect to their selectivity, 
sensitivity, fidelity of reproduction, and reradiation. 
Each of these attributes of a completed set have been 
reduced to a quantitative definition and measuring 
method which evaluates them in terms of output 
voltage obtained on response to the input from a con- 
trolled signal generator. Thus sensitivity is deter- 
mined as the ratio of output voltage to input field 
strength at various output voltages and input fre- 
quencies. Dimensional analysis of the expressed ratio 
results in reduction to length units; therefore, sensitivi- 
ties are expressed in meters. Selectivity is determined 
in terms of the input field strength required to main- 
tain a constant minimum value of output voltage for 
the requisite range of frequencies. Quality perform- 
ance is expressed as the ratio of output voltage at the 
various modulation frequencies, the antenna voltage 
and degree of modulation being maintained constant. 
Radiation is expressed in meter-amperes, the meters 
being the antenna height and the amperes that value of 
current required to establish various output voltages 
in a detector of known sensitivity when the latter is 
supplied with the radiation output of the receiving set. 
(See paper No. 6.) 


TELEPHONE CARRIER-FREQUENCY MEASUREMENTS 


In the field of telephone carrier frequencies, the line 
characteristics of chief interest are attenuation, im- 
pedance, and cross-talk for frequencies up to about 
50,000 cycles. Apparatus for field and laboratory 
measurement of these quantities has been developed and 
standardized on a unit basis. The units consist of 
oscillator, detector-amplifier, impedance-bridge, ther- 
momilliammeter, variable attenuator, cross-talk set, 
and frequency meter. The oscillator is a vacuum- 
tube and tuning circuit giving 0.4 to 0.7 watts maximum 
at frequencies from 100 to 50,000 cycles and above 
3000cycles hasno harmonics of more than 10 per cent of 
the fundamental amplitude. The detector-amplifier is 
adapted to both aural and visual balancing or in- 
dication. The impedance bridge is of the balancing or 
differential coil type. The thermomilliameter carries 
its own d-c. calibrating circuit and provides for the use 
of three thermocouples of a range of characteristics 
to cover a current range from 0.2 to 50 milliamperes. 
The attenuator is a network of known loss and terminal 
impedance and the cross-talk-set is a similar attenuator 
adapted to cross-talk measurements of the order of 10-8 
times the transmitted currents. The frequency meter 
is a resonance bridge. Attenuation measurements 
made on the current-transmitted versus current-re- 
ceived method are possible for energy ratios up to 


HIGH-FREQUENCY MEASUREMENTS 


707 


30 x 10° to an accuracy of about 3 per cent. Impedance 
measurements are of importance in connection with non- 
homogeneous lines and these are generally made on the 
line after terminating it in its characteristic impedance, 
usually a resistance of about 600 ohms; the results 
indicate the efficacy of loading to meet carrier-current 
operation. - Avoidance of cross-talk with carrier-fre- 
quency operation presents many difficulties and 
necessitates a highly refined system of transpositions; 
the cross-talk measurements made to determine the 
effectiveness of the transpositions are a specialized 
form of attenuation measurements, 1. e., attenuation 
to cross-talk must be high and to line transmission, 
low. 

It is by such a system of measurement that a tele- 
phone circuit is tested for its quality after the necessary 
modifications have been made in preparation for carrier- 
current operation. (See paper No. 7.) 

A substantial part of the increased attenuation at 
carrier frequencies is due to skin effect of the conductors, 
and the leakage conductance of the insulators is found to 
increase rapidly with the frequency; radiation is a 
negligible factor. It is permissible to attribute to 
leakage conductance all losses except those of an I? R 
nature in the metallic conductors; the leakage con- 
ductance, G, may of course, be derived from measure- 
ments of the attenuation but the line would have to be 
at least 100 mi. in length. A direct measurement of G 
on a line short enough (250 ft.) to avoid propagation 
effects and a phase shift of more than five degrees has 
been made on an experimental line with sufficient 
comparability to represent the shunt losses in long lines; 
the line contained 25 poles spaced 7 ft. apart and with 
6-in. spacing of the insulators on the crossarms. A 
certain amount of transposition was resorted to, but the 
important precautions pertained to the manner of 
leading the conductors into the test station. 

Each circuit is in effect a conductance shunted by a 
capacitance and thus the equivalent of the leaky 
condenser; the bridge for the conductance measure- 
ments is similar to those employed for the determination 
of the loss angle or power factor of dielectrics and con- 
densers. The high resistance of a few insulators in 
parallel would appear to require a correspondingly 
high value of resistance in the standard side of the bridge 
but this is avoided by placing a condenser in series with 
a lesser value of resistance. A method of obtaining 
continuous record of d-c. leakage has been developed; 
a similar continuous record of the high-frequency 
leakage is greatly to be desired but as yet awaits solu- 
tion. (See paper No. 8.) 

The performance of communication apparatus de- 
pends principally upon its impedance and in the pre- 
cision and routine measurement of resistance, 
inductance, and capacitance, standards of primary and 
secondary nature are necessary. The prime standards 
may well be resistance and frequency and the derived 
standards those of inductance and capacitance. ; Self- 
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driven forks (calibrated by phonic wheel for 24-hr. 
period against Arlington time) can be maintained within 
0.001 per cent of 100 cycles. Other frequencies can 
be compared with the standard by means of the cathode 
ray oscillograph. Resistance standards must have 
minimum and constant phase angle; 1000-ohm stand- 
ards have been constructed with effective inductance 
not exceeding five microhenrys up to 100 ke. 

Secondary standards of capacitance are made with 
mica dielectric impregnated with paraffin; such con- 
densers can be obtained with temperature coefficient 
below 0.005 per cent per deg. cent. and with less than 
0.1 per cent capacitance variation from 500 cycles to 
100 ke. and phase angles less than one minute. Air 
condensers are feasible for the smaller capacitances. 
Secondary standards of inductance must be constant 
and preferably with small external field. Air-cored 
standards of large inductance involve considerable 
distributed capacitance; on this account cores of per- 
malloy have been used with considerable success. 
Secondary standards of resistance in dial form in- 
evitably involve more distributed capacitance than 
_ single primary standard resistances. 

In the comparison of secondary standards against 
primary standards, methods which determinate the 
unknown in terms of circuit constants are preferable 
to those requiring the measurement of current and 
voltage. The bridges used must be carefully shielded 
and the equal ratio arm bridge is to be preferred wher- 
ever possible. The bridge circuits in use provide 
for impedance determinations when direct current is 
superposed on the high-frequency alternating current; 
these bridge methods also provide means of measuring 
flutter (telegraph impulse affecting the telephone 
frequency inductance of apparatus in the common 
circuit), transformer ratios, capacitance unbalance, 
attenuation and gain, and cross-talk. (See paper No. 9.) 

The harmonic components of non-sinusoidal quanti- 
ties create difficulties in the measurement of impedance 
of circuit-elements of a non-linear nature, where the 
ratio of instantaneous currents and potentials is not 
constant throughout the cycle. Vacuum tubes are 
non-linear as to resistance and iron-cored coils at high 
flux densities are non-linear as to reactance. In a-c. 
bridge measurements of such quantities it is found that 
the measured impedance depends on harmonic factors 
introduced from the source of supply, the magnitude 
of the resistance in the bridge ratio arms, the im- 
pedances of the detector and of the source of supply 
to the fundamental frequency and to the possible 
harmonic frequencies, and also upon the method used 
in attaining bridge balance. As for the last item, the 
measured non-linear impedance may well be different 
if balanced, in one case, against standards of resistance 
and inductance and, in the other case, balanced against 
a non-inductive resistance after establishing resonance 
with a standard capacity. 

It is thus often essential to arrange the measuring 
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circuit so that the impedance or other quantity mea- 
sured shall be characteristic of the non-linear device 
and not of the bridge and supply network. The com- 
plicating effect introduced by a non-sinsuoidal im- 
pressed potential wave is readily removed by the use of 
a frequency-selective circuit between the source and the 
measuring network. The complicating effect of har- 
monics arising out of the non-linear reaction of the 
element under measurement may be suppressed in two 
ways,—one, a modification of the usual bridge method 
and the other, an a-c. potentiometer method. 

In the modified bridge method, two balanced high- 
inductance coils with high-coupling are inserted in the 
1:1 ratio bridge arms. The fundamental fluxes neu- 
tralize but the harmonic components of current en- 
counter the series-aiding impedance and are effectually 
suppressed. In the a-c. potentiometer method the 
harmonics are suppressed by a filter of low impedance 
to the fundamental and high impedance to the har- 
monics developed in the non-linear element. Further 
modifications make possible the determination of the 
non-linear characteristics of the element without 
suppressing the harmonic current flow. (See paper 
No. 10.) 

In the transmission of speech it is not only essential 
that the circuit possess prescribed reactions to steady 
state conditions but also that it fulfill certain other 
limitations upon transient conditions. The oscillo- 
graph is inadequate to the analysis of the couples 
waves encountered in, for example, the multi-channel 
repeater employed in carrier telephone systems and 
other means of analysis had to be devised. Any dis- 
tortion by amplifiers or circuit elements results in the 
development of new frequencies that are multiples of 
the components of the impressed wave or are algebraic 
combinations of those components; these extraneous 
components may call for detection and measurement 
when their amplitude is even as low as 0.1 per cent or 
less of the true signal components. The heterodyne 
beat method is found useful in such detection and 
measurement; by a d-c. indicator in the plate circuit 
of a biased grid tube the amplitude of the d-c. compo- 
nent is directly determined. The same indicator will by 
relatively slow periodic change in deflection show by a 
beat method the presence of a minute component of a 
particular difference-frequency when the oscillator 
frequency is brought close to the frequency of the com- 
ponent. The method does not lend itself readily to a 
quantitative determination however. 

Practically all analyzers for waves of small amplitude 
are modifications of the elementary form in which a 
selective circuit couples a vacuum tube amplifier to the 
circuit under investigation. Whether the voltage drop 
across L or C be chosen for application to the grid 
of the detector depends upon the frequency of the com- 
ponents sought; Z for low, and C for high frequencies. 
The procedure is tedious and long if a wide range of 
frequencies is sought and there has been developed a 
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device for automatically tuning over the desired 
range and automatically recording the amplitudes of 
discovered components. Means are also available for 
examining the variation of a single component of a 
complex wave as conditions affecting it are varied; 
the required selectivity is attained by employing several 
analyzers in tandem. 

For more exacting requirements even the above 
method is inadequate and for such cases a heterodyne 
analyzer has been developed; thereby the frequency 
range to be examined is translated to a lower position 
of the frequency scale with the advantage of greater 
fractional separation between components. (See paper 
No. 11.) 


INSTRUMENTS FOR MODERATELY HIGH FREQUENCIES 


A vacuum tube voltmeter has been developed in 
which the plate impedance forms one arm of a Wheat- 
stone bridge. With zero voltage impressed upon the 
grid-filament circuit of the tube the bridge is initially 
balanced by means of an adjustable resistance, the 
bridge indicator then reading zero. When an unknown 
voltage either alternating or direct is then impressed 
upon the grid-filament the plate-impedance changes, 
and the bridge balance is disturbed; the resulting 
deflection of the bridge indicator is a direct indication, 
after appropriate calibration, of the voltage impressed 
on the grid filament. (See paper No. 12.) 


Professor Bedell describes a method for producing 
stationary curves on the screen of a cathode ray oscillo- 
graph and establishing a linear time axis which involves 
the use of an auxiliary circuit consisting of a source of 
constant voltage, a neon gas-filled lamp and an electron- 
tube arranged in the general form of a bridge. The 
voltage across a portion of this circuit, which varies 
directly with time, is connected across one pair of de- 
flecting plates of the oscillograph tube and in this way 
establishes a linear time axis. By means of a motor- 
driven distributor, the other pair of deflecting plates is 
connected first to one part of a circuit and then to 
another, thus making it possible to study several 
phenomena simultaneously. (See paper No. 13.) 


The employment of very low frequencies (say three 
or four cycles per second) involves in some respects as 
much difficulty as the higher frequencies. The problem 
of locating opens in telephone cable conductors involves 
the determination of impedances; a study has been 
made of the degree of accuracy and sensitivity obtain- 
able in impedance measurement with different fre- 
quencies of supply voltage. For long cables the input 
impedance is a hyperbolic rather than linear function 
of the characteristic impedance; the error in impedance 
measurement arising from this functional departure 
proves to be least for the lower frequencies. On the 
other hand, the bridge sensitivity is improved by some- 
what higher frequencies. A thorough mathematical 
and experimental analysis of the sensitivity of im- 
pedance measurement of cable fault locations up to 70mi., 
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by means of a de Sauty bridge, indicates the desirability 
of using frequencies of the order of four cycles. The 
sensitivity is further increased by controlling the phase 
of the field excitation of the bridge galvanometer. 
Use of such low frequencies as four cycles per second is 
not common and the generating apparatus, bridge, 
detector, and graphical treatment of errors and sensi- 
tivity of measurement of impedances at this frequency 
are of interest in a report on measurements under 
other than power frequencies. (See paper No. 14.) 


The telephone receiver, due to its simplicity, sensitiv- 
ity and convenience, has been widely used for determin- 
ing a-c. bridge balance and under favorable conditions 
is quite satisfactory. The aural method, however, 
involving as it does the receiver associated with the 
ear, has two serious limitations; first, it can be used 
only where there is very little extraneous noise and 
second, the frequency range for best operation is re- 
stricted to a band of, say, from 200 to 2000 cycles unless 
a heterodyne scheme is adopted. 


A:visual method has been devised using a d-e. 
microammeter in the plate circuit of an electron tube 
rectifier, associated with one or more stages of amplifica- 
tion, which gives maximum reading for a state of bal- 
ance, thereby permitting the use of a sensitive meter 
and at the same time making it fool proof. A large 
bridge unbalance reduces the defléction to nearly zero 
and as balance is approached it increases. No change in 
reading on short-circuiting the indicator terminals of 
the bridge, which would correspond to zero voltage, 
shows definitely a perfect balance. This method not 
only completely overcomes the limitations of the aural 
method, but also renders a quantitative determination 
of the degree of unbalance. (See paper No. 15.) 


ELECTRICAL MEASUREMENT OF PHYSICAL VALUES 
By PERRY A. BORDEN 
(Supplementary Bibliography) 


The following bibliography, prepared at the instance 
of the Committee on Instruments and Measurements, 
is supplementary to that accompanying the writer’s 
paper on the above subject published in the TRANS- 
ACTIONS of the A. I. E. E. Vol. XLIV (1925) p. 238. 
While most of the articles referred to have appeared in 
the technical press during the current year, some are of 
earlier dates, and a few references are made to standard 
works on electrical measurement. The arrangement of 
headings has been retained as in the original paper, but 
the references are not numbered. 
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Electrical Communication 
Annual Report of Committee on Communication” 


To the Board of Directors: 


During the past Institute year, notable progress has 
been made in many branches of the art of electrical 
communication. The committee has selected for its 
report the items which were considered to be of most 
general interest and these are described under the 
various subheadings below. 


TELEGRAPHY 


In the field of printing telegraphy, there has been a 
considerable extension during the year in the use of 
the simplified tape printers on branch office circuits 
and in private offices of business houses. 

Additional installations have been made of the 
automatic tape transmission system for telegraphic 
tickers mentioned in the 1926 report, and direct service 
and full market quotations have been extended through 
the southwest. 

For trans-ocean traffic, a notable example among the 
permalloy-loaded cakles laid during the year is the 
New York—Bay Roberts—Penzance cable. Multi-chan- 
nel operation for direct traffic between New York 
and London is now in effect on this cable. 


In the larger telegraph central offices, a system for 
automatically dispatching carriers in pneumatic tube 
lines is displacing manual dispatching. Space at the 
routing center is conserved, efficiency of operation is 
improved, and savings are effected in operating costs. 
In this system, a tube clerk drops a carrier containing 
telegrams for transmission to a branch office into the 
proper one of a group of open-end gravity tubes located 
in front of the working position. The gravity tubes 
lead to the floor below where the automatic sending 
inlets are located. The inlet contains a rotor which 
oscillates on a horizontal axis through an are of about 
70 deg. at the rate of about six times a min. The 
carrier enters a pocket in the rotor when it is in aline- 
ment with the gravity tube at one end of the rotor’s 
travel. At the other end of the arc, the pocket con- 
taining the carrier is in alinement with the end of the 
outgoing tube. The rotors of a group of sending inlets 
are driven by one motor through reducing gears and 
crank mechanisms. Interlocking devices feed one 
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carrier at a time into each rotor and a visible signal is 
provided to indicate failure of any inlet to perform its 
function. Automatic sending inlets act as spacing 
devices in the transmission of carriers and eliminate 
trouble from overloading which occurs with manual 
sending on busy tubes. The average transit time from © 
the main to the branch office is therefore generally 
decreased. 

The great development of message telegraph systems 
involves interesting traffic problems, including layout 
of wires, traffic routing, office layout, operator assign- 
ment, etc. These problems were discussed in an 
interesting paper entitled, Telegraph Traffic Engineering, 
by Messrs. H. Mason and C. J. Walbran, which was 
presented at the Winter Convention. 

Another very important telegraph subject which was 
discussed at the Winter Convention is the measurement 
of telegraph transmission (Measurement of Telegraph 
Transmission, by Messrs. H. Nyquist, R. B. Shanck, 
and S. I. Cory.) This subject has been of growing 
importance for a number of years, partly because of the 
advent of telegraph circuits having a large number of 
sections and partly on account of the increasing im- 
portance of accurately determining the effect on tele- 
graph transmission of various amounts of interfering 
currents and of changes in individual circuit elements. 


DIAL TELEPHONY 


The rapid application of dial telephone systems has 
continued. During the year about 500,000 dial tele- 
phone stations were installed, bringing the total in 
service in this country, as of the first of January 1927, 
to approximately 2,400,000. 

A means has been developed for remotely operating 
small magneto telephone plants where this is desirable. 
The name applied to this means is the semi-automatic 
magneto exchange. In a system of this type the sub- 
scribers’ stations are equipped with magneto telephones. 
Connections are switched remotely by means of auto- 
matic telephone apparatus under the control of an 
operator, who employs a dial trunk from a control 
center into the exchange area. Any number of such 
exchanges may be controlled from the operating center. 


TOLL TELEPHONE SERVICE 


Further progress has been made in the development 
and application of methods for increasing the speed 
of toll telephone service. The plan, the so called A-B 
method, of handling the large volume of messages 
between nearby points in a manner quite similar to 
that used in handling local traffic, has been considerably 
extended. The improvement of service has progressed 
to a point where even at the longer hauls it is now 
possible in many cases to complete a toll call while the 
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calling subscriber remains at the telephone. An im- 
portant factor in this improvement is the development 
of a method of operation combining the work of the line 
and recording operators so that if the number of the 
called telephone is given the recording operator, she 
can proceed at once with the handling of the call. 

A new type of toll switchboard has been made avail- 
able for toll centers having sufficient traffic to require 
_ separate toll and local switchboards. The signaling 
equipment which was previously located in the cord 
circuits has been transferred to the line and trunk 
circuits and use has been made to a considerable extent 
of common positional equipment. 


TELEPHONE TOLL CABLES 


The year witnessed the opening on December 15, 
1926, of a new long distance cable link between Chicago 
and St. Louis, insuring for the future the best possible 
storm protection for communication through from New 
York to St. Louis as well as between intermediate 
points. This cable forms a part of the network of 
cables connecting Chicago, Detroit, Toledo, Cleveland, 
Pittsburgh, and other cities with the cities on the 
Atlantic seaboard, and contains circuits for both very 
long-haul and short-haul telephone business. The 
longest circuits of the network are about 1500 mi. in 
length, but even this does not represent the maximum 
distance over which circuits of this type can be operated. 
Telephone repeaters on these circuits are spaced at 
intervals of approximately 50 mi. Echo suppressors 
are used to permit operating with volume efficiencies 
comparable with other long distance telephone circuits. 
Automatic regulators are employed to compensate for 
the effect of temperature in changing the attenuation 
of the cable conductors by suitable changes in the 
amplification of repeaters in the circuit. 

The new link is 344 mi. in Jength. It provides more 
than 250 telephone circuits, and over 500 telegraph 
messages can also be sent simultaneously, making it the 
equivalent of 10 heavy pole lines of open wire. 

The increasing development of toll cable networks is 
of extreme importance in the protection of telephone 
service from interruptions due to sleet storms. During 
the year 1926, about 2000 mi. of such cables were put 
in service in various parts of the country, adding more 
than 400,000 mi. to the telephone circuits of the nation. 


CARRIER-CURRENT SYSTEMS 


An interesting example of the rapidity with which 
new developments are finding their way into practical 
use is to be found in the extensive application of carrier- 
current telephony and telegraphy to the long distance 
open wire telephone circuits of the country. There are 
now of the order of 100,000 mi. of long distance tele- 
phone facilities provided by carrier methods and some 
250,000 mi. of telegraph facilities so provided. 

The recent growth in carrier-current circuits results 
from the progress which has been made in perfecting the 
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performance of the apparatus itself and in the develop- 
ment and standardization of methods for coordinating a 
large number of carrier systems upon the wires of a 
pole line. 

During 1926, an interesting application of carrier 
telephony was made on one of the two Catalina Island 
telephone cables. Because of the relatively short 
length of these cables and of their transmission stability, 
it has been possible to obtain in this way as many as 
six additional two-way circuits, making a total of seven 
telephone channels and one telegraph channel on a 
single-conductor cable. The apparatus employed in 
this system is similar to that used on open wire lines. 
By an arrangement of this character, the loss of one of 
the cables would temporarily reduce the number of 
telephone circuits only from eight to seven. This 
system was described in a paper by Mr. H. W. Hitch- 
cock which was presented at the Pacific Coast Conven- 
tion in September. 

The use of carrier-current telephony for communica- 
tion on power transmission lines has increased ap- 
preciably. The power circuits involved vary from 
those of 22 kv. to 220 kv. and the distances communi- 
cated over vary from a few miles to those in the order of 
300 mi. 

The coupling to the transmission lines which in the 
earlier stages of the art was effected in some cases by 
means of parallel wires is now being accomplished very 
largely by coupling condensers or capacitors which are 
now available in several types for voltages up to and 
including 220 kv. Considerakle progress has been 
made in the development of by-pass apparatus, repeater 
stations, portable equipment, and various other sup- 
plementary pieces of apparatus. With the increased 
application of this form of communication, the de- 
mand is rapidly increasing for multiple communica- 
tion channels, particularly in connection with the more 
extensive individual power systems where load dis- 
patching is divided into districts and in the case of 
the rapidly growing number of transmission line inter- 
connections between the large power systems. 


TRANSCONTINENTAL .TELEPHONY 


An important event during the year was the com- 
pletion of a new transcontinental telephone and 
and telegraph route. The new route connects Chicago 
with Seattle by way of Minneapolis, Bismarck, Billings, 
Helena, and Spokane. The through circuits comprise 
at the present time three telephone circuits and 14 
superposed telegraph channels. The repeaters in use 
on these circuits represent the very latest development 
in this field. 

There are now three transcontinental telephone 
routes in service, the others being routed, one through 
Omaha, Denver, Salt Lake City, and Sacramento, and 
one via St. Louis, Dallas, El Paso, Phoenix, and Los 
Angeles. A discussion of some of the more interesting 
transmission problems and other considerations which 


June 1927 


are important factors in determining the design of these 
facilities was presented at the Pacific Coast Convention 
at Salt Lake City last September in a paper by Messrs. 
H. H. Nance and O. B. Jacobs entitled Transmission 
Features of Transcontinental Telephony. 


LOADING OF TELEPHONE CIRCUITS 


An outstanding development in loading coil design 
which has been put into commercial use in the past 
year is the use of permalloy in compressed powdered 
form in the cores of some types of these coils. The 
application of this desirable magnetic material has 
resulted in material reductions in both the size and cost 
of loading coils. The lower cost of loading resulting 
from this and the other improvements in loading coils 
referred to in last year’s report is, together with the 
large installations of toll cable in this country, bringing 
about a very large increase in the use of loading coils. 


ELECTRICAL AMPLIFICATION 


In the development and application of amplifiers, 
there is sometimes occasion for amplifying extremely 
weak signals. Considerakle interest attaches to the 
question of what limitation, if any, is imposed on the 
strength of the signals that can be amplified. Recent 
researches have shown that the limit of amplification 
may be set not by noises coming from the vacuum 
tubes or the batteries supplying them, but instead from 
the internal characteristics of the electrical conductors 
comprising the circuit whose minute currents are to be 
amplified. In any electrical conductor, minute elec- 
tromotive forces are continuously produced by the 
=- thermal agitation of the electrons and atoms. This is 
true whether or not external electromotive forces are 
connected to the conductor. When an electrical 
conductor is connected to the input of a carefully built 
amplifier of sufficiently high amplification, readily 
audible sound may be heard in a telephone receiver 
connected to the output of the amplifier. The fact 
that the noise does not come from the amplifier can 
readily be proved by cooling the conductor by means of 
liquid air, when the noise heard in the receiver im- 
mediately diminishes in intensity, the reduction in 
noise being due to the reduced thermal agitation in the 
conductor. The laws underlying this phenomenon 
were determined experimentally by Mr. J. B. Johnson 
and presented in a paper at the December 1926 meeting 
of the American Physical Society at Philadelphia. 
These laws were later deduced from thermodynamical 
considerations and presented by Mr. H. Nyquist at the 
February 1927 meeting of the American Physica] 
Society at New York. — 


CHARACTERISTICS OF SPEECH 


The continued researches in the characteristics of 
speech and hearing and the nature of vocal and musical 
transmission have continued to give results of great 
importance for the improvement of telephone service, 
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and have also led to many noteworthy developments 
in allied fields. A very important development based 
on these researches is the combination of improved 
phonographie recording devices and high quality 
reproduction synchronized with motion pictures. 

A paper by C. F. Sacia and C. J. Beck entitled 
“The Power of Fundamental Speech Sounds” pub- 
lished in The Bell System Technical Journal of July 
1926 describes the continuing work in the study of 
speech power by means of the oscillograph. Sounds 
are considered individually on the basis of instantaneous 
and mean power. In earlier analyses, the principal 
emphasis was placed upon the power in speech as a 
whole. 


RADIO TELEGRAPHY 


Long distance radio telegraph communication is 
rapidly changing from long waves or low frequencies 
generated by alternators or Poulsen arcs to short waves 
or high frequencies generated by thermionic tutes. 
Within the last 18 months, transmittevs up to 40-kw. 
capacity operating on frequencies of 10,000 to 20,000 
kce., 30 to 15 meters, have keen produced and put into 
service. These are replacing arc generators up to 
500-kw. and alternators of 200-kw. capacity. Reliable 
continuous daylight communication has been obtained 
by using wave lengths around 15 meters, notably 
between New York and Buenos Aires. During hours of 
darkness, wavelengths from 25 to 75 meters have keen 
in use in both transatlantic and transpacific services. 
The greater reliability of the short waves is the result of 
almost complete immunity to summer static, and the 
new system is much more economical because of the low 
power consumption compared to that used for long 
wave transmission. 

The scope of international radio service was further 
extended during the year by the opening of direct radio 
circuits for duplex operation between the United States 
and Brazil. 

An analytical study entitled Behavior of Radio Re- 
ceiving Systems to Signals and to Interference, made by 
Professor L. J. Peters, was reported by him at a Re- 
gional Meeting of the Institute at Madison, Wisconsin, 
in May 1926. This paper discusses methods for 
studying transient effects of current in radio systems, 
the degree to which interference can be mitigated by 
frequency selection methods, and the factors determining 
the interference caused by transmitting stations of 
various types and by static. 


TRANSATLANTIC RADIO TELEPHONY 


An event of outstanding importance in the progress 
of international electrical communications? occurred 
early in the present year with the opening of trans- 
atlantic telephone service between the United States 
and England. This first telephonic bond between 
America and Europe was opened to the public on 
January 7, 1927, following an exchange of-brief greetings 
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between Mr. W. S. Gifford, President of the American 
Telephone and Telegraph Company, and Sir Evelyn 
Murray, Secretary of the General Post Office of Great 
Britain. 

Although the service was at first limited to the metro- 
politan areas of New York and London, during the 
months following, service was extended successively to 
greater areas until it has included most of the British 
Isles on the European end and the United States and 
Cuba on the American end. No attempt has been 
made to give 24-hr. service, but service has been avail- 
able daily for the period which includes the overlapping 
portions of the business day at the two ends, and is 
being extended. 

The principal features of the system added since the 
description given in last year’s report of this committee 
are that arrangements were perfected whereby both the 
east-bound channel and the west-bound channel are 
transmitted in the same frequency band. Thus, the 
entire two-way system occupies only 3 ke. (58.5 
to 61.5 ke.).. One thing which contributed materially 
to this accomplishment is the employment at both 
terminals of voice-current operated switching devices 
which function to cut the transmission path to and 
fro from west-bound to east-bound automatically in 
accordance with the flow of conversation between the 
two speakers. 


RADIO BROADCASTING 


The results of investigations carried out during the 
last few years in ascertaining the service area for which 
broadcast transmitting stations are effective were 
summarized in a paper entitled Radzobroadcast Coverage 
of City Areas presented at the New York Regional 
Meeting last November by Mr. Lloyd Espenschied 
and printed in the January issue of the JOURNAL. 
This is a subject that is receiving considerable attention. 
These investigations raise questions regarding the desir- 
able power levels to be used for radio broadcasting. 


ELECTRICAL TRANSMISSION OF PICTURES 


During the year the scope of the commercial tele- 
photograph service which has been given for two years 
between New York, Chicago, and San Francisco was 
materially enlarged by the extension of the network to 
Boston, Cleveland, St. Louis, Los Angeles, and Atlanta. 
Several important developments have taken place 
during the year, notably the arrangement of the circuits 
for two-way operation, the installation of phase-cor- 
rectors on the New York-Boston and Chicago-St. Louis 
telephone cables to make these circuits suitable for pic- 
ture transmission, and the fitting of the southern 
transcontinental route to make it available for service 
to Los Angeles and San Francisco. 


TELEVISION 


On April 7, 1927, a successful demonstration was 
given of electrical television by wire circuit between 
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Washington, D. C.,and New York, and by radio from 
an experimental station at Whippany, N. J., to 
New York. 

Television employs many of the principles and some 
of the apparatus of telephony. The object of television 
is to reproduce a scene with action, and to do this a 
series of essentially instantaneous views must be trans- 
mitted and reproduced at a rate, 15 or more per second, 
such that an observer will detect no discontinuity of 
action. In its present form, the sending apparatus is 
adapted to obtaining for one participant in a telephone 
conversation a continuous view of the face of the other 
participant. The receiving apparatus recreates this 
view on a picture plane about two by two and one-half 
in.; or, with a alternative form of apparatus, on a plane 
about two ft. sq. for observation by more than a single 
person. . 

At the sending end a narrow beam of light, orrather a 
rapid succession of beams scan the subject to be trans- 
mitted, illuminating at one time an area about a quarter 
of an inch square and sweeping over the entire scene 
in less than one-fifteenth of asec. This scanning 
process is repeated continuously. A group of large 
photoelectric cells responds to each change in the re- 
flected light. 

At the receiving station, a glass tube filled with 
rarified neon gas and provided with electrodes responds 
with a brilliancy corresponding to the current received 
from the photoelectric cell. The high potential 
requisite to the operation of the neon tube is obtained by 
the use of vacuum tube amplifiers in the connecting 
circuit. All parts of the neon tube have the same bril- 
liancy at any instant but the observer views only a small 
portion at a time, which is uncovered by the synchro- 
nizing apparatus provided to insure that the light shall 
appear to the observer at each instant in the same 
position on a picture plane as that occupied by the 
beam-illuminated spot of the distant scene. 

In the production of the larger image, a very long 
neon tube is folded back and forth to forma grid. This 
tube is provided with 2500 electrodes along its length. 
Each electrode corresponds to Å single elemental area 
of the picture plane which is scanned by the light beam 
of the transmitting apparatus. As the current cor- 
responding to each area reaches the receiving station, 
it is distributed through contacts to the appropriate 
electrode and so causes a flash of light similar in location 
and intensity. The speed of operation causes the ob- 
server to see not a series of flashes but a picture as a 
whole. 


NEW RECTIFIERS 


A new type of rectifier suitable, among other uses, for 
charging batteries used in communication circuits was 
described in a paper by Messrs. L. O. Grondahl and 
P. H. Geiger presented at the Winter Convention. 
The rectifier consists of partially oxidized disks of 
copper. The rectification appears to take place at the 
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junction between the copper and the oxide without 
observable physical or chemical change, and is similar 
in character to rectification by the hot cathode type of 
rectifiers. 


MANUFACTURE OF COPPER WIRE 


The developments of the past few years have led to 
great improvements in the methods of drawing copper 
wire, particularly in the speed of the process. Some 
of the outstanding features in these developments, 
together with a description of a copper rod and wire 
mill designed to meet the new requirements and a brief 
survey of the copper rolling and wire drawing art, are 
included in the paper entitled Developments in the 
Manufacture of Copper Wire, by J. R. Shea and Samuel 
McMullan which was presented at the Winter Con- 
vention of the Institute. 


Woop PRESERVATION 


During the past year, a large amount of research 
work has been continued in improvements in methods 
of preserving wood poles, crossarms, and other timber. 
As a result of studies which have been made by, the 
Western Union Telegraph Company, they are placing 
in service a treatment by which a solution of zine and 
arsenic is forced into the poles. Their investigations 
indicate that on exposure of the treated wood to the 
atmosphere, chemical changes take place which deposit 
in the wood zinc arsenite, a toxic material which is 
practically insoluble and permanent, and that this will 
constitute a very effective method of preservation 
against decay. 


FIRE-ALARM AND POLICE SIGNAL SYSTEMS 


The past year has seen some further refinements in 
alarm signaling devices. These were chiefly along the 
lines of simplification and increased reliability of 


recording devices, improved insulation for street fire- 


alarm boxes, and improved protective devices for 
circuits entering buildings. The early fire-alarm de- 
vices were insulated against other signaling circuits 
only; circuits entering buildings had only the compara- 
tively simple lightning arresters then known to the 
electrical telegraph art. Now, with fire-alarm circuits 
on the same pole lines with 2300- and 4300-volt circuits, 
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a high grade of insulation of the associated apparatus 
has become necessary. Recent improvements in boxes 
have been made to provide this necessary protection. 

There has been a considerable increase in the use of 
electric sirens as fire-alarms in smaller communities 
where the expense of maintaining normally closed 
telegraph circuits for this purpose would be felt as a 
burden. The sirens are generally operated on normally 
open circuits actuated from the public power supply. 

In April, the seventy-fifth anniversary of the opening 
of the first electrical fire-alarm system in the United 
States and the first successful one anywhere was 
celebrated. An exhibition was held at the new fire- 
alarm office in the Fenway, Boston. 

There has been a general tendency toward the 
adoption of the red-amber-green cycle of signals for the 
regulation of traffic; red to stop, amber to warn of 
change and permit clearing of intersections, and green 
to go. This three-light cycle gives opportunity for 
control or stopping of all wheeled traffic in congested 
sections while foot traffic is permitted to proceed, and 
for stopping all traffic during the passage of fire ap- 
paratus, police cars, ambulances, etc. There has also 
been a widespread tendency toward synchronizing 
signals along a street or throughout a district. In the 
town or small city, the business district is frequently 
concentrated along a main street. Hence it becomes 
comparatively easy to synchronize signals along this 
street so that traflic may move fairly continuously for 
certain intervals, during the long intervals along the 
main street, during shorter intervals across the main 
street, with still shorter intervals between these while 
the light shows amber to clear the traffic from inter- 
sections. In some places this control obtains only 
during the period of heavy traffic; at other times only 
flasher or caution lights are shown at certain inter- 
sections. In the larger cities, this synchronizing may 
cover a large congested section so that by due attention 
to the time intervals between signals points, traffic 
moving at an average rate may proceed with little or no 
stopping. The possible saving in traffic police and in 
consequent expense due to carefully planned signals 
of this type is evident. 


H. P. CHARLESWORTH, Chairman. 


Production and Application of Light 
Report of Committee on Production and Application of Light’ 


To the Board of Directors: 


In accordance with requirements of the by-laws, there 
is submitted herewith a review of the development 
during the past year of the art of lighting with elec- 
tricity. This review constitutes the annual report of 
your Committee on Production and Application of 
Light. It has been prepared through the cooperation 
of members of the Committee. 

The personnel of this Committee has been chosen with 
a view to insuring comprehensive consideration of the 
subjects lying within the purview of the Committee. 
Its members concur in the view expressed by the Com- 
mittee to Review Technical Activities in a report dated 
June 26th, 1924, to the effect that this Committee 
should function in an “initiatory and determinative” 
capacity in matters pertaining to the production of 
light and in a “‘joint or reportorial” capacity in matters 
pertaining to the application of light. Accordingly, 
the Committee endeavors to maintain close touch with 
developments in the production of light by electricity 
and looks to organizations more specifically concerned 
in the application of light for information as to develop- 
ments therein. 


PRODUCTION OF LIGHT 


No developments in the production of light from 
electricity which are new in principle or which constitute 
a radical improvement in the art have come to the 
Committee’s attention during the past year. Progress 
in the development of illuminants described in earlier 
reports is reviewed briefly in the following paragraphs. 

Incandescent Filament Lamps. In the following 
paragraphs there is presented a brief review of signifi- 
cant changes in manufacture and utilization of incan- 
descent electric lamps. 

The past year has witnessed the general introduction 
of incandescent lamps with bulbs frosted on the inner 
surface, announced in the report of this Committee 
last year. Eighty per cent of the demand for re- 
placeable types is now keing supplied by lamps of the 
new type. 

Among tungsten filament incandescent lamps the 
gas-filled principle has been extended to lower wattages 
than heretofore employed in this type for general light- 
ing purposes in this country, though not to such small 
wattages as those in which it has been sometimes 
employed in Europe. In the 50-watt 115-volt size the 
principle has been applied to what appears to be the 
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minimum size for which its use is justifiable in the 
present state of the art. 

Limited ability to withstand rough usage and vibra- 
tion has always been a handicap of the tungsten 
filament lamp. Despite notable improvements by 
American lamp manufacturers, which have increased 
greatly the sturdiness of the filament, it remains true 
that after some hours of burning, the filament crystal- 
lizes and becomes less sturdy than the filament of a new 
lamp, and too fragile for some forms of service. 

In an effort to meet requirements for rough service 
(for example, in garages, where lamps are used on 
portable cords), manufacturers have recently developed 
a “rough service’ lamp. This lamp is available in 
the 50-watt, 115-volt range. It is of the vacuum type 
and has a bulb of the same size as the usual 25-watt 
lamp. 

Where continuous, high-frequency vibration is en- 
countered (as that due to high-speed machinery), 
the lamp manufacturers recommend, if small lamps 
must be used, the 50-watt coil filament vacuum lamp 
in the P-19 bulb. It is preferable, however, to use 
larger, more sturdy lamps, and if necessary, to employ 
vibration reducing devices. 

Two lamps for decorative service have been made 
available during the year in new forms of flame-shaped 
bulbs. One is of 15 watts with a candelabra screw 
base. A similar lamp had previously been supplied 
in a bulb having spiral fluting. The other is a 25- 
watt lamp with a medium screw base. These lamps are 
regularly supplied with a flame tint coating to add to 
the effect suggested by their flame shape. 

According to a recent report issued by the Lamp 
Committee of the National Electric Light Association, 
carbon lamps are being used to a surprisingly large 
extent in ordinary lighting service. Because of their 
relatively low efficiency, the cost of producing light 
with these lamps usually is greatly in excess of that 
applying in the case of tungsten filament lamps. 

The trend of operating practise appears to favor > 
115 and 120 volts. The demand for 110-volt lamps is 
steadily decreasing and is now only 12 per cent of the 
total in the 100-130-volt range; 115 volts accounts for 
48 per cent and 120 volts for 35 per cent, leaving only 
5 per cent for all other voltages in this range. The 
total number of lamps supplied from 200 to 260 volts is 
now but 3 per cent of the number supplied in the 115- 
volt range and this percentage is gradually diminishing. 
The concentration of lamp demand upon the fewest 
practicable number of voltages is desirable as a means 
of eliminating needless and expensive complications in 
manufacture and distribution. 

The 23- and 36-watt lamps for street railway head- 
light service are now made in the “A” shape bulb 
of clear glass. The change from the round bulb 
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(G-1814) in which they were formerly supplied, enables 
one standard light center length of 2 3/16 inches to 
replace 2 1/16 inches, 23/16 inches and 214 inches 
light center lengths in the old bulbs. This can be done 
because the shape of the A bulb permits a wider range 
of adjustment of lamp position in the headlight. 

A special lamp has been developed for use in traffic 
signals. It is a 60-watt gas-filled tungsten filament 
lamp in a clear bulb of the shape and size used for the 
regular 40-watt lamp in the inside-frosted line. The 
filament is semi-concentrated to permit of more accurate 
light control by the signal lenses. The lamp has a light 
center length of 2 7/16 inches. It is designed for burn- 
ing in either a horizontal or base down position. 

To premote simplification in the line of lamps for 
series burning, it has been recommended that street 
lighting circuits now operating at 4, 5.5 and 7.5 amperes 
be changed over to 6.6 amperes, for which there is by 
far the greatest demand. The progress of standardiza- 
tion in this respect is slow. 

There is still a demand for series burning lamps of 
600 and 800 lumens (approximately 43 and 55 watts 
respectively) which, it 1s generally believed, could be 
replaced advantageously with lamps of at least 1000 
lumens (approximately 65 watts). 

Series Lamps Unsatisfactory on Multiple Circuits. 
Some use has been made of series lamps operated with 
auto transformers from multiple circuits. Investiga- 
tion of this form of operation has shown that multiple 
lamps operated on multiple circuits are more economical 
and give more satisfactory performance than any of the 
series lamp auto transformer combinations. The series 
lamp is designed to burn at a constant current which 
means that the filament cross sectional area is very 
accurately determined while variations in manufacture 
are noted by changes in filament length. This manu- 
facturing variation is particularly noticeable when a 
series lamp is burned on a constant voltage circuit. 
Furthermore, in the larger size series Jamps, a large 
amount of filament material during the normal life 
of the lamp is evaporated and deposited on the bulb. 
This blackening causes a decrease in lamp candle power. 
When the series lamp is operated on a constant current 
circuit the decrease in filament area results in an increase 
of brightness which partially offsets the blackening of 
the bulb. A lamp burned at constant voltage however, 
suffers because of diminution of current as the lamp 
ages due to increased filament resistance. It is seen, 
therefore, that all the factors present in both multiple 
and series lamps which make for decrease in lamp 
output are combined when a series lamp is operated on 
a constant voltage circuit. 

The lamp manufacturers recommend that multiple 
lamps be burned on multiple circuits and that series 
lamps be burned only on series circuits. 

Luminous Arc Lamps. It is understood that there 
have been no material changes in the design of construc- 
tion of the luminous are lamp during the past year. 
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The modern lamp, with its shorter casings and larger 
globes, as constructed for service in Washington and 
elsewhere, represents the latest development in this 
type of lamp which, as shown elsewhere, is employed 
rather extensively in street lighting service. 


Ultra-Violet Radiation. Efficient production of ultra- 
violet radiation is accomplished by electric discharge 
through vapors, usually of a metallic nature. The 
conditions of use impose the further limitation that the 
source, particularly one of the arc type, be completely 
enclosed to prevent the egress of undesirable vapors 
in therapeutic work, or the ingress of inflammable 
vapors in chemical work. The mercury arc in quartz, | 
being inherently an enclosed arc, is uniquely adapted 
to use as a source of ultra-violet radiation. Units 
of 450 and 900 watts capacity for operation on 110 and 
220 volts respectively have met with increasing use dur- 
ing the past five years. The former are used largely 
in therapeutic work for the direct irradiation of patients 
in the treatment of rickets, bone tuberculosis, skin 
diseases, superficial infections, etc., while the latter 
are used for water sterilization, the testing of materials, 
irradiation of foodstuffs to produce antirachitic proper- 
ties, the treating of leather, varnishes, etc. 

The use of rare gases as an aid in the starting of dis- 
charge has recently permitted the design of a practical 
induction lamp having unique properties when made of 
quartz. It permits greater control of the relative 
ultra-violet energy distribution than before was possible 
and it is especially well adapted to the solution of many 
of the mechanical problems limiting the usefulness 
in photochemical processes of the older mercury arcs. 

It is said to be possible to duplicate economically 
by means of these artificial ultra-violet sources practi- 
cally any photochemical effects now secured through 
exposures to direct sunlight. This is important for 
sunlight, though inexpensive, is offset by the fact that 
it is of value only during the middle five hours of the 
day, if available at all. 

As an example of a highly developed ultra-violet 
application, mention may be made of a recently 
designed apparatus in which, by means of a quartz 
mercury arc and filters, tests may be made of the light 
fastness of dyed textiles, inked papers, or painted woods 
in a much shorter time than ever has been possible by 
sunlight and with a quality of fading action directly 
comparable with that of sunlight. 


APPLICATION OF LIGHT 


In contrast with the relatively meager developments 
in the production of light, the past year witnessed a 
wealth of development in the application of light. 
Artificial light is now available at such a low cost that 
improvement in its utilization can be undertaken with 
greater freedom. In consequence the lighting art is 
advancing rapidly. 

Residence Lighting Equipment. The past year has 
seen an expanding interest on the part of central station 
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companies in residence lighting equipment. Several 
companies have conducted re-fixturing campaigns 
with marked success and many are planning such 
activities for the current year. 

Interest in this project is evidenced by the prepara- 
tion, beginning in the autumn of 1925, of tentative 
specifications for residence luminaires, prepared under 
the supervision of a committee of the Association of 
Edison Illuminating Companies, with which the 
Illuminating Engineering Society has cooperated. 
These specifications promote consideration of a lumi- 
naire from three principal standpoints: 

1. Illuminating qualities 

2. Mechanical and electrical construction 

3. Aesthetic values 

The application of these specifications results in a 
final figure of percentage which represents the over-all 
quality rating for each luminaire considered. Part of 
the determination of necessity must be arrived at by 
personal judgment and part by laboratory measure- 
ments. Very consistent results have been obtained 
by using averages of the personal judgments of several 
competent persons. An interesting by-product of 
this activity is the production of a practicable glare- 
gaging device, in the form used in the measurement of 
glare in residence luminaires. 

The Home Lighting Committee of the National Elec- 
tric Light Association has already prepared outlines of 
typical plans for such re-fixturing campaigns. Other 
information and material is being prepared and will be 
disseminated by that Committee throughout the year. 
The month of October has been chosen as the period of 
specialized activity in promoting improved residence 
lighting. 

There is a noticeable trend in manufacturers’ lines 
toward luminaires embodying provisions for the shading 
of lamps, although the development is far too slow to be 
considered as satisfactory. Several inexpensive de- 
vices are on the market to enable the use of shades on 
modern types of lamps. , 

Street Lighting. The attitude of the electrical 
industry toward street lighting seems to be undergoing 
a wholesome alteration. Street lighting is coming to 
be regarded as a phase of utility operation which is 
capable of becoming remunerative both to the com- 
munity and to the utility. Accordingly, both the 
engineering and commercial aspects of street lighting 
are being given more intensive and forward-looking 
consideration than in the past. Itis coming to be recog- 
nized that through comprehensive planning, coupled 
with general plans for city improvements and growth, 
economies may be had through standardization, re- 
duced obsolescence, efficient energy distribution, and 
control. 

It is generally recognized that street lighting deserves 
the accurate methods of the engineer since nationally 
we are confronted with the need for many extensive 
improvements. There is dawning a new era in street 
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lighting, trailing the new era in vehicular traffic. 
Street lighting systems for the main streets of large 
cities, and some already in use, have been designed to 
deliver 50,000 to 150,000 lumens (2- to 6-kw. demand) 
per standard instead of 10,000 to 15,000 lumens 
(0.5- to 0.75-kw. demand) which was considered 
adequate in the past. 

Progress has been made in the manufacture of 
equipment for remote control over existing commercial] 
networks to widely scattered relays actuating switches 
to supply the street lights from existing distribution 
systems. Several new remote control switches, both 
solenoid and motor operated, have been developed to be 
controlled from a pilot wire. 

These new equipments are suitable to supply the 
power for either series or multiple lamps and may be 


selectively arranged to disconnect alternate units during 


the late hours of the night when there is little traffic. 
These various control equipments are receiving more 
attention with the trend toward increased load density. 

There has been considerable activity in the further 
development of enclosing glassware for street lamps. 
The tendency seems to be in the direction of a com- 
promise between directional control and diffusion, the 
one intended to place the light where it is wanted, and 
the other to avoid excessive glare. 

In overhead lighting equipments the trend is defi- 
nitely toward the use of dust-proof units, to obtain a 
higher average efficiency between cleaning periods by 
avoiding the absorption of light otherwise due to the 
collection of dirt on the lamp bulb, and on enclosing 
accessories. 

The Illuminating Engineering Society’s Committee 
on Street Lighting is making progress in developing a 
method of appraising the qualities of street lighting to 
determine the relative illuminating merits of various 
street lighting installations. 

The Street and Highway Lighting Committee, 
National Electric Light Association, has outlined a 
three-year program to cover thoroughly the sales and 
financing aspects of street lighting systems. It pur- 
poses issuing a manual on street lighting. 

The lighting of interurban highways is slowly pro- 
gressing with promise of greatly accelerated growth in 
the near future. Rural electrification is an interlinking 
factor, and nation-wide legislation providing enabling 
acts is the primary desideratum. There are many 
indications that as legal obstructions are removed, 
large growth in highway lighting will follow. The 
problem in its present status is one of legislation rather 
than of engineering. However, more engineering analy- 
sis and evaluation of the social economic aspects of 
highway lighting will hasten the required legislation. 

Table I presents a partial list of intensive street 
lighting systems in the United States as of March Ist, 
1927. Additional intensive installations are being made 
or are planned in several other cities. From this list 
it is evident that existing high intensity installations 
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are divided between luminous are and tungsten lamps, 
although present indications point to a trend toward 
tungsten installations in the immediate future. 


PARTIAL LIST OF INTENSIVE STREET LIGHTING SYSTEMS. 
AS OF MARCH. 1927 


Lumens per linear 
foot of street* 


Chicago, State Street......... ccc ccc cece cane 2-lamp tungsten 
66 4 


Seattle, Metropolitan Avenue..........sess.s 1050 2 
Jersey City, N. J.—Journal Square Plaza..... 857 1 “ = 
Salt Lake City, Business Section............. 822 3 “ arc 
Niagara Falls, Falls Street...........0.0cce8 761 2s “ 
San Francisco, Market Street..........sssesa 750 3 eS 
Schenectady, Erie Boulevard................ 700 2. -s s 
Portland, Oregon— Business District.......... 600 2 “ tungsten 
Columbus. Ohio—Business District........... 600 2: oS 
Schenectady, State Street......... ccc eer ace 585 2 “ arc 

* Los Angeles—Several streets..........00000: 375 to 510 2 “ tungsten 
Indianapolis, Business Section............... 520 2. < s 
Los Angeles, Broadway..........ccccccccees 510 2 “ arc 
San Francisco, Triangle District............. 500 is a 
El Paso, Business Section..........2c.0c00008 500 2. “ “s 
Cleveland, Superior Avenue...............0.6 500 1 “ tungsten 
Rochester, N. Y.—East Main and East Ave... 472 2 “ arc 
Lynn, Mass.—Central Avenue............0. 450 2 * = 
Augusta, Ga.— Broad Street................. 450 2 “ tungsten 
Davenport, Iowa—Business Section.......... 450 2, * S 
Syracuse, Business Section........sssesssese 425 2 “ arc 
Boston— Several business streets............. 400 le * = 
Boston—Massachusetts Avenue............0.6 400 1 “ tungsten 
Lansing, Michigan—Business Section......... 400 2. u . 
Lawrence, Mass., Essex Street...........0200% 400 2. °% s 
Chicago, South State Street.......... ccc eee 400 1 “ s 
Gary, Indiana— Business District............ 381 2 = 
Lynn, Mass.—Business District.............. 351 1 “* are 
Racine, Wisconsin—Business District......... 350 1 “ tungsten 
Chattanooga Tenn.— Business District....... 340 1 “ s 
Cleveland— Business District...........0.00% 333 1 ~“ = 
Worcester, MasS.........cccccccccccccccscas 325 1 “ arc 
Utica—Business District.............ccccces 304 1 “o VS 
Saratoga, Broadway........scssossssosesesoe 300 2 “ tungsten 
Lowell, Mas8S.........oosesssossssesoossooeo 300 1 “ arc 
Nashua, N. H.—Business Section............ 300 1 “~ “s 
Providence, R. I.—Business Section.......... 300 1 “ “ 


+As an index of grade of lighting ‘lumens per linear foot” is evidently 
inexact. No better basis of terse statement is, however, available for 
these installations. 

Signal Lights for Traffic Control.. The need of 
standardization of electric traffic signals is apparent. 
In some cities one may make a right or left turn on a 
red signal while in others such a movement is prohibited. 
There seems to be a divergence of opinion as to whether 
there should be three colors or two. A committee 
appointed by the governor of an eastern state has re- 
cently gone on record as approving a two-color system, 
while a similar committee in a neighboring state has 
also gone definitely on record as favoring a three-color 
system. Tourists traversing these two states are likely 
to encounter trouble. 

There also seems to be a wide difference of opinion as 
to the proper location of signals. Some city officials 
prefer the pedestal type mounted in the roadway; 
others prefer the bracket type of suspension from 
messenger wire across the street. It is not unusual to 
hear of controversies between officials of the State 
Highway Department and of municipalities as to the 
type of signal. Most of the State Highway Depart- 
ments will not permit the use of pedestal type signals 
on the roadway owing to the fact that if they fail to 
light they become a hazard. 
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The lack of standardization in the use of the colored 
lights in connection with the control of traffic has made 
it difficult for the police to enforce the regulations. It is 
needless to dwell further upon the chaotic conditions 
which exist at the present time. The traffic problem 
requires the cooperation of the architect, civil engineer, 
police officials, electrical engineer, illuminating engineer, 
transportation engineer, etc., in order that all the 
various phases of the problem may receive due con- 
sideration. All of these are concerning themselves with 
it, but often independently and without coordination. 

In a recent number of the Architectural Forum there 
is an article by a nationally known architect which deals 
with the relation of the height of buildings and the 
density of pedestrian traffic upon the streets. 

Out of this maelstrom of independent activity comes 
the announcement of the organization of a committee 
of the American Engineering Council, under the chair- 
manship of Dean Dexter S. Kimball, of Cornell Uni- 
versity, which shall study the problem and prepare a 
standard code, so that when the automobilists from New 
York are driving in San Francisco, or vice versa, the 
signals will carry the same message. Such standardiza- 
tion now exists in the railroad industry where red to 
the railroad man means only one thing—danger. 
Yet the general public has been educated to regard the 
use of red light in a building as a safety exit in case of 
fire, or, on a street, a safety aisle. In navigation the 
use of red for port and green for starboard is standard 
the world over. Possibly after the standardized code 
for the control of traffic is available, action can be taken 
to replace the red lights in the interior of buildings as 
an indication of safe exits in case of fire. 

Automobile Headlighting. The art of automobile 
headlighting is receiving a great deal more attention 
than many people, perhaps, know. While it cannot be 
said that any great developments have been recently 
consummated, it is still a fact that efforts by many 
agencies, along different lines, but all directed toward 
the same object, have considerably advanced the general 
knowledge of the subject and have brought an ultimate 
satisfactory situation just so much closer. Among 
such activities now in progress, are: recognition of the 
Uniform Vehicle Code, enforcement of headlight laws, 
activities productive of a better understanding of the 
nature and prevention of glare, the relation of automo- 
bile headlighting to street lighting, mechanical require- 
ments for headlights, and recognition of the shortcom- 
ings of present equipment. 

The most notable development in automobile lighting 
practise during the past year has been the very general 
adoption by manufacturers of the better grades of cars, 
of a changeable beam headlighting system. This has 
been approved by all the states as legal. A brief 
review of the history of this development may not be 
out of place here. 

A number of years ago, the Illuminating Engineering 
Society and the Society of Automotive Engineers, 
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working together, endeavored to improve the unsatis- 
factory condition of automobile headlighting by 
adopting a set of minimum and maximum limits cover- 
ing a light distribution that would yield a maximum 
of good driving light and a minimum of objectionable 
glare. These limits were based on permanent and 
fixed adjustment and pointing of the headlights. In 
the nature of things, these limits were a compromise, 
but were so well worked out as to produce a marked 
improvement in road driving conditions after dark. 

Since these limits were adopted, however, there has 
been a considerable change in many of the elements of 
the problem. Theaverage height of the eyes of drivers 
above the road surface is considerably less than it was 
five years ago, due to the constant lowering of cars. 
Vehicle springs are now being made softer than they 
used to be. Cars therefore pitch through greater angles 
due to road inequalities. Furthermore, because the 
passenger load comes very largely on the rear springs, 
there is a big change in car angle under varying con- 
ditions of load. Having these changed conditions in 
mind, committees of the Society of Automotive Engi- 
neers and of the Illuminating Engineering Society 
jointly undertook to devise specifications covering the 
use of an alternative distribution of the headlight beam 
for use in passing another car. The driver is then 
expected to change from one type of distribution to the 
other as conditions demand. Experience has shown 
that drivers can be trusted to do this if they are pro- 
vided with a reasonably good passing light. 

By the use of the alternative system of distribution 
of the beam, two things are accomplished: first, a great 
amelioration of the glare difficulty is obtained by the 
use of the changed beam, and second, since the beam 
can be removed from other drivers’ eyes, the adjust- 
ment of the headlamps may be such that the top of the 
beam is higher than with the fixed beam equipment, 
thus providing a better driving light where the absence 
of oncoming cars renders it practicable to keep the 
beam in its normal position. 

At the present time, a joint committee, composed of 
members of the two societies, is conducting research to 
determine the proper limits to govern the new types of 
light distribution. Without waiting for the final 
results of this committee’s work, many motor car 
companies are adopting systems in which the regular 
driving beam is lowered through an angle of two or three 
degrees in passing another car. A number of simple 
and economical ways are now available for accom- 
plishing this result and the public approval of the 
change has been very marked 

The old system of reducing the candle power by 
dimming is condemned by everyone and it is hoped that 
it will become obsolete in the near future. 

Lighting of Exteriors. The advantages of flood 
lighting have been amply demonstrated, not only by 
the number of large installations during the past year, 
but by the diversified character of the installations. 
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Illumination intensities have in general been higher, 
and larger numbers of projectors have been used on 
individual installations than have ever been used before. 

Two state capitols, those of New Jersey and Texas, 
were added to the list of half a dozen or more that have 
been flood-lighted previously. Two large office build- 
ings in Detroit were lighted; in one case over three 
hundred and the other over one hundred projectors 
were used. In Brooklyn over one hundred projectors 
were used on an Office building, and in New York nearly 
five hundred projectors are employed to light the upper 
portion of a new theater. Kansas City has lighted its 
huge war memorial by means of searchlights; steam 
emerging from the top is illuminated by colored light 
from projectors concealed in the top. | 

Great interest is developing in lighting recreational 
areas. In order that children may be kept from the 
streets, school and public playgrounds have been 
lighted. Colleges in increasing numters are lighting 
their stadiums for night football. Considerable impetus 
was given this movement by the success of the lighting 
of the stadium at the Philadelphia Sesqui-Centennial 
grounds. 

Electric Signs for Daylight Use. Electric lighting 
display, having been highly developed in this country 
for night use, is being extended into the daylight hours. 

Tubes of neon and other gases or vapors offering 
striking color contrast with daylight are entering into 
service in some sections of the country quite extensively. 
This follows a like development in Europe. 

The diameter of the neon tubes which are ordinarily 
employed for signs varies from 7 to 32 millimeters 
(usually 11 to 15 millimeters). The characteristic 
orange-red color of neon predominates in displays 
erected to date but other colors are to be seen. These 
are derived from the admixture of helium, argon, etc. 
The characteristic radiation of mercury vapor is like- 
wise to be seen in some signs. 

The tubes vary in length from 10 to 40 feet. Starting 
voltages are approximately 200 volts per foot of the tube; 
alternating current 25 to 60 cycles is employed, rotary 
converters being used where the supply is direct current. 

For typical tubes of 20-foot length and 15-millimeter 
diameter, the manufacturers state that the consump- 
tion is about 200 watts. This increases rapidly if the 
diameter of the tube is increased. The power factor of 
such a sign 1s stated to be approximately 50 per cent. 

The usual filament-lamp electric signs are being 
adapted in some cases to daytime use. For this 
purpose an area of brightness is built up optically so 
that the entire surface of a letter is given the brightness 
of the filament itself when viewed from certain 
directions. 

In obtaining a large area brightness, the light has been 
concentrated into a relatively narrow angle; hence, 
within this angle only is its effectiveness at a maximum. 
Such a sign is of greatest value when the traffic is massed 
within a relatively narrow viewing angle, and where 
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people approach the sign nearly “head on” fora consider- 
able distance. There are many such locations—atop 
the marquise projecting over the sidewalk; at a dead- 
end street; on a highway curve;—where the new type of 
sign may be effective. 

Illuminated Bulletin Boards. The use of illuminated 
poster and bulletin boards is rapidly increasing and it is 
noted that more consideration is being given architec- 
tural features as well as the use of novel lighting, and 
mechanical effects. 

The appearance of animation or action is sometimes 
accomplished through color by the absorption method. 
The advertisement is painted on the bulletin board with 
carefully selected oil colors. There are two lighting 
equipments, one for example, for red lighting and the 
other for blue-green lighting. Supply circuits are 
controlled by a two-circuit flasher so that by the alter- 
nate flashing of the red and blue-green lights, the fading 
out of certain words or images on the bulletin is ac- 
complished. For example, the red light will apparently 
“absorb” the red painted images or words on the sign 
leaving visible only the darker colors which do not con- 
tain red. Equivalent effects are had with the 
blue-green. 

A rather interesting mechanical bulletin board has 
made its appearance in the Middle West. The face 
of this board consists of a series of equilateral triangular 
members each of which operates on an axis so that the 
entire face of the sign revolves simultaneously. In 
this manner three separate advertisements can be 
painted on the respective faces of the triangles. An 
electric motor operates the mechanism so that the sign 
may be changed four times a minute. These displays 
are illuminated for night operation. 

A rather effective plan has been worked out whereby 
-he use of a modern show-window is combined with a 
billboard. The show-window is built flush with the face 
of the bulletin. The bulletin bears the usual advertis- 
ing, while behind the plate glass of the show-window is 
arranged a display of merchandise. The face of the 
bulletin is lighted by means of angle reflectors in the 
usual method and the interior of the show-window is 
illuminated with show-window reflectors. | 

It is interesting to note that the electrical advertising 
industry has taken action to improve the appearance of 
bulletin boards and also to restrain members of their 
industry from installing posters and bulletin boards in 
places where they impair the beauty of the scenery. 
The unrestrained activity on the part of various poster 
advertising companies in locating their stands in places 
where they detract from the natural beauty of the land- 
scape has caused very unfavorable public comment 
and it is logical that the industry should take action 
to remove the cause of the criticism. 

Laghting for Aviation. The rapid advance of aviation, 
especially in the United States Air Mail Service, has 
given rise to demand for lighted air-ways. It is re- 
ported that 3700 miles of transcontinental route are 
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now lighted and appropriations have been passed for 
lighting the following routes for 1927: 

New York to Boston 

St. Louis to Chicago 

Dallas to Chicago 

Salt Lake City to Los Angeles 

Pasco to Elko 

Chicago to Twin Cities 

Cheyenne to Pueblo 

Under the auspices of the Department of Commerce 
there has been developed a lighting system, employing 
usually 24-inch revolving beacons, equipped with 900 
or 1000-watt tungsten lamps located at average in- 
tervals of ten miles along the air routes. Intermediate 
landing fields are located every 25 miles along the routes, 
each equipped with a beacon and 20 boundary lights. 
A green approach light and red lights on top of obstruc- 
tions near the fields are used. 

A typical airport has approximately 30 kw. of light- 
ing load, involving from $5000 to $12,000 worth of 


lighting equipment. It comprehends: 
1. Revolving beacon to guide the aviator to the air- 
port. 


2. Boundary lights (60-c. p. series) all around the field 
to show the limitation of the boundary area. 

3. Red lamps on all obstructions near the field, such 
as radio towers, telegraph poles, etc. 
. 4. An illuminated wind indicator to show the strength 
and direction of the wind. 

5. A ceiling light (1000-watt, 18-inch searchlight) to 
show the height of the bottom of the clouds. 

6. Flood lights on the roofs and sides of the hangars 
(200-watt lamps). 

7. A high-intensity are searchlight, or a couple of 
10-kw. tungsten lamps to floodlight the landing field 
itself. 

There are already nineteen lighted fields in the 
United States and forty others from which regular 
flying is being done on such schedules that lighting is 
required. Many cities are alive to the coming air 
commerce, and are appropriating funds to prepare 
lighted ports. Itisa movement which is spreading very 
fast. Estimates indicate that by the end of next year 
there will be 2000 lighted fields in the country. 

In 1926 the Post Office Department used on their 
fields in the Air Mail Service, 3710, 900- and 1000-watt 
lamps; 1920 200-watt lamps and 1440 600-lumen series 
lamps. The 1927 plans are for over three times as 
much air mail service as in 1926, with a corresponding 
increase in lighting. 

Subterranean Laghtung. The new vehicular tunnel 
from New York to Jersey City offers the outstanding 
installation of this class of electric lighting. It will 
probably be the most heavily traveled long tunnel in 
the world. 

Although the main travel will be in one direction in 
each of the two tubes, the use of unidirectional lighting 
was impracticable because of the possibility of only one 
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tube being used for travel in both directions when repairs 
are being made. The lighting is accomplished by in- 
candescent lamps behind windows set at the joints 
between the side walls and ceiling, and arranged so that 
the units on one side illuminate the opposite half of the 
tunnel, and avoid glare in the eyes of drivers. About 


two foot-candles are provided, with an overlapping ` 


distribution to minimize shadows from high vehicles. 

At each end additional light is provided for daytime 
use, to lessen the contrast with daylight. 

Railway Lighting. Developments in lighting in the 
steam railroad field during the past year or so have 
largely kept pace with the general development in other 
fields of lighting. Asawhole, railroads are appreciating 
the benefits of higher intensities of illumination, 
particularly in shops and offices where artificial illumi- 
nation may be required a large percentage of the time, 
with the consequence that the average levels of illumina- 
tion intensities for interior lighting throughout the rail- 
road field are being considerably raised. 

Considerable attention is being given to providing 
better illumination in passenger carrying cars. In the 
matter of intensities the best practise of today repre- 
sents from 75 to 100 per cent higher average illumination 
intensities than the practises of eight or ten years ago. 
This has been made possible by the improvements in 
the efficiencies of train lighting lamps and the successful 
development of lamps of higher wattages, also the 
development of economical car lighting axle generator 
equipment and batteries of larger capacity. 

The past year has seen very rapid growth in the 
general interest in the subject of flood lighting as 
applied to railroad yards, as well as the application of 
this system at a rapidly increasing rate. The proper 
and economical lighting of large railroad yards presents 
many problems, in which connection, until recently 
there has been available but comparatively little en- 
gineering data that would aid in laying out such lighting 
systems. There is also still considerable difference of 
opinion among railway engineers as to the system of 
flood lighting that will produce the most effective 
results. This subject is being actively studied by the 
Committee on Illumination of the Association of Rail- 
way Electrical Engineers and it is expected that by 
another year illuminating engineering practise in the 
application of flood lighting in this field will gradually 
crystallize along definite lines of procedure. 

In view of the number of lighting problems that are 
more or less peculiar to the lighting field the Association 
of Railway Electrical Engineers has also prepared, with 
the assistance of the illuminating engineering staffs 
of the incandescent lamp manufacturers a “Manual 
of Lighting Practises for Railroads” which serves as a 
general code of lighting practise as applying to this 
field. 

Illumination of Outdoor Substations. The illumina- 
tion of outdoor substations is primarily intended to 
facilitate operation, but it has been found, in many 
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cases, to have an advertising value aswell. Oneinstalla- 
tion recently described in the technical pressem phasized 
the advertising value by employing a hot galvanized 
finish on all structural steel and two coats of aluminum 
paint on transformer cases, switch housings, and other 
exposed metal surfaces. 


Lighted Ornaments. Artificial light has been em- 
ployed thus far primarily for utilitarian purposes. Only 
occasionally, and to a very slight extent, has it been 
employed in residences for the illumination of orna- 
ments. Evidently the potentialities of such employ- 
ment of artificial light are very great. There are some 
indications that these potentialities are beginning to be 
realized, and in the not very distant future the employ- 
ment of lighted objects of decoration solely for the 
purpose of ornament may assume considerable pro- 
portions. 


RELATED TOPICS 


Photometry. Progressin photometry during the past 
year has been principally in the application and use of 
the photoelectric cell in conjunction with suitable 
light filters. At the present time photoelectric photom- 
eters are largely used for routine measurements of 
incandescent lamps; this includes street series lamps, 
The photo- 
electric cell equipment has also been adapted to dis- 
tribution photometers, the spectro-photometer, and 
color temperature determinations. 

The extreme sensitivity of the photoelectric cell 
equipment has permitted the establishment of light 
values to a much higher degree of accuracy than obtains 
with visual methods. 


Effect of Illumination on Industrial Production. The 
Committee on Industrial Lighting of the Division of 
Engineering Research of the National Research Council 
has completed a three year study of the effect of illumi- 
nation upon industrial conditions. A report covering 
this investigation will be published in the near future 
and will contain many points of interest to illuminating 
engineers and factory managers alike. 


Lighting Service Manual. A manual for Lighting 
Service Departments, under preparation by a com- 
mittee of the National Electric Light Association, is 
approaching completion. Part 1, which deals with the 
lighting field, organization activities, etc., has been 
finished. It will provide an excellent guide for central 
station lighting activities. 

Schools of Lighting. Evidence of the increasing 
interest in illumination is shown by the demand for 
local lighting schools. These have become more 
numerous during the past year. As a rule they are 
promoted by individual central stations for the benefit 
of their employees engaged in lighting. In several 
instances they have included local electrical contractors 
and dealers and when this has been the case, the schools 
have been held under the auspices of a local electrical 
league or some similar body. The instruction in 
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these schools has been conducted mainly by the in- 
candescent lamp manufacturers. 


Illumination Items in the Journal. In view of the 
fact that lighting programs are included in Institute 
meetings only occasionally, this Committee has found 
it expedient to endeavor to keep Institute members 
advised of lighting developments through the medium 
of brief articles which appeared from time to time in the 
columns of the JOURNAL. List of titles of articles which 
have appeared during the past year is as follows: 


A Daylight Electric Sign. 
Lighting Totaling 25,000,000 Candle Power Burned 
Nightly in Broadway Signs. 

Europe Organizes Its Lighting Activities. 

Inside Frosted Lamps. 

Trend of Electric Lighting. 

Must the Traveler Read Slowly? 

Practical Color Photometry. 

Industrial Lighting Activity of N. E. L. A. 

Meet the Well Lighted Car. 

European Lighting Progress Discussed at Rome. 

Illuminating Engineering in Germany. 

Home Lighting Contest in France. 

British Lighting Contest begins with a Burst of 
Enthusiasm. 

A Recent Lighting Demonstration in Holland. 

Incandescent Lamp Ratings in France. 

Artificial Lighting in Foundries. 

British Investigate Light and Industrial Efficiency. 

Carbon Lamps. 

CONCLUSION 

The Committee on Production and Application of 
Light, notes with satisfaction advances which are being 
made in the application of electricity in the field of 
illumination, and is gratified to observe a tendency of 
the related industries to organize for more effective 
achievement along these lines. The potentialities in 
this field the Committee believes to be great, both in 
prospective engineering achievement and in benefit 


for the public. P. S. MILLAR, Chairman. 


Discussion 


E. A. Williford: (communicated after adjournment) I 
should like to augment the information given in this report on 
the production and application of ultra violet light for medicinal 
and industrial purposes. 

The chief natural source of ultra violet light is the sun. There 
are, however, many artificial sources of ultra violet light, among 
them being the various forms of carbon arcs, the mercury vapor 
arc in quartz, and other metal arcs. 

The emanations from the mercury arc are confined to certain 


bands of wavelengths, especially in the shorter wavelengths in the 
region of 2200 to 3200 Angstrom units, with very little continuity 
of the spectrum. Every different metal gives its own character- 
istic quality of radiation when its vapors are introduced into the 
arc stream. Itis possible, therefore, to control the quality of the 
radiation by modifying the chemical composition of the elec- 
trodes; or, in the case of the carbon electrodes, the composition 
of the core. The following are typical instances: 

Ares between pure carbon electrodes give ultra violet light 
chiefly of wavelengths from 3600 to 4000 Angstrom units. 

If the electrodes are of nickel or if carbon electrodes are 
impregnated with nickel, a large proportion of the ultra violet is 
in a band from 3400 to 3600 Angstrom units. 

Similarly, aluminum gives much radiation in the region of 
2950 to 3300 Angstrom units, while cobalt gives an arc rich in 
the very short wavelengths from 2200 to 2500 Angstrom units and 
again from 3300 to 3500 Angstrom units. 

Iron gives a large amount of radiation through the entire 
ultra violet spectrum. Cerium and the other rare earths give 
ultra violet from 2900 Angstrom units to the visible spectrum, 
quantitatively and qualitatively very similar to the spectrum of 
sunlight. For this reason, carbon electrodes impregnated with 
these rare earths have been found by the Bureau of Standards 
to be the nearest in quality to natural sunlight of any known 
artificial light source. 

The materials referred to above are not toxic. They can, 
therefore, be used as arc electrodes without enclosing globes and 
without danger of toxic poisoning. If required for special 
applications, the ares can be isolated from the surrounding 
atmosphere by suitably ventilated housings constructed partly 
of quartz or some of the newer ultra violet transmitting quartz 
substitutes. i 

These metals, if used as pure electrodes, give satisfactory arcs 
on two or three amperes of direct current. If the metals are used 
to impregnaté carbon electrodes, so as to make the so-called 
impregnated or flaming arcs, they can be operated satisfactorily 
on either alternating or direct current at amperages from 2 to 
150. Because of this wide range of energy consumption possible, 
any desired quantity of the particular type of radiation required 
can be obtained with these arcs. 

The known applications of these different types of radiation 
are as varied as the qualities of the arcs themselves. For 
instance, those arcs giving long-wave ultra violet light are espe- 
cially valuable in the photographic, photo-engraving, and blue- 
printing industries. 

The ares which give light similar to sunlight are essential in 
dye-fading and paint-testing work where such materials are 
ordinarily to be used in sunlight itself. Artificial sunlight from 
these ares also is utilized by physicians to augment natural sun- 
light or to substitute for it when natural sunlight is not available 
in the treatment of tuberculosis and rickets. 

Other electrodes containing metal are used when it is not 
necessary to attempt to duplicate sunlight. Such cases are those 
where it is sought only to produce a tan or artificial sunburn. 
Those ares giving very short-wave ultra violet radiation give 
large amounts of light having a powerful sterilizing or germicidal 
action. 

From the foregoing, it is apparent that it is possible to make a 
selection of an artificial source of ultra violet light that will best 
accomplish almost any work which requires the use of ultra 
violet radiation. 


Electrical Machinery 


Annual Report of the Committee on Electrical Machinery’ 


To the Board of Directors: 

This committee has carried on its work during the 
past year according to the general plan of organization 
which has been in force for the past three years. The 
membership of the committee has been materially in- 
creased over the number of last year in an endeavor to 
be prepared to handle the increasing amount of work 
naturally resulting from the rapid growth in quantity, 
size, variety,and quality of electrical machinery. Expe- 
rience has shown that the work of a committee can be 
effectively carried on only when the members are able 
to get together and carry on a discussion across a table, 
following, perhaps, a preliminary exchange of views by 
letter. For this reason, the membership of the commit- 
tee has been restricted to those living within a day’s 
journey of New York or in the territory east of the Miss- 
issippi River. This territory embraces practically all of 
the manufacturers of electrical machinery, a large num- 
ber of universities, and large users of machinery for 
power generation and distribution. It is not intended, 
however, to exclude any members who are in a position 
to, or willing to, assist in any way whatsoever. In this 
connection, your attention is directed to the general call 
for volunteers which appeared on page 1 of the Journal 
of January, 1927, over the name of the chairman of this 
committee. f 

The committee has held two general meetings, one in 
October and one in February at the time of the Winter 
Convention. In addition to these, the various subcom- 
mittees have held meetings in connection with the work 
that has been assigned to them. In general, the subeom- 
mittees have reported progress of their work and pre- 
sented opportunities for general discussion at the meet- 
ings of the whole committee. 

The organization of this committee comprises sub- 
committees on (1) Standards, (2) Papers, (3) Research, 
and (4) Education. It is probably not necessary to re- 
view here the functions of these subcommittees. Mr. E. 
C. Stone is chairman of the Standard Subcommittee, 
Prof. V. Karapetoff is chairman of the Research Sub- 
committee, Prof. C. A. Adams is chairman of the Edu- 
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cation Subcommittee, while Mr. H. M. Hobart with the 
whole committee has acted as clearing house for receiv- 
ing suggestions, obtaining and reviewing papers dealing 
with electrical machinery. 

During the year, 15 papers have been presented under 
the auspices of this committee at the general meetings of 
the Institute. Turning to the developments in research 
as affecting the design of electrical machinery, probably 
the most important theoretical contributions have been 
in connection with the subject of the synchronizing 
power and stability characteristics of synchronous ma- 
chines and the determination of the flux distribution in 
magnetic fields. In the field of design and manufacture, 
advances have been made in capacities of turbo genera- 
tors, transformers, waterwheel-driven generators, and 
synchronous condensers, there have been improvements 
in construction looking toward reductions of losses, the 
knowledge of the cooling and ventilation of machinery 
has been increased and definite steps have been taken to 
raise the operating characteristics of a-c. fractional 
horsepower motors to a higher level. In standardiza- 
tion, this committee has taken up a larger volume of 
work than ever before in the revision of existing A. I. 
E. E. Standards and the preparation of new Standards 
to keep pace with the continua] development of im- 
provements and new types of machinery and the neces- 
sity of changes arising from a better knowledge and 
understanding of the art. All of these additions to our 
knowledge and the improvements in design are chapters 
in the great story of the engineer’s untiring efforts for 
the betterment of our social and economic status. 

The following review has been prepared with the as- 
sistance and collaboration of the members of the com- 
mittee and an attempt has been made to include the 
more important articles that have appeared in domestic 
and foreign journals in the several bibliographies. Un- 
doubtedly, articles of real merit have been overlooked 
and the committee will weleome having such omissions 
brought to their attention. 


RESEARCH 


Undoubtedly the most important phase of this com- 
mittee’s work 1s that which has to deal with the ad- 
vancement of the art of design and manufacture of elec- 
trical machinery, through research. Without research, 
progress would be very slow. It is with a considerable 
degree of satisfaction that important contributions have 
been made during the year, both theoretical and experi- 
mental. 

Effect of Altitude on the Dielectric Strength of Insula- 
tions. The committee has carried out some experiments 
to determine the relative puncture strengths of standard 
insulation at different atmospheric pressures. The re- 
sults of these tests indicate that the reduction in the 
value of the voltage causing pucnture with decreased 
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atmospheric pressure is so small that no change in the 
A. I. E. E. Standards is considered desirable so far as 
insulated windings are concerned. When air is depended 
upon for insulation, however, a correction should be 
made for that part of the insulation which consists of 
air in series with solid insulation. 

Surge Tests of Insulation. Work that has already been 
done indicates that the breakdown strength of solid in- 
sulation depends upon the kind and mode of test voltage 
and it does not seem feasible to specify for general use 
a test that will truly duplicate service conditions. A 
conventional test of the simplest kind will be just as 
satisfactory, provided the magnitude of the voltage is 
sufficiently high to provide a reasonable margin for the 
most unfavorable transient voltage liable to occur under 
actual service conditions. For example, if high-fre- 
quency oscillations are liable to take place and experi- 
mental data should show an ultimate strength of only 
50 per cent as compared with 60-cycle voltage, then the 
magnitude of a 60-cycle test must be at least twice that 
of the maximum high-frequency oscillation to which the 
machine may be occasionally subjected in operation. In 
large machines designed to meet definite service condi- 
tions where the most unfavorable overvoltages are rea- 
sonably well known, the factor of safety may be chosen 
accordingly, but competitive considerations will largely 
govern the choice of insulation and its test for machines 
made in quantities for the general market. 

It is recommended that designers study such data as 
are now available on this subject and that experimental 
assembled machines be tested by the different kinds of 
voltages for the purpose of obtaining data upon which 
may be based ratios for use in design and in specifica- 
tions and guarantees. 

Hot Spots in Cores of Turbo Alternators. Tests made 
by three manufacturers of typical American machines 
show that the temperature at the bottom of the slots at 
ends of the core is less than that between coil sides at 
the middle of the core and it is concluded that no change 
is needed in the present A. I. E. E. Standards as regards 
the location of temperature detectors. 

Evaluation of Conventional Losses. Some work is being 
done to determine the feasibility of determining the 
stray load losses of alternators, synchronous motors, and 
condensers by a more convenient means than those de- 
scribed in the Standards. 

Calorimetric Method of Determining Losses in Alterna- 
tors. Apparently this method requires such close super- 
vision of detail and conditions that it may be considered 
more of a laboratory method than one which can be used 
for general commercial purposes. It is recognized, how- 
ever, that this method has inherent possibilities for ex- 
perimental work and is worthy of continued investiga- 
tion. A paper giving results of extensive tests has been 
presented to the Institute during the year. 

Stability of Alternators. A paper, Stability Character- 
istics of Alternators, has been presented by Mr. O. E. 
Shirley which showed the relation between stability and 
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the short-circuit ratio and the subject has been referred 
to the Standards Subcommittee for the consideration of 
the establishment of a standard. 

Some years ago it was the practise to design synchro- 
nous machinery with good inherent voltage regulation. 
With the advent of the vibrating voltage regulator, this 
practise changed since it was more economical to design 
machines with lower inherent voltage regulation and to 
depend on the voltage regulator to maintain voltage. 
This principle formed the basis of machine design until, 
in recent years, the work done on system stability indi- 
cated that for machines which were to be used on those 
systems where stability is an important consideration, a 
reversion to the former practise of designing for good 
inherent voltage regulation was desirable. 

Recently, in the engineering of certain large power 
projects and extensions to existing systems, it has been 
decided to employ machines having lower leakage react- 
ance and higher short-circuit ratio than machines of nor- 
mal design for the same rating would have. The purpose 
of this is to increase the stability of the system upon 
which they are to be used and, in particular, to reduce 
the probability of system disturbances causing loss of 
synchronism of the terminal apparatus with consequent 
interruption to service. 

For system stability it is desirable that reactance be 
kept low, whether it be that of transmission lines, trans- 
formers, or generators. It is not feasible to reduce the 
reactance of the transmission lines appreciably except 
by building additional lines in parallel. Transformer 
reactance is a relatively minor part of the total and can 
be reduced below the normal values only at considerable 
cost. On this account, attention must be focused on the 
generators where it is economical to increase the cost to 
reduce the reactance below normal since such a reduc- 
tion increases the capacity of the relatively much more 
expensive lines to carry load with less probability of ser- 
vice interruption due to system disturbances. 

Another important consideration in maintaining syn- 
chronism is that of sustaining voltage throughout the 
system during a disturbance. This may be partially — 
accomplished by the use of machines having high short- 
circuit ratio. Higher values than those corresponding to 
normal design have been decided upon for certain pro- 
jects for the purpose of increasing system stability. Be- 
yond a certain degree, it is more economical to employ 
quick response excitation systems which serve to accom- 
plish the same object as increasing the short-circuit 
ratio, namely, that of sustaining the voltage during a 
disturbance. 

Within the past year, the construction of machines 
embodying these special features for improving system 
stability has been undertaken for certain high head de- 
velopments in California where the length of the trans- 
mission lines and the amounts of power involved are 
such as to cause the stability to be an important prob- 
lem. Machines of special characteristics are also under 
construction for certain low head hydroelectric devel- 
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opments in the East and the South where the reactance 
of the slow-speed machines is of necessity relatively high 
and where the amounts of power to be transmitted are 
very large. 


Relation between Dielectric Tests on New and Used 
Machines. This subject has been referred to the Stand- 
ards Subcommittee and it is intended that a paper 
should be prepared for the purpose of setting forth the 
principal considerations and a suggested standard. 


Characteristics of Synchronous Machines. Supple- 
menting a study of the characteristics of synchronous 
machines by an extension of Blondel’s theory of two 
reactions as mentioned in the report of last year, the 
second part of the series of papers by Doherty and 
Nickle should also have been mentioned, which treated 
the steady-state, power-angle characteristics. A further 
study has now been presented by these authors on the 
torque-angle characteristics under transient conditions 
and a further study of torque characteristics under 
short-circuit and transient conditions has been prom- 
ised. Another contribution to this subject has been 
made by Mr. H. V. Putman in a paper presented to the 
Institute. Results of experimental studies of the trans- 
verse armature reaction in synchronous machines have 
been presented in a paper to the Institute by Prof. J. 
F. H. Douglas to show that the effect of transverse re- 
action can be most accurately estimated by the use of a 
m. m. f. diagram. 


Stray Load Losses. Sources of stray losses and means 
of their reduction and elimination present a field of 
study which is of considerable importance in the never- 
ending endeavor to improve the efficiency of electrical 
machines. Papers have been presented to the Institute 
dealing with several phases of this subject. An analysis 
of the m. m. f. waves of polyphase windings of the frac- 
tional slot or irregular types shows the possibility of the 
existence of sub-synchronous harmonics having wave- 
lengths greater than two-pole pitches which may induce 
currents in the damper windings of synchronous ma- 
chines. ‘Connection arrangements of this type of wind- 
ings have been investigated for the purpose of prevent- 
ing these losses. The existence of eddy current losses in 
the copper of armature windings has been a fertile field 
of investigation both as to a means of determining their 
magnitude and their reduction. Recent studies have re- 
sulted in simple conductor transpositions and arrange- 
ments that have been effective in almost entirely elimi- 
nating these losses. Investigations made by the calori- 
metric method in connection with several turbo genera- 
tors gave results that appear to confirm the correctness 
of assuming the stray load losses being equal to the 
additional losses under sustained short-circuit condi- 
tions. 

One of the colleges has undertaken a series of experi- 
ments on methods of determining load losses of syn- 
chronous machines which, it is said, gives promise of 
adding materially to the knowledge of this subject. It 
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is hoped that the results of these experiments will be 
presented to the Institute during the coming year. 

Synchronous Converters. A treatment of the theory of 
the converter has been presented that is based on the 
method of “harmonic analysis” by which any regularly 
repeating function may be represented, and presenting 
a conception of the internal voltages, currents, heating, 
and armature reactions as related to the physical struc- 
ture of the simple converter and as related to the passage 
of time which may be called space and time relations. 

Synchronous Motors. A theory for the calculation of 
the complete starting performance of synchronous mo- 
tors has been presented which utilizes a system of nega- 
tively rotating vectors to take care of the unbalance in 
the damper winding which is not continuous. 

Reactances for Direct Current. A direct method of de- 
sign for the predetermination of the correct air-gap in 
reactances and transformers which are to be used with 
direct current has been offered. This subject is of par- 
ticular importance in building rectifier filters for radio 
telephone work. 


Magnetic Fields. The distribution of magnetic flux is 
a very important factor in the design of electrical appa- 
ratus and there is need of methods for determining the 
magnetic fields with a reasonable degree of accuracy. 
A rather complete treatment of this subject has been 
presented to the Institute in a group of papers covering 
the graphical method from the standpoint of the theo- 
retical considerations, comparison between calculations 
and tests and the practical application to a particular 
type of machine. 


Dielectric Tests on Windings of Large Alternators. The 
attention of the Subcommittee on Research has been 
called to the question of whether or not there should be 
a difference in the value of voltage applied in making 
dielectric tests on one phase to other phases connected 
to ground and from all phases connected together to 
ground. Information on this subject is desired. 

Effect of Damper Windings in Alternators upon Single- 
Phase Short Circuits. It is customary in Europe to add 
dampers to the field structures of alternators to enable 
them to more effectively carry unbalanced loads and 
reduce peak voltages when single-phase short circuits 
occur. This subject is included in a research report by 
the Department of Electrical Engineering of the M. I.T. 
of June 1926, and information is desired as to whether 
it is advisable to follow this practise in America. 


Evaluation of Conventional Losses. A discussion of the 
paragraph under this heading in this committee’s report 
of last year has suggested that suitable commercial test 
methods of determining the internal voltage drop of an 
alternator winding which is due to leakage reactance 
should be devised so that the real core loss under load 
conditions could be taken into account in figuring the 
efficiency instead of using the no-load value of core loss 
which may be considerably lower. If such tests could 
be made, the value of the conventional efficiency would 
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more nearly approach the real efficiency. The value of 
this drop in field ampere-turns might be taken from the 
test short-circuit impedance curve if the armature reac- 
tion in ampere-turns were known. This latter term can 
be quite accurately calculated from the armature wind- 
ing data but the test codes of the A. I. E. E. Standards 
are based upon the principle that the characteristics 
must be determined from only those quantities which 
can be directly measured by test. Some reasonably ac- 
curate method of measuring the leakage reactance would 
be a valuable addition to the present standards. 

Alternator Short Circuits. The work done previously 
on this subject has been to determine the amount of cur- 
rent that will flow for various conditions of short circuit. 
The torque produced during a short circuit is also of 
importance and an instrument has been. developed 
which will give a record of the instantaneous values of 
torque during a short circuit or similar transient condi- 
tion. It is also possible with this instrument to investi- 
gate the synchronizing power of a machine and tests are 
being made at the present time to study this synchro- 
nizing power as well as the short-circuit torque of a 
number of machines. 

Within the past few years, the methods of calculating 


phase-to-ground and phase-to-phase short-circuit values. 


as well as the currents flowing for any abnormally un- 
balanced operating condition have been greatly simpli- 
fied by the use of the system of symmetrical coordinates 
developed by Mr. C. L. Fortescue. Inordertoapply this 
method of symmetrical coordinates, it is necessary to 
have a knowledge of the impedance of the rotating 
machines to zero and negative phase sequence voltages. 
A great deal of experimental work has been done to 
jletermine the proper method of determining these im- 
yedances. A series of rather simple shop tests has been 
levised to obtain the desired information and during 
the past year a number of machines has been tested to 
find the values of their impedance to zero and negative 
phase sequence voltages. 
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STANDARDS 


The following report has been made by Mr. E. C. 
Stone, Chairman of the Subcommittee on Standards. 

General. Following the policy laid down by the Chair- 
man of the Committee on Electrical Machinery, the 
Committee on Standards has kept in close touch with 
developments in the manufacturing and operating fields, 
and has attempted to sense the needs, as they have 
arisen, for modification or further development of the 
present standards and for the setting up of new stand- 
ards. 


By consistently following the policy of having sub- 
committees continuously at work on the revision and 
further development of standards for electrical machin- 
ery, it is hoped that the Institute standards in this field 
may be kept fully abreast of the times and adequate to 
meet the changing conditions under which electrical 
machinery is called upon to operate. 


The various subcommittees have been actively at 
work during the past year, have initiated a number of 
proposals for modification of old and creation of new 
standards and have carefully worked up a number of 
definite recommendations which has been formally pro- 
posed to the Standards Committee of the Institute. 


The preparation of standards covering two types of 
apparatus, mercury arc rectifiers and constant current 
transformers, not covered by present standards, has 
been started and definite recommendations may be ex- 
pected within another year. 


A number of changes in, and additions to, present 
standards on synchronous machines and on transform- 
ers, A. I. E. E. Standards Nos. 7 and 13, has been rec- 
ommended. Additions of importance include the fol- 
lowing: 

Method for the calculation of natural frequency for 
synchronous motors driving reciprocating machinery. 


Definitions for short-circuit ratio, per cent synchro- 
nous impedance and per cent transient reactance. 


Definition for and method of rating grounding trans- 
formers. 


Ability of transformers and reactors to withstand 


short-circuit current. 
Method of measuring losses in transformers. 


The operation of electrical machinery on a total tem- 
perature basis rather than on a temperature rise basis 
was actively discussed by the committee. The increas- 
ing demand under economic pressure for operation of 
electrical machinery in such manner as to get out of it 
the greatest possible capacity under all conditions, and 
of taking advantage of the greater capacity inherently 
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present when a machine is operated in a temperature 
below that for which it was designed, was recognized, 
and it was agreed that the committee should give active 
attention to the subject. In this work the committee 
was instructed to cooperate with Working Committee 
No. 38 of the Standards Committee, Mr. Hobart, Chair- 
man, whose function is “‘to revise the general principles 
upon which the rating of electrical machinery is based, 
with a view of presenting at a later date a document 
that will explain the connection and distinction between 
test specifications for rating and operation under service 
conditions, the purpose being to place before the various 
working committees a working basis on which service 
may be established for each line of apparatus.”’ 


The subject of standards for dielectric tests immedi- 
ately after putting in service and periodically while in 
operation, was taken up actively. The investigations 
have shown that the problems involved are not well 
understood and that there is a wide variation both in 
opinion and practise with respect to them. Accordingly, 
Messrs. Gilt and Barns have promised to prepare a 
paper on the general subject of dielectric tests on equip- 
ment after installation, in which the principles, prob- 
lems, and practises will be crystalized and an attempt 
made to develop a definite method of arriving at a satis- 
factory solution to meet the various conditions that are 
encountered. | 


In the field of fractional horsepower motors, little 
could be done because of the unsettled status of the 
negotiations now under way between the N. E. M. A., 
A. E. I.C., and N. E. L. A. with regard to the perform- 
ance characteristics of this class of motor. 


There is a growing tendency among power companies 
to place restrictions on the permissible efficiency power 
factor, and starting current of fractional horsepower 
motors. These characteristics are particularly impor- 
tant in the 14-hp. motors used for domestic refrigera- 
ting and oil burning equipments, which at present have 
very poor characteristics in these respects. One com- 
pany has already put out a rule requiring that all such 
motors connected to its lines must have an apparent 
efficiency of not less than 42 per cent and a starting cur- 
rent of not more than 15 amperes at 115 volts. 


The negotiations referred to above have been care- 
fully followed by the subcommittee. It appears that 
definite progress has been made towards reaching an 
agreement at which the performance of fractional horse- 
power motors will be substantially improved, with a 
result that the over-all cost to the operator on such mo- 
tors, giving consideration both to the cost of the motor 
and of the power to operate it, will be reduced. 

The following is a brief résumé of the activities of the 
various subcommittees. 

Standards for Alternators, Synchronous Motors, and 
Synchronous Machines in General. W. J. Foster, Chair- 
man. Revisions of the following paragraphs have been 
suggested: 
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- Paragraph 
Number 
7-66 Definition of Open Machine. 
7-67 Definition of Protected Machine. 


7-457 (b) Ventilating Blower Losses. 

7-457 (c) Other Auxiliary Apparatus Losses. 

7-465 Determination of Losses (to include 7-472). 

7-467 (b) Friction and Windage Losses of Engine 

Type Alternators (to include Synchronous 
Motors). 

7-470 Stray Load Losses. 

7-551 Insulation Resistance—Minimum Values. 

Additions to this pamphlet have been recommended 
to cover the following: 

Method of Calculation of Natural paces of Syn- 
= chronous Motors Driving Reciprocating Machinery. 
= Definition, Short-Circuit Ratio. 

Definition, Per Cent Synchronous Impedance. 

Definition, Per Cent Transient Reactance. 

Standards for Transformers, Induction Regulators and 
Reactors. G. Faccioli, Chairman. The following new 
paragraphs have been recommended: 

13-161 Grounding Transformers—Definition and 

Rating. 
13-254 Grounding Transformers—Momentary Load 
Limitations. 

Revisions of the following paragraphs have been rec- 
ommended: 

13-250 Short-Circuit Current of Transformers— 
Momentary Load Limitations. 

Current Limiting Reactors—Momentary 
Load Limitations. 

13-306 Measurement of Losses in Transformers. 

The following subjects are suggested for attention 
during the next year: 

Guaranteed Secondary Voltage of Step-Up Trans- 
` formers under No-Load Conditions. 

Cooling of Air-Blast Transformer Windings after 
Shut-Down. 

Self-Protection of Transformers against Impulse 
Transient Voltages. 

Operation of Transformers by Temperature. 

Standards for Synchronous Converters. C. H. Sander- 
son, Chairman. The further study of the following sub- 
jects for the revision of Standards No. 8 is recom- 
mended: 

Normal Rating. 

Measurement of Cooling Air. 

Quantity of Air Required for Cooling. 

Short-Circuit Protection. 

Standards for Mercury Arc Recti fiers, B. G. Jamieson, 
Chairman. This subcommittee was created through the 
request of the Standards Committee of the Institute at 
the January 1927 meeting. It is intended that it will 

evelop as rapidly as possible definite standards for 
mercury arc rectifiers. 

Standards for Constant Current Regulating Transform- 
ers. H. C. Louis, Chairman. This subcommittee was 
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organized at the time of the Winter Convention and it 
is expected to develop definite standards for constant 
current regulating transformers. 

Standards for Fractional Horsepower Motors. E. C. 
Stone, Chairman. On account of the unsettled status of 
fractional horsepower motors due to the negotiations 
now under way between the N. E. M. A., A. E.I.C., 
and the N. E. L. A., it has been impossible to formulate 
any definite recommendations on this subject. 

It is recommended that this subcommittee be contin- 
ued next year and that the A. I. E. E. Standard No. 10 
covering this subject be reviewed and such revisions 
recommended as may be necessary to fit in with the 
revised practise set up. 


VENTILATION 


The ventilation of machinery is a very important con- 
sideration not only in regard to the cooling of the ma- 
chine itself and the supply of an adequate amount of 
clean, cool air but also as a means of deadening noises 
inherent in the operation of large and high speed ma- 
chines. In the endeavor to realize every possible econ- 
omy for obtaining high efficiencies, attention is being 
paid to relatively small features of construction to ob- 
tain small resistances to the passage of cooling air, and 
much attention has been paid to forms of fans. The 
importance of paying attention to small details in im- 
proving efficiencies of turbo alternators has led to inves- 
tigations in the laboratory by the use of a model in 
which changes in fingers, slot wedges and dimensions of 
slots can be readily made and the effects determined. 
Tests are also being made to study the flow of air 
through rotors. 

The report of this committee for last year mentioned 
that closed ventilation systems had been adopted for 
hydroelectric plants. The question may well be asked 
as to what consideration would make it advisable or 
desirable to use a closed system in a water power plant. 
The many illustrations of water power plants which are 
published in the current literature show locations remote 
from sources of smoke and dust which are not associated 
in our minds with broad expanses of water and wilder- 
ness. There are often conditions surrounding the loca- 
tion of power houses that make it advisable to provide 
a closed system. Hydroelectric plants located on rivers 
in the midst of manufacturing plants where much coal 
is burned have as much need of this type of ventilation 
as the turbo generators in steam plants in the same 
locality. There are also conditions in some remote loca- 
tions which make closed systems advisable, such as se- 
vere dust storms in barren districts. It often happens 
that the initial installation in a hydroelectric develop- 
ment is only a small part of the final capacity and there 
may be construction work going on over a long period 
after the first féew units have been put into operation 
with considerable dust from masonry work in the air. 
In an instance of this kind, it was found that the gener- 
ators had become sufficiently clogged with dust to raise 
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their temperature 10 deg. One installation of eight 
12,550-kv-a., 100-rev. per min. waterwheel-driven gen- 
erators includes closed ventilation systems. Probably 
the largest waterwheel-driven generator to be provided 
with this system is a 30,000-kv-a., 300-rev. per min. ver- 
tical unit. In these installatidns, the air coolers are 
located in enclosures immediately behind the stator 
frames, and after passing through them, enter ducts 
leading to the pit underneath the generators. In the 
case of the 30,000-kv-a. generator, the air is returned to 
the space above the rotor also. The coolers are arranged 
so that they can be lifted vertically out of their pockets 
for repair or replacement without disturbing any part of 
the generator themselves. 

Another unusual application of the closed system of 
ventilation is in connection with a German Diesel-en- 
gine-driven 13,000-kv-a., 94 rev. per min. alternator. 

Much valuable data for future design work regarding 
hydrogen cooling have been obtained from thorough 
tests on a 6250-kv-a., 3600-rev. per min., 13,200-volt 
turbo generator. These tests were highly gratifying and 
indicated that practically the same benefits may be ob- 
tained as may be expected from theoretical considera- 
tions. There are indications that hydrogen cooling may 


eventually be used for large synchronous condensers and . 


frequency converters. It has been suggested that helium 
could be used with advantage in the place of hydrogen 
and this possibility is being investigated. A seal has 
been developed to prevent the loss of hydrogen or the 
admission of air at the section where the shaft of the 
machine enters the end bell. Tests made over long peri- 
ods of time on this type of seal have proved very satis- 
factory. Tests have also been made on heat-flow across 
laminations when surrounded by hydrogen. 

The necessity of minimizing the noises given out by 
rotating machinery in substations located in business 
and residential areas has presented some difficult prob- 
lems, especially in connection with d-c. machinery. It 
is a comparatively simple matter to enclose a synchro- 
nous motor so that the noises are quite effectively dead- 
ened but in the case of a d-c. generator or a rotary con- 
verter, the necessity of providing ready access to the 
commutator brushes presents serious difficulties and the 
accumulation of metallic and carbon dust becomes a 
serious contributing factor toward insulation failures. 

An early attempt to enclose a rotary converter con- 
sisted of a housing in the form of a wired glass and steel 
framework closely shrouding the commutator and 
mounted directly on the arms of the brush spider. A 
metal housing covered the collector rings and pedestal 
with sufficient room to allow an operator to enter the 
housing and inspect the rings and brushes. Test showed, 
however, that this arrangement hindered the free ven- 
tilation of the commutator and from an operating point 
of view the commutator was too inaccessible. A later 
attempt which has proved successful has taken the form 
of a large semi-cylindrical steel housing of about the 
same size as the over-all projected dimensions of the 
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converter and of slightly greater height. Doors are pro- 
vided at each end while steps on the bearing pedestals 
with suitable screens, guard rails, and adequate lighting 
make the rings and commutator safely and easily acces- 
sible. Air is introduced through the pit at the d-c. end, 
a small part being admitted under the collector rings and 
passing axially through the machine; it is discharged 
into the exhaust ducts from the top of the collector end 
of the enclosure. This scheme has been successfully ap- 
plied to 4200-kw., 12-phase converters having their two 
transformers mounted on the base plate. Blowers loca- 
ted in the basement beneath the converters are used to 
force the air through the housings. Some 2100-kw., 
six-phase converters have been similarly equipped. 


During the past year extensive experimental tests 
have been made to determine the surface heat trans- 
fers in electrical machinery with air flowing at vari- 
ous velocities through radial and axial ducts. Investi- 
gations have been made to determine the influence of 
shape, size, cross-section, condition of the surface, mean 
temperature, and several other factors. 


The most important fact brought out in these tests 1s 
that the rate of heat transfer is not constant along the 
path of air-flow but varies in value from point to point 
along the path. This variation in the rate of heat liber- 
ation for a constant air velocity in a given duct is caused 
by the changes in the turbulency of the air-flow along 
the duct. Asa result of this change of turbulency, it is 
found that the rate of heat transfer near the entrance of 
a duct is about twice that at a point further along where 
stable flow conditions are found. This explains why 
electrical machines with short duct length have a capac- 
ity in proportion to their surface greater than those with 
similar ducts but with longer air flow paths. This also 
explains why the surface heat transfer coefficient of a 
duct, averaged over its total length, will be an inverse 
function of the length. It also explains why results as 
given by experiments on ducts of various length should 
vary. 
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WATER-WHEEL GENERATORS 
Probably the most notable water-wheel-driven gener- 
ators of the past year are the seven machines now under 
construction for the Conowingo Development. These 
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Fie. 1—SeEcTION or 27,500-Kvy-a., 90-REv. PER MIN. VERTICAL- 


SHAFT ALTERNATOR WITH OVERHUNG ROTOR 


alternators are notable not only because of their size but 
also because of the fact that they are to supply power 
for the first 220-kv. transmission line in the eastern part 
of the United States. They are rated 40,000-kv-a., 90 
per cent power factor, 81.8 rev. per min., 60 cycles, 
13,800 volts, and are the largest in physical dimensions 
of any electrical machines that have ever been built. 
They are being built by two manufacturers, and by a 
large degree of cooperation between them, it:-has been 


possible to obtain similarity in characteristics and ap-' 


pearance and interchangeability of some important me- 
chanical parts. The outside diameter of the stator frame 
is 38 ft. One manufacturer has made use of steel plate 
construction almost exclusively for the mechanical parts 
of the stator frame and the rotor. The rotor rim will 
consist of heavy rolled plates in several layers over- 
lapped so as to give the greater strength for the amount 
of material used and fastened together with bolts and 
dowels. The pole pieces will be fastened with bolts 
through the rim. The stator frame is of the welded steel 
plate construction and greater uniformity in shape has 
been obtained than is possible with castings. The larg- 
est capacity thrust bearings ever built will be required 
for these generators. Their capacity will be a total load 
of 750 tons. 

On account of the stability characteristics desirable 
for operation with the 220-kv. transmission line, the 
generators described above have a short-circuit ratio of 
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1.25 which is somewhat higher than has been found sat- 
isfactory for nearly all other hydroelectric develop- 
ments. As a further aid in securing continuous parallel 
operation without hunting or dropping out of step dur- 
ing disturbances on the system, a scheme of high-speed 
excitation is being used. As in the case of the large gen- 
erators at Niagara Falls, each main generator has direct- 
connected to its shaft a service generator which supplies 
power to a high-speed motor-generator set for providing 
excitation for the main generator. The service genera- 
tor is provided with its own direct-connected exciter. 
The generator of the main exciter set will be separately 
excited by a suitable direct-connected exciter. To take 
full advantage of the high-speed excitation provided by 
this scheme, special voltage regulators are being used to 
control the main generator excitation through the con- 
trol of the field current of the exciter generator. The 
fields of the exciter generator will be connected in.two 
parallel circuits in order to obtain an effect equivalent 
to that of using double potential on the whole field con- 
nected in series. Generators having the same scheme of 
excitation have been installed in power houses on the 
Gatineau River in Quebec for supplying power to the 
260-mile transmission from Ottawa to Toronto. One of 
these generators is rated 32,000 kv-a., 90 per cent power 
factor, 100 rev. per min., 6600 volts, 25 cycles, and the 
other is rated 22,500 kv-a., 88.3 rev. per min. 

The largest vertical shaft water-wheel-driven alterna- 
tors yet built in Europe are now under construction. 
They are rated 35,000 kv-a. at 337 rev. per min. and 375 
rev. per min., 10,000 volts, 40 cycles. These machines 
are equipped with direct-connected main and auxiliary 


Fig. 2—Roror oF Aa LARGE WATERWHEEL-DRIVEN ALTERNA- 
TOR OF RECENT DESIGN USING STEEL PLATE CONSTRUCTION 


exciters. The rotors are made up of two wheels, each 
consisting of five cast steel disks bolted together. The 
pole pieces are dovetailed to the rotor spider. 

There are under construction three of the largest ver- 
tical shaft water-wheel generators of the ‘“‘umbrella’’ 
type yet built. Two of them are rated 27,500 kv-a., 80 
per cent power factor, 90 rev. per min., 13,800 volts and 
the other is rated 22,500 kv-a., 75 rev. per min., 60 
cycles. With this construction, a common shaft is used 
for generator and water-wheel and the thrust and guide 
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bearings are located beneath the rotor. There is no 
guide bearing above the rotor. The ventilation arrange- 
ment is noteworthy in that no air is taken from the 
wheel pit and no air currents pass over the bearing oil 
pans to draw oil vapour into the generator. A number 
of smaller generators of this type has now been put into 
operation and their operation has proved satisfactory. 

European manufacturers of water-wheel equipment 
are apparently finding it more economical to offer geared 
units for low head installations. An installation on the 
Trent River in Ontario consists of a 1400-hp., 120-rev. 
per min. vertical shaft turbine geared to a 600-rev. per 
min. horizontal shaft alternator through a set of helical 
bevel gears which are claimed to have an efficiency of 
98 per cent. Some recent German plants contain ver- 
tical shaft turbines driving vertical shaft alternators 
through double spiral gears. 


140,000 
ESERERE 
pales 
TEN 


| tapa Falls Pr 


Quer Bg Creek t (Horw.) $ 
Shawinigan Bg Creek ‘| 


ons “Cherokee a 
+. Blutts— Pit ~~. 


1 o i Washangtos np 
ise ge aes Ig eg 
Bess, -H Mexico (Horu ) 


% io 200 300 400 
REV. PER MIN. 


KILOVOLT-AMPERES 


500 600 700 


EXISTING SALIENT 
MANUFACTURERS 


Fig. 3—CoMPARISON OF RATINGS OF 
PoLe ALTERNATORS WITH RATINGS WHICH 
ARE PREPARED TO BUILD 


The full line curve shows ratings which manufacturers are prepared to 
build as mentioned in the June 1926 report of this committee 


During the year a very large automatic hydroelectric 
station has been put into operation. It consists of a 
17,500-hp. vertical turbine driving a 13,333 kv-a., 
6600-volt, 225-rev. per min. generator and is controlled 
from a station seven miles distant. Another large gener- 
ator rated 9000 kv-a. arranged for full automatic control 
has been put into operation. 

In the report of this committee last year, there was 
given a list of large ratings at different speeds which 
manufacturers were prepared to build. No doubt, if the 
necessity should arise, greater ratings could be con- 
structed. A reader who was interested in knowing how 
close the ratings of machines already built came to these 
limits has plotted the list of maximum ratings and 
speeds in the form of a curve and added the more out- 
standing ratings that have been built. The curve and 
plot is reproduced to show what appears to be the limit 
line of hydroelectric unit capacities that have been con- 
sidered economical up to the present time. It will be 
noticed that the highest ratings at different speeds of 
machines built or under construction fall on a well de- 
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fined curve with the exception of two machines that are 
above the curve. 

Recent developments in the design of Pelton wheel 
water turbines promise that larger horizontal shaft gen- 
erators than heretofore built are possible requirements 
of the future. The standard arrangement of units with 
this type of turbine is to mount a runner on each end of 
the generator shaft. Units of this type have been built 
for capacities of 40,000 hp. and 56,000 hp. and studies 
have been made of still greater capacity wheels which 
may be built when the proper economic conditions are 
presented. There are now being built two of the largest 
capacity alternators for this arrangement that have 
been produced. One of these is rated 50,000 kv-a., 60 
cycles, at 300 rev. per min. and the other is rated 45,000 
kv-a., 50 cycles at 250 rev. per min. 


BIBLIOGRAPHY. 

‘‘Geared Vertical Hydroelectric Units,” Electrical World, Dee. 
11, 1926, Vol. 88, pp. 1225-1226. 

“Geared Vertical Hydroelectric Units,” Electrical News (Cana- 
dian), March 1, 1927, Vol. 36, pp. 27-29. 

“Automatic Hydroelectric Station,” Electrical World, Oct. 30, 
1926, p. 933. 

“Recent Improvements in Water-wheel Generators,” R. 
Pruger, Power Plant Engineering, Dee. 15, 1926, Vol. 30, pp. 
1330-1331. 

‘‘Geared Water Turbines,” Electrical Review, July 9, 1926, Vol. 
99, pp. 48. 

‘*Progress in Hydraulics,” 
Vol. 48, pp. 1417-1419. 

Fire Protection of Water-Wheel Type Generators, J. Allen John- 
son and E. J. Burnham, A. I. E. E. Journau, Nov. 1926, pp. 
1121-1130. 


Mechanical Engineering, Dec. 1926, 


TURBO ALTERNATORS 


' The trend of development during the past year has 
been toward larger units. In connection with the manu- 
facture, shipment, and installation of the large alterna- 
tors now being produced, there has been an extension 
of the use of the skeleton frame construction for stators, 
and also in speeds of 1500 and 1800 rev. per min. 

The old type of construction made a final unit which 
was necessarily heavy and usually too large for ship- 
ment on the railways. With the skeleton frame con- 
struction, the frame is strong enough to support itself 
during machining and assembly. Special bolted-on 
plates and trunnions for each frame facilitate handling 
during assembly at the works, loading and unloading 
during shipment, and final erection at the destination. 
The over-all dimensions of the frame, assembled for 
shipment, allow the completely assembled unit to be 
shipped direct to its destination. The ventilation re- 
quirements are cared for by an external superstructure 
of sheet metal applied at the destination. With this 
construction, 1800-rev. per min. turbine generators up 
to 75,000 kv-a. can be built and wound at the works and 
shipped complete. Asa result of this, large turbine gen- 
erators can be tested at the works, the freight charges 
are reduced, handling during assembly, shipment and 
erection is made easier, closer inspection is made possi- 
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_ ble during manufacture, and there is less confusion to 
7 the purchaser when shipment is made. 
_ There has been considerable activity in developing 
~ new types of stator windings, involving transposition of 
- strands in each conductor, and transpositions at the 
~ heads of the machine, or in the connections. The use of 
- half-coils is becoming more common practise among the 
` different manufacturers. It has been found that the use 
` of continuous coils and the control of the eddy current 
- loss factor by transposing the strands of each conductor 
- at one end of the machine is satisfactory up to about 
- 50,000 kv-a. In larger capacity machines, coil length 
and weight are so great that it is difficult to handle the 
coils during manufacture and assembly. This has fa- 
vored the use of half-coils, especially in view of the facil- 
ity with which damaged coils can be replaced in the 
machine. 

To make the eddy current loss in half-coils as low as 
in continuous coils, either elaborate transposition of the 
strands at each end of the machine or transposition of 
the strands inside the armature core is necessary. Com- 
plete external transposition of half-coils is undesirable 
because of the large number of complicated connectors 
and the large space required for connection. For these 
reasons, types of half-coil construction are being used 
in which the strands of each conductor are transposed 
in the slot portion. One construction provides a com- 
plete transposition in the slot of all the strands in the 
conductor as one group while in another construction 
the strands are arranged in small groups and the strands 
of each group are transposed internally while the groups 
are transposed at the ends. These constructions permit 
the use of coils which are relatively easy to handle and 
assemble and yet make the eddy current losses as low 
as possible. l 

The past year has seen the realization of the predicted 
possibilities in large high-speed turbo generators which 
were mentioned in the report of this committee last year. 
There are under construction generators of the following 
ratings: 

Single-Shaft Units. 

100,000 kv-a., 90 per cent power factor, 1500 rev. 
per min. 

75,000 kv-a., 80 per cent power factor, 1800 rev. 
per min. 

Triple-Shaft Units. 

Two—64,706 kv-a., 85 per cent power factor, 1800 
rev. per min. and one 57,647 kv-a., 85 per cent power 
factor, 1800 rev. per min. with two 4286-kv-a. house 
service generators to form a 165,000-kw. unit. 

Two—72,941 kv-a., 85 per cent power factor, 1800 
rev. per min. and one 89,412 kv-a. 85 per cent power 
factor, 1800 rev. per min. with two 5333-kv-a. house 
service generators to form a 208,000 kw. unit. 

The present tendency to very large generating units 
and ever increasing station capacities has made the 
switching problem, on account of the enormous cur- 
rents involved, a serious one. This situation is being 
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met in some instances by connecting step-up transform- 
ers directly to the generator terminals and doing all the 
switching on the high-tension side of the transformers. 
In other cases, the generators are being built to operate 
at voltages considerably higher than those previously 
employed. As examples of the latter practise, the two 
100,000-kv-a. units mentioned above are being con- 
structed for 16,500-volt operation; the main generators 
of the 208,000-kw. triple shaft unit above referred to 
will operate at 22,000 volts, and there is also under con- 
struction a single-shaft generator of 61,675-kv-a. capac- 
ity which will operate at 22,000 volts. All of these will 
have dielectric tests in accordance with the A. I. E. E. 
Standard, 1. e., twice normal voltage plus 1000 volts. 
During the year some large two-shaft units have been 
put into operation. One of these consists of two 40,000- 
kw. generators. The turbine and generators are oper- 
ated as a unit, the two generators being solidly tied to 
each other and to an auto-transformer stepping up to 
27,600 volts with switching on the high-tension side 
only. The neutral points of both generators and auto- 


Fic. 4—Suop View oF Stator FRAME FOR 40,000-Kv-a. 
VERTICAL SHAFT ALTERNATOR 


For Conowingo Development 


transformers are solidly grounded. The unit is started 
with field on both generators, the low-pressure element 
starting as a motor. The two generators are identical 
and are each rated at 40,000 kw., 1800 rev. per min., 
13,800 volts, 90 per cent power factor. The generators 
also have a one-hour overload rating of 80,000 kw. at 
80 per cent power factor. A 250-volt exciter is direct- 
connected to the generator of the high-pressure element. 
Each generator has its own field rheostat but the two 
face plates are coupled together and operated as a unit 
by a single pilot motor. A closed cooling system is used 
for each generator. 

Another unit comprises a 64,700-kv-a., 85 per cent 
power factor, 1200-rev. per min. generator, a 38,825- 
kv-a., 85 per cent power factor, 1800-rev. per min. gen- 
erator, and a 4666-kv-a., 75 per cent power factor, 1800- 
rev. per min. house service generator making a combined 
capacity of 91,500 kw. 

Still another two-shaft unit which is under construc- 
tion consists of an 88,200-kv-a., 85 per cent power fac- 
tor, 1800-rev. per min. generator and a 100,000-kv-a., 
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95 per cent power factor, 1200-rev. per min. generator. 
Both generators are wound for 13,800 volts. 

Two 62,500-kv-a., 1800-rev. per min. generators 
which have been put into service show by performance 
that the rating can be increased to 70,600 kv-a. without 
exceeding the original temperature guarantees and with- 
out change. They have a test efficiency of 98 per cent. 
Another manufacturer has completed a 59,000-kv-a., 
12,000-volt, 1800-rev. per min. turbo generator which 
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Fic. 5—Suop View or 59,000-Kv-a., 1800-Rrv. PER MIN. 
STEAM TURBINE-ALTERNATOR UNIT SHOWING SKELETON FRAME 
CONSTRUCTION 


will soon go into operation. This single-shaft set is to 
be ventilated by two external blowers and the armature 
winding has transposed conductors. 

During the year, several of the European manufac- 
turers have built 50-cycle turbo generators at 3000 rev. 
per min., in sizes from 30,000 kv-a. to 37,500 kv-a., but 
the experience of some of these companies in testing the 
generators before shipment has not been reassuring. In 
consequence, at least one of the principal manufacturers 
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Fic. 6—80,000-Kw. Cross-CompouNdD TURBO ALTERNATOR 
SET 


has decided to build 30,000 kv-a. hereafter, at 1500 rev. 
per min., instead of 3000. 

In England there has been built a 31,250-kv-a., 80 
per cent power factor generator which is remarkable for 
its voltage. It is wound for a terminal voltage of 33,000 
volts and in order to avoid increasing the dimensions of 
the machine unduly, due to the thickness of the insula- 
tion, a special arrangement has been used to keep the 
voltage at a low value between adjacent conductors and 
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ground. This high voltage would appear to be an inno- 
vation but it should be recalled that a 500-kv-a., 30,000- 
volt water-wheel-driven generator which was built for 
the city of Rome about 20 years ago, is reported to 
have operated all that time without breakdown. 

Tests made to determine the additional losses in turbo 
alternators due to stray field have shown that the short- 
circuit losses can be reduced if non-magnetic rotor re- 
taining end rings are used. Laminated stator end flanges 
and laminated magnetic shields attached to the stator 
flanges have been proved advantageous and a number 
of machines has been built with these features. 
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“TRANSFORMERS 


The design of a transformer is often influenced by 
space limitations. To meet special limitations, individ- 
ual radiators may be removed from the sides of the 
transformer tank and mounted in a single group. This 
arrangement has been used on an 89,000-kv-a. bank of 
self-cooled auto-transformers. The single-phase units 
which comprise this tank are the largest transformers 
on which radiators have been mounted apart from the 
transformer. | 

The development of the load ratio transformers which 
was reported last year has justified the claims for its 
growing importance. There has been a continual 
growth in the use of transformers arranged for load 
ratio for tying-in two operating systems for properly 
distributing the load over different portions of the same 
system, and for electrolytic and metallurgic processes 
in industrial service. 

The voltage range for which these equipments were 
designed varied within wide limits, the maximum to 
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date being 120 per cent range in voltage in 18 ratios, 
and the minimum 10 per cent voltage variation in nine 
ratios. The largest banks so operated are as follows: 
Three-phase, water-cooled, 60-cycle regulating auto- 
transformer capable of handling 60,000 kv-a. for use 
with three single-phase, 20,000-kv-a. units rated 132,000 
grounded Y, 36,000 grounded Y, 12,000 volts. 
Automatic control by means of a contact making 
voltmeter was provided for two three-phase, self-cooled, 
radiator type transformers of 10,000-kv-a., 60-cycle out- 
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Fıc. 7—D1aGrRaM OF TYPICAL CIRCUIT ARRANGEMENT FOR 
AUTOMATIC Loap Ratio CONTROL oF A POWER TRANSFORMER 
WITH THE TWoO-WINDING ARRANGEMENT 


put. These machines transformed 11,000 volts to feed 
a, grounded Y, 41,400-volt system. To adjust the line 
voltage in accordance with the changing load, the high- 
voltage windings have 11 taps of 21% per cent each. To 
permit a change of taps without interrupting the load, 


a part of the 41,400-volt winding is made in two sec- ` 


tions, operating normally in parallel and dividing the 
load equally. Each of these winding halves is connected 
to an 11-point ratio adjuster and the resulting circuits 
brought out of the transformer tank and led to two 
three-phase circuit breakers. 

It is thus possible during the tap-changing period to 
open-circuit one section in each phase, and change the 
voltage tap in this open-circuited section while the other 
section temporarily carries the entire load of the trans- 
former. Copper of ample cross-section and the very 
short transition period make this possible. The same 
change is then made in the second half. The entire 
change from one voltage tap to the next requires only 
eight sec. For a brief period, less than 11% sec., when 
both breakers are closed but the two ratio adjusters are 
one tap apart, an internal circulating current exists, 
which, however, is kept within predetermined limits by 
sufficient inherent reactance in the transformer wind- 
ings. ; 

A motor-operated mechanism mounted on the trans- 
former truck insures a properly timed operation of the 
internal ratio adjusters and the external circuit break- 


ers. For the proper execution of the tap-changing cycle,- 
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it is essential that the three corresponding ratio adjust- 
ers of the three phases move simultaneously from one 
tap to the next; therefore these ratio adjusters are 
mounted together on the same shaft with full phase 
insulation between them. The resulting two stacks of 
adjusters are arranged in a vertical position along the 
coil stacks of the transformer, and their two main shafts 
connect on top to a special internal intermittent gear. 
Turning the driving shaft of this gear train one complete 
revolution will first change one set of the three adjusters 
one step, then lock this set, and then turn the second 
set one step. 

Contact making voltmeters relieve the operator of 
any manual starting of the mechanism. If the line volt- 
age deviates from a set value for a period longer than a 
predetermined time value, the tap-changing mechanism 
is automatically put in motion in one direction or the 
other to bring the voltage back to normal. A positive 
but adjustable time delay is insured by a relay, driven 
by a small induction motor. Between the motor shaft 
and the contact making element, a train of gears with 
a gear shift mechanism is introduced, allowing adjust- 
ment from one sec. to 30 min. 

Two contact making voltmeters are used on each of 


- the two transformers, one adjusted to respond to a nar- 


row range of voltage variations, while the other one is 
set for much wider differences in voltage. If the line 
voltage rises or drops only slightly, and if this condition 
persists long enough to bridge the introduced time de- 
lay, the transformer will shift to the next proper tap. 
If, on the other hand, a considerable rise or drop occurs, 
the second contact making voltmeter will respond and 


Fie. 8—D1acrRam or TypicaL CIRCUIT ARRANGEMENT FOR 
Loap Ratio CONTROL or A PowEeR TRANSFORMER WITH THE 
SELF PROTECTING AUTO-TRANSFORMER AND SINGLE-WINDING 
ARRANGEMENT 


will cause immediate adjustment without any time de- 
lay. The necessary instruments, relays, timing devices, 
etc., are arranged on two switch panels. 

A large number of transformers has been built during 
the past year with external auxiliary equipment for 
changing taps under load. A simplification of the prob- 
lem of taps changing under load is claimed for a new 
development of the single-winding scheme. By use of a 
self-protecting preventive auto-transformer, only one 
switch operation is required to change the voltage ratio 
of the transformer under load and protective equipment 
is not required for the transformer windings as no wind- 
ing is overloaded during the change in taps. This meth- 
od of tap changing under load permits mounting all the 
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switches external to the transformer tanks and requires 
a minimum number of switches. 

The following is a description of the operation of the 
single-winding arrangement shown on the schematic dia- 
gram Fig. 8. On position No. 1 with switch No. 1 closed, 
one-half of the preventive auto-transformer carries the 
load current of the main transformer. The change from 
voltage position No. 1 to voltage position No. 2 is made 
by the single operation of closing switch No. 2. In this 
second position, each half of the preventive auto-trans- 


Fic. 9—20,000 Kvy-a., 60-CycLe, SINGLE-PHasE, 13,200/ 
12,000-VoLT POWER TRANSFORMER WITH LOAD RATIO CHANGER 
PLACED IN GROUNDED END oF HIGH VOLTAGE SIDE 


former winding carries half of the load current of the 
main transformer and the voltage obtained is equiva- 
lent to a voltage midway between taps. The resultant 
current in the two halves of the auto-transformer will 
be the vector sum of the exciting current of the auto- 
transformer and one-half of the load current. The 
switching cycle as given above is repeated throughout 
the entire range of taps. As a switch is opened only 


upon each alternate voltage position, two voltage posi- 


tions are obtained for each switching cycle, which is rel- 
atively light duty cycle for tap changing service. A 
slight inequality in voltage steps is found in changing 
from one voltage position to the next, due to the change 
in reactance on alternate positions. The reactance dif- 
ference during this cycle is an invert function of the cir- 
culating current which is present when the auto-trans- 
former is connected across adjacent taps and is con- 
trolled by the use of suitable air-gaps in the core of the 


auto-transformer. By this means, the reactance varia- - 


tion may be reduced to a minimum so the voltage dif- 
ference is small and not objectionable. 

Two 36,000-kv-a. transformer banks have been in- 
stalled using the transformer under load. The nominal 
voltage of the transformer banks is 132,000 to 11,500 
volts with plus or minus 10 per cent voltage variation 
under load on the low-voltage side. The tap changing 
equipment used in this installation is the first equip- 
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ment built with complete automatic control. As the low 
voltage raises and lowers with load variation, the tap 
changing mechanism automatically changes taps to 
compensate for the variation. If desired, the tap 
changer may also be operated by a remote control 
switch, or, in case of emergency, manual operation may 
be used. 

During the last year, the largest artificially-cooled 
unit built was a 66,667-kv-a., 25-cycle auto-transformer. 
It is the largest transformer so far constructed in the 
United States, not only in rating, but in physical dimen- 
sions. For instance, it required 36 tons of steel and 17 
tons of copper for the windings. The total weight in- 
cluding oil exceeded 120 tons. This transformer is util- 
ized to step up the voltage of a turbine-generator line 
from 12,000 to 24,500 volts and its equivalent rating as 
a transformer is 34,000 kv-a. 

Four single-phase auto-transformers of record size 
were also built for air cooling. They are rated 30,000 
kv-a., 220,000 Y, 125,000 Y, 10,640 volts. These trans- 
formers have a larger capacity and exceed in physical 
dimensions any transformer of this type so far con- 
structed. The conservator which contains 1300 gallons 
of oil is in itself equivalent in dimensions to the tank 
required for a 2500-kv-a., 60,000-volt transformer. The 
weight of the conservator is approximately five tons and 
the total weight of the transformer exceeds 130 tons. 

In connection with the transmission of power from 
the Conowingo development, there will be required 
580,000 kv-a. in 220-kv. transformers. The step-up ser- 
vice at the generating station will require 13 water- 
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Fig. 10—Circuir BREAKERS AND OPERATING MECHANISM 
FOR Loan Ratio CHANGER oF 20,000-Kv-a. TRANSFORMER AND 
ARRANGED FOR MOTOR oR HAND OPERATION 


cooled transformers rated 26,667 kv-a., 220 kv. These 
will be connected in banks of 80,000 kv-a. In the step- 
down substation, there will be seven 33,333-kv. a., 220- 
kv. straight self-cooled, three-winding transformers to 
step the voltage down to 66 kv. These will be connected 
in banks of 100,000 kv-a. and will be arranged for ratio 
changing under load. These will be more than 50 per 
cent greater in rating than the largest self-cooled, single- 
phase transformers reported last year. 
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The largest artificially cooled single-phase transform- 
ers were completed this year. They are rated at 31,400 
kv-a., 60 cycles, 12,000 to 132,000 Y volts and are 

‘water-cooled. These transformers, while of greater rat- 
ing, do not exceed in physical size the 28,000-kv-a., 
three-winding transformers shipped two years ago to 
Japan. These three-winding units, of American manu- 
facture, have not been exceeded in physical size by any 
other water-cooled transformer. The present maximum 
capacity for two-winding transformers will be exceeded 
upon the completion of some 33,333-kv-a., two-winding 
transformers now under construction. The 33,333-kv-a. 
units are for 220,000-volt service, for which a great num- 
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ber of units has been constructed during the year. 
They are cooled by radiators with forced air cooling and 
are the largest size to which this method of cooling has 
been applied. 

The largest totally self-cooled transformers were re- 
cently put in operation. They are rated at 25,000 kv-a., 
three-phase, 60 cycles, stepping-up from 13,000 to 120,- 
000 volts. The windings are equipped with tap changers 
designed for future tap changing under load. An over- 
load capacity giving 35,000 kv-a. is obtained by means 
of forced oil circulation through the cooler. 

The development of means to increase the rating of 
self-cooled transformers by the method of blowing air 
on the cooling surface, which originated about five years 
ago, has been applied to a number of large installations 
during the past year. It has been found that in some 
cases where transformer efficiency is not of prime im- 
portance, the saving effected in the transformer itself 
is sufficient to offset the cost of the blower and air duct 
equipment. | 

For use in underground distribution systems, a new 
subway transformer tank has been developed which is 
suitable for larger capacities, higher voltages, and heav- 
ier currents. The junction boxes form an integral part 
of the tank and provide adequate high- and low-voltage 
terminal facilities. 

Peculiar conditions in connection with the marketing 
of both 25-cycle and 60-cycle power from the new hydro- 
electric developments on the Gatineau River in Quebec 
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have called for the use of some 14,000-kv-a. water- 
cooled transformers suitable for use on either 25 cycles 
or 60 cycles without any change whatever in the wind- 
ings. | 

The outcome of the recent attempt to formulate 
standard voltages will have far-reaching effects upon 
the transformer industry. Standard voltages and capac- 
icities will result in economies both in manufacture and 
use. 

Recognition of the advantages of a means of changing 
ratios under load has resulted in a large demand for this 
type of transformer in Europe, as well as in America. 

In the report for last year, mention was made of some 
large single-phase transformers for 16 2/3-cycle railway 
work and arranged for three voltages. The claim is 
made that these are the largest transformers in the 
world. If a 50-cycle transformer were built with the 
same material, its rating would be 100,000 kv-a. The 
design of these transformers is of particular interest be- 
cause it was necessary to divide the 15,000-volt winding 
between the 66,000- and 132,000-volt sides to secure the 
necessary mechanical strength for short circuits. To 
meet the various magnetic conditions for the different 
methods of operation, it was necessary to provide a 
special by-pass core for the magnetic leakage fluxes. 

Among the large transformers built in Europe, it is 
of interest to mention six 3-phase, 5-leg, 44,000-kv-a., 
50-cycle units for the Rummelsburg power station. 

An interesting European development along the lines 
of high-voltage testing transformers are some 750,000- 


Fig. 13—29,667-Kv-a. TRANSFORMER WITH RADIATORS 


MOUNTED APART FROM THE TANK 


. volt units which are constructed on an entirely new 


principle. It has been the practise to immerse the whole 
active parts of such a transformer in an oil tank but in 
this design only the windings are oil-immersed. This is 
accomplished by arranging the inner and outer insulat- 
ing cylinders concentrically in such a way that they 
form a container for the oil. This allows dispensing with 
expensive insulating bushings. The following advan- 
tages are claimed for this construction: 

1. Low manufacturing cost, owing to the absence of 

bushings and tanks and less oil. 
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2. Small floor space as compared with testing plants 
using multiple stage cascade connections. 
3. Increased reliability, owing to independence from 
atmospheric influences. 
4, Ability to withstand heavy loads owing to the 
comparatively small leakage voltage. 
Tests at 1,500,000 volts have been made with two of 
these transformers connected in series. : 
What are probably the highest capacity testing trans- 
formers were constructed during the year for use in 


Fic. 14—-UNDERGROUND TRANSFORMER 


This type of transformer may be buried in the ground 


cable testing. They are rated 400 kv-a., 2300/200,000 
volts, 60 cycles, single-phase. | 
The highest voltage instrument potential transform- 
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Fic. 15—36,000-Kv-a. BANK or ‘TRANSFORMERS 


WITH 
COMPLETE AUTOMATIC CONTROL OF RATIO CHANGER UNDER 
LoapD 


ers that have been considered for commercial use have 
recently been designed and will be built and installed 
during the coming year. These will be suitable for 220 
kv. 

Probably the largest electric furnace transformer ever 
built is now under construction in a Canadian factory 
for an aluminum plant. It is rated 15,000 kv-a., three 
phases, 60 cycles, 13,200-250 volts with taps on the 
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high-tension winding to give full capacity in the low- 
tension winding over a range from 225 volts to 275 
volts. The high current of 38,500 amperes at the 225- 
volt rating involves some very unusual problems in the 
arrangement of windings and terminals. 

A year or two ago, the Power Commission of the city 
of Toronto was presented with the problem of dealing 
with objections raised by property owners in some of 
the better residence sections against mounting distribu- 
tion transformers on poles. Arrangements were made 
with a manufacturer to build a few transformers that 
could be buried in the ground as an experiment. It was 
found that the ground is as effective in cooling as the 
air and practically the same heating was obtained from 
a given core and coil when buried in an underground 
tank as when hung on a pole in the ordinary out-door 
tank. The results are so satisfactory that other trans- 
formers have been ordered for regular service. These 


Fie. 16—33,330-Kv-a., 220,000-VoL_t Two-WINDING TRANS- 
FORMER ARRANGED WITH FORCED AIR COOLING EQUIPMENT 


units are contained in welded tanks with an extension 
to the top to which is fitted a suitable man-hole cover. 
The whole may be buried in a lawn so that the man- 
hole cover is even with the surface of the ground and 
the primary and secondary leads carried underground 
to the nearest distribution pole. When it is desired to 
examine the transformer, the man-hole is removed to 
give access to the cover of the transformer tank proper. 
Later designs of these transformers have an arrange- 
ment whereby the taps may be changed by means of a 
key without removing the transformer cover. A sur- 
prising feature of the tests on the trial transformers was 
the fact that the snow did not melt appreciably more in 
the immediate vicinity of the transformer than in other 
parts of the lawn. 


BIBLIOGRAPHY. 

“High-Voltage Power Transformers Cooled by Forced Air 
Circulation,’ L. H. Burnham, General Electric Review, Aug. 1926; 
p. 569. 

‘Experience and Progress in the Design of the Air Cooled 


Transactions A. I. B. E. - 


June 1927 


Transformers for Very High Voltages,” W. Hess, Elektrot. und 
_ Machinenbau, Sept. 5, 1926. 

“The Magnetic Field of the Transformer, H. Homimetor, d 
Archiv. fur Elektrotecnik, July 1, 1926. 

‘Oil for Air Cooled Transformers,” J. Liska, Electrot Jate 
chrift, Sept. 16, 1926. 

“Fire Hazard of Large Transformers,” Electrical Review (Lon- 
don) Dee. 10, 1926. 

‘‘Automatic. Load Ratio Control of Two 10,000 kv-a. Trans- 
formers,” A. Palme, Electrical World, Dee. 11, 1926, pp. 1221- 
1222. 

“Vector Representation of Transformer Test Conditions,” 
S. A. Stignant and H. M. Lacey, Electrical Times, March 3, 1927. 

‘‘Investigation into the Sectional Proportions of Core Type 
Transformers,” W. B. Garrett, World Power, Dec. 1926, Vol. 6, 
pp. 292-298. 

General Theory of the Auto Transformers, Walter L. Upson, 
Journal, A. I. E. E., July 1926, Vol. 45, pp. 661-665. 

“Electrostatic Stresses in Transformers Under Operating Con- 
ditions,” E. G. Reed, Electric Journal, Jan. 1926, pp. 32-37. 

“Transformer Voltage Ratio Control Under Load,” L. H. Hill, 
Electric Journal, July 1926, pp. 341-343. 

‘The Taylor Connection for Three-Phase to Two-Phase Trans- 
formation,” J. B. Gibbs, Electric Journal, July 1926, pp. 341-343. 

‘‘60,000-kv-a. Transformer Banks Equipped for Change of 
Ratio under Load, W. M. Dann, Electric Journal, Aug. 1926, pp. 
398-402. 

‘‘Approximate Methods of Transformer Design,” E. G. Reed, 
Electric Journal, Nov. 1926, pp. 567-571. 


‘Experimental Study of the Possibility of Fifth and Seventh- 
Harmonie Resonance in Transformers,” A. Boyajian, General 
Electric Review, March 1926, pp. 175-183. 


“Arrangement for Load-Ratio Control,” H. R. Wilson, General 
Electric Review, May 1926, pp. 335-338. 


“Air Blast Transformers,” L. H. Burnham, General Electric 
Review, Oct. 1926, pp. 716-721. 


‘Short Circuit Voltage and Short Circuit Current of a Trans- 
former,” A. Kammerer, Elektrotech Zeitsch, Oct. 7, 1926, pp. 
1158-1160. 

“The Ability of Auto-Transformers and Booster Transformers 
to Withstand Short Circuits,” R. Kuchler, Elecktrotech Zeitsch, 
April 15, 1926, pp. 440-443. 


“About the Behaviour of Transformer and Reactance Coils 
Under the Influence of Surge Waves,” L. Kopec, Elektrotechnik 
und Machinenbau, Nov. 14 and Nov. 21, 1926, pp. 837-842, 858- 
864. 


“Experience and Advance in the Building of Air Transformers 
for Very High Voltages and the Operation Thereof,” W. Hess, 
Elektrotechnik und Machinenbau, Sept. 5, 1926, pp. 641-651. 


‘‘Surge Waves, Oscillations and Over-Voltages in Trans- 
formers,” A. Mauduit, Revue Générale de l Electricite, Aug. 7, 
1926, pp. 209-216. 


‘Increase of Temperature in the Windings of Air Trans- 
formers,” Marcel Mathien, Revue Générale del’ Electricite, Aug. 21, 
1926, pp. 282-285. 


“New Experimental Contribution to the Subject of Surges on 
Transformers, Discussion in the French Soe. of E. E.,’”’ Revue 
Générale de l’ Electricite, Nov. 27, 1926, pp. 772-788. 

**Disecussion of Oils for Transformers and Circuit Breakers,” 
L. Cantier, Revue Générale del’ Electricite, Oct. 16, 1926, pp. 551- 
556. 

‘*About the Resonance Phenomena in High Voltage Trans- 
formers,” H. Starke in collaboration with H. Kirschbarm & M. 
Nacken, Zeitschrift fur Techniche Physik, March 1926, p. 155, 161. 

Application and Design of Load Ratio-Control Equipment, 
Arthur Palme, A. I. E. E. Regional Meeting, Pittsfield, Mass., 
May 25-28, 1927. 


ELECTRICAL MACHINERY 


741 


INDUCTION MOTORS 

The demand for squirrel-cage motors, suitable for 
starting at full voltage without compensator or other 
starting device, has very greatly increased during the 
past year. Where the service does not require very 
heavy starting torque, such as centrifugal pumps, 
blowers, motor-generator sets, etc., the starting current 
can be reduced sufficiently without reducing the start- 
ing torque beyond the requirements by simply increas- 
ing the reactance of the squirrel-cage winding. For 
other classes of service where a normal or even a high 
starting torque is required, the situation is met by add- 
ing a second higher resistance squirrel-cage to the 
regular working winding which still has high reactance. 
The high-resistance winding having a low reactance, 
this type of machine is commonly called a double 
squirrel-cage. Standard lines of motors up to 50 hp. 
of these types have been brought out by several differ- 
ent motor manufacturers. In general the characteris- 
tics of this type of machine are such that up to and in- 
cluding 30 hp., they are successfully made so that the 
static current is within the N. E. L. A. requirements, 
and the static and pull-in torque are substantially bet- 
ter than is possible with a single squirrel-cage winding. 
Generally the efficiency is practically the same as for 
the single squirrel-cage and the power factor is prac- 
tically the same as for two-and four-pole machines but 
there is a reduction of a few points in the power factor 
of the six-pole machines and a correspondingly lower 
power factor as the number of poles increase. 

The use of ball and roller bearings seems to be growing 
in favour for the number of motors with this type of 
bearings forms a greater part of the total sales each 
year. An advantage which is claimed is that motors 
may be shipped with the necessary lubrication ready 
to be put into operation and shields do not need to be 
changed to ceiling or wall mounting. Grease lubrication 
has been found satisfactory for motors up to two hp. 
at 8000 rev. per min. 

The principle of directing jets of air on the surface of 
self-cooled transformers to accelerate the convection of 
heat has been applied to totally enclosed induction 
motors by equipping them with fans arranged to blow 
air over the outside surface. By this arrangement it is - 
possible to build totally enclosed motors of somewhat 
larger capacity and especially in the larger sizes they are 
less costly than the straight enclosed motors without 
ventilation. 

The growing tendency for system interconnection is 
resulting in the gradual elimination of odd frequencies 
so that the demand for motors is very largely for the 
standard 60-cycle frequency. It is probable that within 
a short time there will be no demand for 40-cycle mo- 
tors because many of the 40-cycle systems are being 
changed over to 60-cycle. 

For many years, 220 volts has been a standard voltage 
for small general purpose motors and power companies 
have provided suitable service for this voltage. Re- 
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cently, due to the apparent economies of four-wire dis- 
tribution for power and light services, an active demand 
has grown up for 200-volt motors, and it is probable 
that stocks of motors for this voltage will soon be 
regularly carried. 

A very interesting development in single-phase, in- 
duction motor design was brought out by a German 
firm. The motor has no commutator, but is able to 
develop sufficient torque to make the motor suitable for 
railway work. This motor has two rotors on the same 
axis. The first rotor is synchronous and excited from a 
direct current source but does not transmit any torque 
to the shaft. The second one rotates inside the first 
driving the shaft and is an ordinary slip-ring motor. 
The synchronous rotor supplies the magnetization and 
it is possible to obtain unity power factor at different 
loads. It is also possible by increasing the excitation to 
compensate for the effect of voltage drop on the maxi- 
mum running torque. A motor, rated 225 hp., 50 
cycles, has been built. 

An induction motor with Ward-Leonard control 
capable of carrying peak loads of 18,000 hp. deserves to 
be mentioned among large machines. This motor was 
recently built in Europe and was furnished for rolling 
mill drive. 

The rapidly increasing use of fractional horsepower 
motors for domestic and other purposes has caused the 
power companies to become concerned about poor 
power factor conditions because there is no restriction 
about the performance characteristics of motors sold 
to the householder. The power companies have been 
seeking relief from this situation and recently an asso- 
ciation of motor manufacturers, appliance manufac- 
turers and power companies has been formed to study 
the situation. It has been agreed that motors for re- 
frigerators and oil burners must have an apparent ef- 
ficiency of 42 per cent and it is urged that improve- 
ments in design be made as rapidly as possible with the 
aim to obtain an apparent efficiency of 451% per cent. 
= It is possible that a single motor design will not be ap- 
plicable to all domestic apparatus because of the wide 
range in duty. 

A special application of a small motor to feeding the 
electrodes of an are welding machine where it is re- 
quired to operate close to the arc has led to the develop- 
ment of a water cooled motor. The motor has copper 
water tubes cast in the aluminum frame. 

The desirability of domestic appliance motors being 
capable of operating without noise has lead to the pro- 
vision of a spring support for some special application 
motors to eliminate the noise that is inherent in single- 
phase machines. 

A new type of repulsion motor with a squirrel-cage in 
~ addition to the commutated winding has been developed 
in England for which advantages are claimed over the 
ordinary type. 

The synchronous induction motor of the type using 
separate direct current excitation continues in favor in 
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Europe. However, European literature indicates that 
the possibility of designing new types of self-excited . 
machines is being actively investigated. Although the 
separately-excited type of motor was used commercially 
in America as long ago as 1911, it has not been so vigor- 
ously exploited as it has been in Europe. This year, 
however, a larger manufacturer has built motors of this 
type for driving tube mills where heavy starting torques 
are met and long periods of operation at full load make 
high power-factor motors highly desirable. This motor 
is the same in general construction as a wound rotor in- 
duction motor and has the same starting operation. It 
is provided with five collector rings for the rotor winding 
instead of the customary three rings. The exciter is 
wound for a low voltage and is connected permanently 
in the rotor circuit so that the starting operation is as 
simple as that of a wound rotor induction motor and 
requires no extra switching operation for the exciter. 
In order to limit the amount of excitation required these 
motors have deeper slots and considerable more copper 
for the rotor winding than the corresponding induction 
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Arranged with hollow shaft through which the pump shaft extends to 
clutch at the top. : 


17—VerticaL INDUCTION Moror ror Pump Drive 


motor would have. Two motors of this type rated 900 
hp., 180 rev. per min. have been put into operation this 
year and a 1500 hp. motor is being built. 

A brush shifting, a-c., adjustable speed commutator 
type of motor is now available for operation with a con- 
tinuous rating at low speed as well as at high speed. 

The largest adjustable speed induction motor with 
Scherbius control to be built in America has been in- 
stalled for driving a bar mill. It is rated 6700/5000/3320 
hp. at 500/375/250 rev. per min. 

During the past year, special induction motors have 
been designed and built for vertical irrigation pumps of 
the turbine or centrifugal type. These motors have hol- 
low shafts through which the pump shafts project. The 
motor and pump shafts are connected by a clutch at the 
top of the motor. Important advantages are easy ad- 
justment and alinement of the pump impeller, elimina- 
tion of whipping action at the upper end of the pump 
shaft, or damage due to the momentary reversal of the 
motors during a power failure. Special windings obtain 
a low starting current when the motors are started at 
full line voltage. Relatively high starting and pull-out 
torques ar2 obtained, with an efficiency and a power 
factor, at full load, approximately the same as those ob- 
tained with standard motors. 
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SYNCHRONOUS MOTORS 


In the report of last year, mention was made of the 
use of single-phase, synchronous motors as parts of 
motor-generator sets to be installed on railway loco- 
motives for supplying d-c. power to the main traction 
motors. These sets have been made in three sizes,— 
400 kw., 1000 kw. and 2500 kw.,—the ratings of the 
synchronous motor being 500 kv-a., 1200 kv-a., and 
3100 kv-a., respectively,—25 cycles, 2300 volts, 750 
rev. per min. These sets are equipped with direct- 
connected exciters and single-phase commutator motors, 
which are used not only for starting up the sets but 
also for furnishing excitation to the main traction 
motors for regenerative braking. For the purpose of 
maintaining uniform voltage at the terminals of the 
synchronous motors, the single-phase transformers for 
stepping the voltage down from 11000 to 2300 volts are 
provided with automatic tap changers. The two smaller 
sets are constructed with two bearings in the end shields 
while the large set has four bearings with the synchro- 
nous motor at one end and driving the two 1250 kw. 
d-c. generators in tandem. 

A new type of self-starting synchronous motor has 
been developed for use in time switches, traffic signals. 


18—DouBLE PROPELLING MOTOR For DIESEL-ELECTRIC 
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and other small devices requiring very small amounts of 
power. It is similar to the ordinary induction disk 
motor which has a disk type rotor revolving between 
the poles of a stationary electromagnet. The synchro- 
nous characteristic is obtained by means ofa series of 
small iron inserts pressed into the disk near the peri- 
phery, which locks into synchronism with the alternat- 
ing flux. A motor of this type which is probably the - 
smallest electric motor that was ever made for actual 
commercial use has been built. It is two inches high 
and weighs four ounces and its output is less than one- 
millionth hp. 

As has been mentioned in the 1925 report of this 
committee, two types of synchronous motor construc- 
tion, particularly suitable for starting heavy loads, have 
been developed. One makes use of a built-in magnetic 
clutch which allows the rotor to come up to synchronous 
speed without load, the other is arranged so that the 
armature will be brought up to synchronous speed 
without load. For tube mills in cement manufacturing 
plants, there has been an active demand for motors of 
this type. The largest clutch-type motors have been 
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built during the year and are rated 900 hp., 1800 rev. 
per min., 100 per cent power factor. A new competitor 
in this field is the synchronous induction type, of which 
an important example is mentioned in the induction 
motor section of this report. 

High-speed, synchronous motors of the turbo-alter- 
nator type have been successfully used for gas pressure 
boosters and blowers. Motors of 1800 rev. per min. and 
3600 rev. per min. have been built for this service. The 
largest motor of this type that has been built was put 
into operation this year and is rated 2700 hp. at 180 
rev. per min. It has successfully met the severe require- 
ment of four starts in succession. 


D-c. MACHINES 

The application of Diesel electric power for the pro- 
pulsion of boats, particularly tug boats and ferries 
which require a very flexible control for maneuvering, 
has swung strongly in favour of d-c. machines. For this 
purpose, some special types of propelling motors have 
been developed which are designed to fit the cramped 
space available for them. These motors are constructed 
with double armatures. Motors of this type rated 1250 
hp. have been built for operation from a 1000-volt 
source. Normally the generating units are in pairs and 
their armatures are connected in series. 


19—8000-H P. Direct-CuRRENT Motor ror DRIVING 
THE LARGEST BLOOMING MILL IN THE WoRLD 
This is the largest single armature direct Current motor. 


Fic. 


As in the case of induction motors a new line of totally 
enclosed fan-cooled, d-c. motors has been developed. 
These motors have fans, external to the parts that en- 
closed the windings and core, which draw air into the 
end shields and blow it over the surface. This arrange- 
ment makes it possible to obtain greater outputs from 
a given frame size than it is possible with the ordinary 
type of enclosure. For certain slow-speed ratings it is 
possible to increase the rating as much as 50 per cent. 

Hydroelectric units with large size d-c., generators 
in vertical shaft settings are quite unusual, and for this 
reason, the installation in a European power house of 
four 4500-kw. machines should be noted. These will be 
capable of delivering 12,300 amperes at pressures rang- 
ing from 175 volts to 350 volts. The normal speed is 500 
rev. per min. 
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Although synchronous and induction motor drives in 
steel mills have made great advances, d-c. motors are 
found to have indispensable characteristics for certain 
applications and there seems to be a decided tendency 
to go back to d-c. motors for drives where variable 
speed is required. During the year there has been built 
and put into operation, a blooming mill drive with Ilgner 
motor-generator set and reversing motor capable of 
handling peak loads of 15,000 hp. This apparatus 
embodies those features that have been found satisfac- 
tory in smaller units. During the past year work was 
completed on the 8000-hp. d-c. motor which is to 
drive the largest blooming mill in the world. This_ 
is the largest single armature d-c. motor ever built, both 
as to continuous horse-power and maximum torque. 
Other installations are a 3000-hp., 80/150-rev. per 
min., adjustable speed motor and a 7000-hp., 50/100- 
rev. per min., adjustable speed motor. 

The first steel mill motor, using the series exciter 
scheme of connection for obtaining flat speed regula- 
tion, was put into service during the past year. This 
speed regulation is obtained by using two field windings 
on the mill motor. One of these fields is supplied from a 
constant potential source while the other has for its 
source a separate exciter, the field of which is in series 
with the armature of the main machine. The series 
field can therefore be made to compensate for the ten- 
dency of the motor to dropits speed with increase of load. 

A recent contribution to the study of limits of large 
d-c. machines places the maximum commutator segment 
voltage at 30 volts and the maximum peripheral speed 
of the commutator at 360 ft. per sec., but at speeds 
above 100 ft. per sec., difficulties due to unreliable 
brush pressure are encountered. 

Two 1400-kw., 125-volt, 11,200-ampere, 360-rev. per 
min. generators, built during the past year to electroly- 
tic refining service are the largest 125-volt machines 
that have been built to date. These machines are 
notable for the extremely high current delivered at low 
voltage by a single commutator. 

As mentioned in another part of this report, one of 
the means of increasing the transient stability of a trans- 
mission system is by increasing the speed of response of 
the exciter. This increase in the response of the d-c. 
machine can be accomplished by any or all of the follow- 
ing means: 

1. Dividing the exciter field circuit into parallel paths. 

2. Separately exciting the d-c. machines. 

3. Increasing the rotational speed of the exciter by 

separate drive. 

The advantages of this type of exciter in increasing 
system stability are now very generally recognized. 
Many large machines sold during the past year have 
been supplied with the quick response exciters. 
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MERCURY ARC RECTIFIERS 


There have been no radical developments in mercury 


arc rectifiers during the past year. It has been the first 
year in which rectifiers have been in service in the Uni- 


ted States in considerable numbers, and the first time © 


that they have been used in steam railroad electrifica- 
tions in this country. For the first time, such a length 
of main line has been fed from rectifiers that service of 
the road has been dependent upon their continuous 
operation. That this device is a dependable piece of 
apparatus is indicated by the fact that a 1500-kw., 1500- 
volt rectifier has carried peak loads of 9000 kw. during 


20—STEEL-TANK Mercury Arc RectTiritr Ratep 500 
Kw., 600 Votts, or 750 Kw., 1500 VoLts 
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an emergency extending over a period of several weeks. 

It has been observed that inductive interference may 
be experienced in some cases of mercury arc rectifier 
operation but this problem has been met and methods 
have been worked out to bring the performance within 
communication standards. 

A new type of rectifier has been placed on the market 
which has a higher current capacity than any built here- 
-tofore. This machine has twelve anodes and has a con- 
tinuous rating of 2000 amperes at 600 volts. At higher 


voltages the current rating is a little less. Further prog-` 


ress has been made in the development of rectifiers for 
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high voltages. Successful load tests have been made on 
steel cased units at 8000 volts. The application of power 
rectifiers of such high voltage is, at present, confined to 
certain chemical processes. Its overall efficiency is ap- 
proximately 99 per cent. The voltage of rectifiers suit- 
able for railway work is limited at present only by the 
design of the motor equipment. The total capacity of 
rectifiers installed by one large European manufacturer 
during the past year amounts to about 200,000 kw. and 
90 per cent of them are for railway work. 

Probably the most outstanding installation of recti- 
fiers in the United States is that for the electrification 
of the Illinois Central Railroad terminal and suburban 
service at Chicago, where 9000 kw. in rectifier capacity 
is in use. An indication of the European confidence in 


è 


21—View or Mercury Arc RECTIFIER OF AMERICAN 
MANUFACTURE WITH COMPLETE EQUIPMENT 
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rectifiers is made manifest in the placing of orders for a 
total of 95 units having a total capacity of 114,000 kw. 
by the Metropolitan railroads of Berlin. 

During the past two years the total capacity of recti- 
fiers manufactured and installed the world over has 
doubled each year. 

In 1924 the total capacity was approximately 150,000 
kw. In 19265 it increased to 310,000 kw., and in 1926 to 
600,000 kw. 
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Electrical World, Feb. 26, 1927. 

“Diagrams of Mercury Are Rectifiers,’ G. W. Mueller, Elek- 
trotechnik Zeitschrift, 1926, p. 328. 

Rectification of Alternating Currents with Steel Enclosed Mercury 
Arc Rectifiers, O. K. Marti, A. I. E. E. Journan, Sept. 1926, 
V. 45, pp. 832-846. 

Mercury Arc Rectifier Phenomena, D. C. Prince, Annual Con- 
vention A. I. E. E. June 1927. 

‘Limits of Application of Large Power Mercury Are Rec- 
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tifiers,” R. Schumacher, Elektrotech. Zeit., March 25 and April 1, 
1926, p. 354-356, 388-391. 

‘‘New Developments in Mercury Are Rectifiers,’’ Partzasch, 
Elektrotech. Zeit., Sept. 9, 1926, pp. 1056-1058. 

‘Traction Substations Equipped with Mercury Are Rectifiers 
and Converters of 1500 V,” L. Escaude and H. Giroz, Revue 
Générale de l Electricité, Jan. 23, 1926, pp. 131-146. 

Application of Mercury Arc Power Rectifiers, C. A. Butcher, 
Kansas City Convention A. I. E. E., March 17 and 18, 1927. 


DIESEL ENGINE DRIVEN ALTERNATORS 


During the year, the largest Diesel engine driven gen- 
erator has been put into operation at Hamburg (Ger- 
many). The engine is rated at 15,000 hp. and is of the 
two-stroke cycle type with nine double acting cylinders. 
The direct-connected alternators are rated 13,000 kv-a., 
94 rev. per min., 6000 volts, 50 cycles. The design of the 
shaft and coupling of a unit of this kind requires the 
consideration of torsional oscillations of the shaft. 
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FREQUENCY CONVERTERS 
Ties between power systems of the same frequency 
permitting control of the flow of power in either direc- 
tion under conditions of varying voltage are made pos- 


Suop View oF 30,000-K v-a., 600-Rev. 
FREQUENCY CONVERTER SET 
Showing Arrangement of air intake and exhaust 
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sible by the use of transformers having taps that may 
be changed under load and it is also possible to tie two 
systems of different frequency and control the flow of 
power under conditions of variations in frequencies by 
frequency converters of the induction type. This type 
of converter, consisting of a synchronous machine and 
an induction machine with Scherbius control, was men- 
tioned in the report of this Committee in June 1925. A 
number of 5000-kw. sets of this description have been 
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built. Another type of converter makes use of the cas- 
cade induction motor which depends upon a constant 
ratio of frequency. A number of 35,000- and 40,000-kw. 
sets of this type have been previously noted. During 
the past year there has been built a 15,000-kw. set of 
this description, and a 35,000-kw. synchronous fre- 
quency converter set has been arranged with suitable 
spring support for the generator stator so that it can be 
used for single-phase operation. This type of support 
minimizes the effect of the pulsating torque resulting 
from single-phase operation. The single-phase rating is 
21,000 kv-a. The largest synchronous frequency con- 
verter set ever built has been put into operation. It is 
rated 50,000 kv-a., 300 rev. per min. 

Two sets with unusually high speed, have been built 
in the past year; one, a 30,000-kv-a. frequency changer 
at 600 rev. per min., and the other, a 17,777-kv-a. set 
at 720 rev. per min. The 30,000-kv-a. set is a 50-cycle— 
60-cycle set. The 50-cycle machine has been designed 
particularly for transmission line stability and incor- 
porated in it the features described under the heading 
Machine Characteristics for Stability. 

In Europe there has been an increased demand for 
synchronous frequency converters principally for rail- 


way work. 
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“A 40,000-Kv.-a. Frequency Changer Set,” R. A. McCarty, 

Electric Journal, July 1926, p. 339. 
SYNCHRONOUS CONDENSERS 

_ Because of the fact that synchronous condensers are 
in the class of non-revenue producing equipment, there 
has been a concerted effort to reduce costs and losses. 
This has been accomplished partly by designing for 
higher speeds. Sixty-cycle condensers have been con- 
structed for operation at 900 rev. per min. up to a 
10,000-kv-a. capacity and at 720 rev. per min. up to 
20,000 kv-a. The largest condensers yet constructed 
are several that are for use for the regulation of the 
voltage at the receiving end of a 220-kv. transmission 
line in California. They are rated 50,000 kv-a., 600 
rev. per min., 50 cycles, and the total calculated losses 
are only 1 2/3 per cent. They will be provided with a 
closed system of ventilation. 

The largest condenser ever arranged for automatic 


` control is under construction. It is rated 30,000 kv-a. 


In Europe it is being found advantageous to employ 
as condensers asynchronous machines provided with 
phase advancers. A number of these have given com- 
plete success in service. They have been built in capaci- 
ties up to 10,000 kv-a. Mention of these machines is 
made on p. 183 of the Electrotechnische Zeitschrift for 
February 10th, 1927. 
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SINE- WAVE GENERATORS 


The largest sine-wave testing generator has been com- 
pleted during the year. It is rated 2000 kv-a., 2300 
volts, 3-phase, 60 cycles, 1200 rev. per min., and is 
driven by a 600-kv-a., synchronous motor. This gener- 
ator is capable of delivering 1200 kv-a., single-phase, 
and it is remarkable in that the voltage and current 
wave forms are sine-waves under all conditions of load. 
The characteristics are practically ideal. This set was 
built for use in testing high-voltage, underground cables. 

HIGH-FREQUENCY MACHINES 

During the past year a plan for the resonant control 
of street lights has been developed and this should give 
a new field for the application of high-frequency ma- 
chines. This system of control requires a generating 
system which can supply both 440 and 660 cycles to the 
main lighting circuit. The entire system is described in 
the Electric Journal for February 1927. 


Fig. 23—ARRANGEMENT OF LOWER BEARING OF TAPERED 
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INDUCTION VOLTAGE REGULATORS 


An improvement in the design of induction regulators 
for outdoor service has been made by bringing the driv- 
ing spindle for the movable element out through one of 
the passages connecting the regulator tank and the ex- 
pansion vessel, thus avoiding the use of all glands. An 
improvement in operation of induction voltage regula- 
tors as affecting vibration and noise has resulted from 
the use of roller bearings for the lower end of the shaft. 
A clearance in sleeve bearings will allow the movable 
element to vibrate and cause noise, yet tight bearings 
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are liable to stick and interfere with the operation. 
Roller bearings can at once be made tight and free to 
turn. The use of all-welded, corrugated sheet-iron tanks 
has resulted in improved appearance, reduced weight, 
increased insurance against leakage, and greater ability 
to withstand shocks as compared with the corrugated 
cast-in construction. 


SYNCHRONOUS CONVERTERS 


During the year, some synchronous converters have 
been built which have an unusually wide range of direct 
current voltage. They are rated at 1500 amperes over 
a range of 87 to 175 volts. The method of obtaining this 
variation in voltage is unique in that the a-c. voltage at 
the collector rings is varied by means of tap changing on 
the transformer. It is necessary, of course, to change 
the field excitation to correspond to the different trans- 
former taps. Voltage variation between taps is obtained 
by field control. . 

The twelve phase synchronous converter which was 
mentioned in the report of last year has been put into 
operation and two more have been built. The various 
advantages which were mentioned have been fully real- 
ized in actual practise and it is not improbable that for 
future production the number of 12-phase converters 
will exceed that of six phase. 

A recent English development in synchronous conver- 
ters is the socalled binary converter, which in effect is a 
device consisting of an induction motor and a special 
direct current generator having a common magnetic cir- 
cuit of sufficient size to take care of both rotating and 
stationary fluxes. This machine consists of a uniform 
magnetic circuit and a rotating armature. Two wind- 
ings are located in the same slots of the stationary mem- 
ber, one for producing the stationary current flux and 
the other for producing a rotating flux. By a combina- 
tion of a two-pole a-c. winding and a six-pole d-c. wind- 
ing the six-pole d-c. winding on the rotating armature 
acts as a short circuit or squirrel cage winding for the 
bipolar a-c. winding. The usual commutator and brush 
gear is used with the armature winding. 
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Progress in Power Generation 
Annual Report of Committee on Power Generation’ 


To the Board of Directors: 

A meeting was held shortly after the appointment of 
the present chairman in February, to formulate plans 
for the committee’s activities during the remainder of 
the administrative year. 


The question of taking up certain subjects for special 


study and investigation was given particular considera- 
tion, but it was not thought advisakle to attempt any 
work of this kind, because of the limited time available 
in which to prepare the annual report. There were 
presented at the meeting three subjects which the com- 
mittee therefore recommends for investigation by its 
successors; viz., Interconnection—its relation to station 
and unit capacity, reliability, and economy; Oil Circuit 
Breakers of Large Capacity—with particular reference 
to reliability, economy of space, and costs;and Compari- 
son of American and European Power Station Practise. 

At the invitation of the Standards Committee a 
“contact officer” was appointed for prompt cooperation 
with that committee on any matter of standardization 
in which the Committee on Power Generation may be 
concerned. In this connection the Standards Com- 
mittee has been asked to cooperate with the A. S. M. E. 
in the preparation of a section on “Measuring the Out- 
put of a Generator” for inclusion in the A. S. M. E. 
Test Code for Steam Turbines. A subcommittee of 
your Committee on Power Generation has been ap- 
pointed to assist the Standards Committee in this work. 

There have been secured by the committeefor presen- 
tation at the Summer Convention in June, two papers 
dealing with the design and operation of Power Stations, 
one by F. A. Allner on Holtwood Steam Plant, Design 
and Operation in Coordination with Water Power, and 
one by J. W. Anderson and A. C. Monteith on Auxiliary 
Power at Richmond Station. 

Many important developments in power generation 
during the past year have been extensively reviewed and 
the following résumé and bibliography are presented 
to show the progress made and the trend in the art. 


Resume of the Year’s Progress in Power 
Generation 
One of the outstanding features in power develop- 
ment is the tremendous increase in the so-called ultimate 
station capacity over that anticipated at the time of the 
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initial installation. In some cases, the ultimate capacity 
will probably be more than double that originally ex- 
pected. What has brought this. about is the un- 
precedented increase in system loads and the intro- 
duction of units of much larger capacity than those first 
installed. In the eternal quest for greater and yet 
greater economies in power stations, notable technical 
achievements have been brought about in practically 
every line of the industry. Such developments during 
the past year have been so many and so varied that it is 
possible in a brief survey to touch on only a few of the 
most noticeable tendencies. 

In this résumé, the committee does not attempt to 
predict the future of the art in power generation, but 
simply points out the trend as indicated by the impor- 
tant developments that have taken place or are now 
under construction. 


STEAM TURBINE GENERATOR UNITS 


Capacity. Turbines and generators of unprecedented 
size have been designed and completed during the year 
and still larger ones are now under construction. Less 
than two years ago the largest turbine being built 
was under 100,000 kw. The largest turbine to date is 
the 208,000-kw. unit now under construction and one 
of the manufacturers has offered a machine in excess of 
300,000 kw. The largest single-cylinder turbine yet 
built in this country is a 65,000-kw. normal pressure 
unit. Without extensive interconnection it would 
not be wise or economical to install such large generating 
units. | 

The motive for these huge machines is not so much 
better fuel economy as it is reduced plant investment 
and the desire to keep the total plant capacity in reason- 
ably few units. Experience with large units has 
demonstrated that they can be operated almost as 
continuously and easily as smaller machines. We may 
expect therefore, that the construction of huge generat- 
ing sets will continue, although to what final limit it is 
difficult to predict. 

As an indication of the trend toward larger units, it 
has recently been decided that throughout Chicago and 
adjacent territory no turbine will be installed in the 
future of less than 50,000 kw. capacity. 


Type. The combination of turbines and generators 
to make up a single generating unit is quite varied. 
Tandem compound and two- and three-element cross- 
compound formations offer numerous means of providing 
generating units in excess of 60,000 or 70,000 kw. 
capacity. The actual formation depends to a large 
extent on local conditions to be met and the ideas of 
the turbine manufacturer and the plant designer as to 
the best means of accomplishing the results desired. It 
is likely that turbines of the compound type will be 
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used for the very large capacities. There appears 
however, to be a marked tendency on the part of many 
engineers toward still larger turbines of the single- 
cylinder design. 

There are now under construction four outstanding 
turbine units each of a different type and the largest 
of its kind on record. The sizes and types of these 
units are: 208,000-kw. cross compound, three ele- 
ments; 160,000-kw. cross compound, two elements; 
94,000-kw. tandem compound; and 65,000-kw. single- 
cylinder. | 

Speed. The trend toward higher speed is evidenced 
by the fact that there are now on order a number of 
large turbines which are to operate at 1800 rev. per 
min. The prevailing turbine generator speeds are 
1500 rev. per min. for 25 and 50 cycles and 1800 
rev. per min. for 60 cycles. Smaller units up to as high 
as 10,000-kw. capacity have been made for operation 
at 3600 rev. per min. The largest 1800-rev. per min. 
generator designed to date is the 89,412-kv-a. machine 
for the high-pressure element of a triple-shaft unit now 
under construction, and the largest 1500 rev. per min. 
generators on record have a capacity of 100,000 kv-a. 
An indication of the rapidity of the development of the 
art is furnished by the fact that a little more than a year 
ago a 60,000-kw. generator was regarded as a con- 
servative maximum limit of capacity in 1800-rev. per 
min. units. . 

It has been suggested by eminent authority on turbine 
design that some economies might be effected by a 
system of standardization, which would limit the 
number of sizes of machines built. The greatest 
economy in first cost is obtained by using the highest 
possible rotative speed, and themost profitable machine 
for builder and user alike is that of the greatest capacity 
at the given speed. It would be an advantage from 
the standpoint of investment to concentrate upon a 
relatively few standard capacities of large machines 
for 1800-rev. per min., 60-cycle service, and 1500-rev. 
per min., 25- and 50-cycle service. A larger number of 
standard capacities would be required in 3600-rev. 
per min. turbines of capacities of 10,000 kw. and lower 
for manufacturing requirements. In a growing power 
system having a number of interconnected stations, 
a new unit of large capacity added to the system may be 
operated within quite a range of its capacity without 
greatly affecting the efficiency of operation of the 
system, and therefore it would seem desirable to choose 
the largest standard machine to secure the advantage of 
lowest investment per kilowatt. 

Pressure. The desire to secure high efficiencies in 
steam power plants has resulted in rapid increase in 
pressure and temperature to a maximum of 1400 
pounds and 750 deg. fahr. in this country. In the 
United States, the boiler pressures in large steam 
power plants have been confined to three classes of 
approximately 1400 pounds, 600 pounds, and 400 
pounds, the steam pressure at the turbine throttle 
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being about 1200 pounds, 550 pounds, and 350 pounds 
respectively. : These pressures represent about the 
average conditions, some may be 5 per cent or 10 per 
cent above or below. There appear to have developed 
three schools of engineering for the above pressures 
and each is apparently convinced that the pressure 
which it has adopted is the most economical one. 
From the turbine designer’s standpoint no insurmount- 
able problems have been presented up to the highest 
pressures so far considered. 

The 1400- and 1200-pound boilers and turbines have 
continued to operate satisfactorily and the results in 
at least one station have justified the installation of 
additional high pressure units. For large stations, 500 
pounds to 600 pounds has become more or less standard 
pressure. Stations with these pressures have given 
satisfactory service with no unusual difficulties. In 
fact, many of the expected serious difficulties with pipe 
joints and other details have so far failed to materialize. 
It may therefore be said that the way is clear for a 
general increase in the steam pressures of all new plants. 

An investigation of the properties of steam was 
started about five years ago and it is expected that this 
work will be completed in the near future. These data 
will be of great value in designing high-pressure stations 
and will help us to analyze the results obtained in 
actual operation. As to the most economical pressure, 
some engineers maintain the following: “From our 
present knowledge it is not likely that steam pressures 
will very much exceed 400 pounds for all the main units 
of stations with average load factors and 650 pounds 
for all the main units of stations carrying what is 
commonly known as base load.” A 400-pound steam 
pressure plant is probably the most economical installa- 
tion for a small load factor or low price fuel. Further- 
more, this pressure 1s very well adapted to the super- 
imposition of a high-pressure steam cycle or a mercury 
cycle at a later date when warranted by an increased 
load factor or price of fuel. The experience at the 
Edgar Station of the Edison Electric Illuminating 
Company of Boston and the Lakeside Station of the 
Milwaukee Electric Railway and Light Company 
indicates that a boiler pressure of 1400 lb. per 
sq. in. is economically justified. Care must be 
taken, however, not to draw general conclusions from 
any particular installation for the local conditions are 
a big factor in determining what pressure is the most 
economical one for any contemplated station. A careful 
study must be made before a decision can be reached 
as to the proper boiler pressure for any new station. 
We must keep constantly in mind that the base load 
station of today will be the peak load station of to- 
morrow, and this fact should not be overlooked when 
figuring the investment warranted. 

Temperature. The total temperature of steam has, 
in the last few years, been limited to 750 deg. fahr. for 
all pressures, while most of the plants are operating at 
temperatures varying from 700 deg. fahr. to 725 deg. 
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fahr. There probably will be some endeavor to resort 
to higher steam temperatures in the future, but whether 
the increase in temperature will be in decided steps by 
using special alloy steels, or whether there will be a 
gradual increase in steam temperature from year to 
year, cannot be predicted at present. Much research has 
been and is being conducted on the physical character- 
istics of materials at high temperatures, a feature being 
the tests carried out under continued stress and tempera- 
ture. The general results will give opportunities for 
securing greater reliability under the maximum tem- 
peratures which obtain today in power plant operation 
in this country. It is reported that there are plants in 
Europe operating on the straight steam cycle at 
temperatures higher than 750 deg. fahr. but the general 
adoption of higher temperatures for this cycle will 
depend upon the results of the research work now in 
progress. 

Bleeding and Reheating. Stage bleeding for heating 


Make Up 


Fig. 1—ApproximMaTE Heat DIAGRAM. 


STEAM PLant No. 


the boiler feed water and evaporating the make-up 
water has become almost standard practise and in most 
of the large plants constructed recently, the bleeding is 
done in three or four, and in some cases five, separate 
stages. 

One method extensively used is bleeding in which 
the feed water heating is done entirely by steam 
extracted from the main units. Such a scheme, in 
which a four-stage extraction heating system con- 
tributes a final feed temperature of 383 deg. fahr., 
has been adopted for the 94,000-kw. turbine in Long 
Beach Power Station, and is shown in Fig. 1. The 
evaporator and its separate condenser are interposed 
between the 10th and 14th stage extractions, which is a 
thermally efficient disposal of this apparatus, by 
virtue of the fact that there is no external heat degra- 
dation from the 10th stage to the 14th stage. It is 
economically advisable in a set of this size to employ 
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separate drip return pumps for the two low-pressure 
heaters and for the evaporator condenser. It will be 
noted that the drains from the 5th stage heater are 
passed to the shell of the 10th stage heater, from 
which point the combined drains of these two heaters 
enter the flash tank, which cooperates with the evapora- 
tor condenser. This generating set will have a very 
high use-factor so the heaters have been chosen with 
close terminal temperature differences. The evapora- 
tors and heaters are of Griscom-Russell design with 
removable tube bundles. 

Reheating of the steam after it has completed a 
portion of its expansion, has proved satisfactory and 
successful where applied. Reheating in the boiler 
room however, requires large piping to and from the 
reheating boiler and also involves some loss in pressure 
which partially offsets the gains from reheating. This 
year has brought out a new development largely 
overcoming these objections and it is now proposed to 
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reheat the steam at or near the turbine using high 
pressure live steam. 

Voltage. With the increase in size of steam turbine- 
driven generators, which today havereached a maximum 
of 100,000 kv-a., an increase in the generator voltage is 
desirable. It is well known that this higher voltage 
will, by decreasing the current, affect a considerable 
reduction in the cost of busses, switches, cables, etc., 
and probably before very long many generators of 
50,000 kv-a. and upward will be wound for higher 
voltages than have prevailed heretofore. As an 
illustration of this trend, there are now under con- 
struction a 100,000-kv-a. generator for 16,500-volt 
operation, the generators for a 208,000-kw. cross- 
compound three-element unit to be operated at 22,000 
volts, and also a single-shaft generator of 61,765 kv-a. 
that will operate at 22,000 volts. 


Generator Cooling and Fire Protection. It is almost 


” machines. 
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universal practise to employ the closed system of air 
circulation with surface air coolers for machines above 
6000 kw.. and quite common practise on smaller 
The possibility of using an inert gas con- 
tinuously has been suggested, but the predicted ad- 
vantages have not been considered sufficient to warrant 
its introduction. The use of hydrogen, because of its 
lower density and higher specific heat promises many 
advantages, and provision is being made for its use ata 
later date in some machines now under construction. 


The introduction of the enclosed machine has resulted 
in the installation of a number of CO, fire extinguishing 
systems. Where this protection is used on generators 
and similar rotating electrical machines the CO, is 
injected in the intake air duct and a predetermined 
concentration is maintained until the machine comes to 
a stand still. Leakage during deceleration is com- 
pensated for by introducing additional gas at necessary 
intervals. This application of course is particularly 
adapted to closed recirculating ventilating systems. 


The following are some of the outstanding turbine and 
generator installations recently completed or now 
under construction: 


Single Cylinder Turbine Units. The outstanding 
single cylinder turbine unit installations during 1926 
were the 60,000-kw. General Electric units at the 
Charles R. Huntley (formerly River) Power Station of 
the Buffalo General Electric Company and at the East 
River Power Station of the New York Edison Company. 
The machine installed at Buffalo is supplied with steam 
at 250 lb. gage and 656 deg. fahr. The speed is 1500 
rev. per min. and the generator is rated at 66,667 kv-a. 
At the East River Station the two 60,000-kw. 100 per 
cent power-factor units are also General Electric 
machines which are supplied with steam at 375 lb. gage 
and 700 deg. fahr. The turbines are twenty-stage 
impulse type units operating at 1500 rev. per min. and 
are bled at three points for feed water heating. 


The record size single cylinder installation of 1926, 
however, will be exceeded by the addition now being 
installed in the Edgar Station of the Edison Electric 
Illuminating Company of Boston. This installation 
will include a 65,000-kw. single-cylinder General Elec- 
tric turbine, which will run at 1800 rev. per min. and 
drive a 75,000 kv-a. main generator and a 6250 kv-a. 
auxiliary generator. This turbine will operate on steam 
at 350 lb. gage and 725 deg. fahr. In addition to the 
65,000-kw. normal pressure unit, a 10,000-kw. 1200-lb. 
unit will be installed which will exhaust through 
reheaters into the 350-lb. steam header. The feed 
water will be heated with steam bled from three points 
of the 65,000-kw. unit and also from the exhaust of the 
10,000-kw. high-pressure unit. 

Tandem-Compound Turbine Units. The largest tan- 
dem-compound (single-shaft) units in operation in 1926 
are the two 50,000-kw., 20-stage, impulse type, General 
Electric units at the Richmond Station of the Phila- 
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delphia Electric Company, and the two 50,000-kw., 
reaction type, Westinghouse units at the Hudson 
Avenue Station of the Brooklyn Edison Company. 
The Richmond Station units operate ata steam pressure 
of 385 lb. and 675 deg. fahr. total temperature. The 
speed is 1800 rev. per min. and the generators are rated 
at 62,500 kv-a., furnishing power at 14,000 volts, 60 
cycles. The generators are cooled by two motor-driven 
external fans, solidly connected to the generator leads 
through transformers. Recent tests indicate, however, 
that the Richmond Station units can be given a higher 
rating, which has been tentatively and probably will be 
finally fixed at 60,000 kw.,0.85 power factor, i. e., 70,600 
kv-a. The machines at the Hudson Avenue Station are 
supplied with steam at 265 Ib. and 611 deg. fahr. total 
temperature. The speed is 1200 rev. per min. and the 
generator capacity is 62,500 kv-a. 

The 50,000-kw., tandem-compound, Allis-Chalmers 
turbine generator unit recently placed in operation at 
the Waukegan Station of the Public Service Company of 
Northern Illinois is also a notable installation, in that 
the steam pressure will be 600 lb. gage and the total 
steam temperature 725 deg. fahr. The generator is 
rated at 58,800 kv-a., the speed being 1800 rev. per min. 
The exciter will be direct-connected to the shaft. The 
turbine will be provided with five extraction nozzles. 

The Southern California Edison Company will install 
at its new Long Beach Power Station No. 3, a 94,000- 
kw., 1500-rev. per min. single-shaft, tandem-compound, 
turbine generator unit. This will be a 21-stage, impulse 
type, General Electric unit, and will be the largest 
single-shaft turbine on record. The turbine will have 
two cylinders with complete double flow of the steam in 
the low-pressure cylinder. The steam pressure at the 
turbine will be 400 lb. gage and 725 deg. fahr. total 
temperature, and there will be four extraction points for 
heating feed water to a total temperature of 383, deg. 
fahr. The turbine will be direct connected to a 100,000- 
kv-a., 16,500-volt, 50-cycle generator with a 5000-kv-a. 
auxiliary generator and 60-kw. exciter for the auxiliary 
generator on the same shaft. 

Cross-Compound Turbine Units. The largest cross- 
compound turbine generator unit placed in operation in 
1926 was the 80,000-kw. Westinghouse unit at the 
Hudson Avenue Station of the Brooklyn Edison Com- 
pany. This consists of one high-pressure and one low- 
pressure cylinder operating at 1800 rev. per min., each 
driving a 45,000-kv-a. generator, with the exciter direct- 
connected to the high-pressure element. Steam is- 
supplied at 375 lb. and 700 deg. fahr. total temperature. 
The high-pressure element is a combination impulse 
reaction turbine, while the low-pressure element is a 
double flow reaction turbine. 

All previous records of turbine sizes will be exceeded 
by the remarkable cross-compound units now in course 
of construction—the 104,000-kw. Westinghouse unit for 
the Crawford Avenue Station of the Commonwealth 
Edison Company, the 108,700-kw. Westinghouse unit 
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for the Hudson Avenue Station of the Brooklyn Edison 
Company, the 160,000-kw. American Brown Boveri 
unit for the Hell Gate Power Station of the United 
Electric Light and Power Company, the 165,000-kw. 
General Electric unit for the Philo Power Station of the 
Ohio Power Company and the 208,000-kw. General 
Electric unit for the State Line Power Station of the 
Commonwealth Edison system. 

The 104,000-kw. Westinghouse unit (Fig. 2), for the 
Crawford Avenue Station is unique in that it was 
designed as a base load unit. The leaving loss of this 
unit is reduced to a minimum and is approximately 
1 per cent at the economical load and 134 per cent at the 
maximum load, in both cases when steam is being bled 
at four extraction points for heating its own feed water. 
To secure this low leaving loss, the triple-flow, low-pres- 
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of the condensing surface. Thespeedof each of the two 
lines of shafting will ke 1800 rev. per min. and there 
will be two main generators. 

The reheating of the exhaust steam from the high- . 
pressure element by means of live steam from the high- 
pressure header is a new departure that is also being 
installed for the 91,500-kw. unit under construction 
for this station. 

After the 104,000-kw. and 91,500-kw. units are in- 
stalled, and including the 77,000-kw. unit recently 
placed in operation, the total installed generating capac- 
ity of the Crawford Avenue Station will be 432,500-kw. 

The Brooklyn Edison Company has just closed an 
order for a Westinghouse 108,700-kw., 80 per cent power 
factor (136,000 kv-a.), 60-cycle, three-phase, 13,800- 
volt, cross-compound, two-element steam generating 
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2—ARRANGEMENT OF TURBINES FOR 104,000-Kw. WESTINGHOUSE UNIT FOR CRAWFORD 


AVENUE STATION OF COMMONWEALTH EDISON COMPANY 
The circulating-water piping shown for three of the condensers is duplicated for the other three. 


sure principle is employed. The steam is supplied to the 
high pressure element at 550 Ib. gage and 725 deg. fahr. 
and expanded to about 40 lb. absolute. It is then 
reheated, by means of a live steam reheater to 500 deg. 
fahr. the steam then entering the double flow inter- 
mediate element. One-third passes in one direction 
and is completely expanded, while two-thirds of it 
passes in the opposite direction expanding to 8 lb. 
absolute. It is then passed to the double-flow, low-pres- 
sure element which is in the same line of shafting as 
the intermediate element. By this arrangement, steam 
is exhausted to the six vertical condensers at three points, 
two condensers being at one end of the intermediate 
element and two condensers at each of the two ends of 
the double-flow, low-pressure element. Any one of the 
six condensers can be opened at the water end while 
the unit is in service with no other effect than areduction 


unit. The turbines are to be of the parallel-flow type 
and drive two 68000-kv-a., 1800-rev. per min. genera- 
tors. The exciter is direct connected to the high pres- 
sure generator shaft. The machine will use a steam 
pressure at the throttle of 375 to 400 Ib. per sq. in. at 
700 deg. total temperature. It will heat the condensate 
in four stages of feed heating. Two interesting fea- 
tures of the design of the turbines are the five governor 
control valves in two steam chests and the stainless 
steel blading. The generators are arranged with inter- 
nal fans, and generator air coolers are being supplied 
with the unit. The main generator fields will be alike 
so that they may be used on either stator, and the shaft 
ends will be alike for this purpose. 

In deciding upon the size of the Hell Gate unit, the 
special problem arose of providing a turbine of the 
greatest possible output in the space available, which is 
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251% ft. by 69 ft. Owing to the limited floor space, 
the turbine was designed as a two-cylinder machine 
with two lines of shafting (cross-compound) and it isa 
pure reaction turbine. The high-pressure element has 
a capacity of 75,000 kw. at 1800 rev. per min., and the 
low-pressure element can deliver 85,000 kw. at 1200 
rev. per min. Steam will be supplied to the high-pres- 
sure element at 265 lb. and 600 deg. fahr. total tempera- 
ture. There will be extraction at two stages for heating 
feed water, one at the low-pressure element inlet and 
one at about the middle of the low-pressure element. 
The alternators are built for a continuous output of 
188,200 kv-a. at 13,800 volts and 60 cycles, the capaci- 
ties of the generators driven by thehigh- and low-pres- 
sure turbines being 88,200 kv-a. and 100,000 kv-a., 
respectively. This unit will be required at present for 
a normal service of 50,000 to 100,000 kw., but in the 
event of one or more of the existing units failing, it must 
be able to take over 160,000 kw. continuously. In 
spite of the large overload, it was therefore necessary 
for the unit to have a high efficiency at a small load and 
it was designed with a flat efficiency curve. 

The 165,000-kw. unit at the Philo Station will consist 
of one high-pressure and two low-pressure elements, 
each element having a speed of 1800 rev. per min. the 
high-pressure element having a capacity of 49,000 kw. 
and each low-pressure 55,000 kw. There will be in 


addition to the main generators, two 3000-kw. direct- 


connected auxiliary generators. Alternating current 
will be delivered at 11,000 volts, 60 cycles. The main 
generators will have a capacity of 57,647 kv-a. and 
64,706 kv-a. each for the high- and low-pressure tur- 
bines respectively, and the auxiliary generators 4286 
kv-a. each. Steam will be delivered to this machine at 
600 lb. 725 deg. fahr. total temperature and there will 
be five extraction points for feed water heating, the 
highest point having a pressure of 360 lb. absolute, and 
the lowest 6.15 lb. absolute. The initial steam pressure 
for the low-pressure element will be 126 lb. absolute, 
725 deg. fahr. total temperature after reheating. 

The largest unit on record anywhere, is the 208,000- 
kw. three-element machine now under construction 
for the State Line Plant, a plan of which is shown in 
Fig: 3. It will consist of a 76,000-kw. high-pressure 
element and two 62,000-kw. low-pressure elements, all 
elements operating at 1800 rev. per min. Each of the 
two low-pressure turbines also operate a 4000-kw., 
direct-connected, auxiliary generator. The main gen- 
erators will be wound for the remarkably high voltage 
of 22,000, the frequency being 60 cycles. The generator 
driven by the high-pressure turbine will have a capacity 
of 89,412 kv-a., the two generators driven by low- 
pressure turbines, 72,941 kv-a. each, and the auxiliary 
generators 5333 kv-a. each. The high pressure element 
will be supplied with steam at a pressure of 600 lb. 
and a total temperature of 730 deg. fahr., and the steam 
will be reheated between the high- and low-pressure 
elements to 500 deg. fahr., the pressure being 110 lb. 
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absolute. The exhaust steam from the high-pressure 
element will be reheated with live steam from the 
high-pressure header. Eight Allis-Chalmers condensers 
having a surface of 22,000 sq. ft. each will be used with 
the 208,000-kw. unit. There will be five extraction 
points, including the cross-over, from a maximum of 
380 lb. absolute to a minimum of 9.4 1». absolute. 

An interesting four-cylinder compound turbine gen- 
erator unit has been reported in the technical press as 
being under construction by the Allgemeine Elek- 
tricitats Gesellschaft for a new superpower station in 
the suburbs of Berlin. The unit will have a maximum 
rating of 85,000 kw. A high-pressure and an inter- 
mediate cylinder are arranged in tandem, driving a 
single generator and there are two low-pressure cylinders 
in tandem driving a second generator, the speed of both 
generators being 1500 rev. per min. The initial steam 
pressure and temperature are 500 lb. absolute and 
750 deg. fahr., respectively. In the first stage a small 
Curtis wheel is installed and the remainder of the high 


Fig. 3—ARRANGEMENT OF 208,000-Kw. GENERAL ELECTRIC 
TURBINE GENERATOR UNIT FOR THE STATE LINE POWER STATION 
OF THE COMMONWEALTH EDI80N SYSTEM 


pressure and intermediate-pressure bladings consist of 
30 stages of simple pressure compounded, impulse type. 
The two low-pressure turbines have 24 stages of re- 
action blading in each, and the steam flows through the 
two casings in opposite directions in order to eliminate 
the axial thrust. | 


CONDENSERS 


The factors governing the performance of a condenser 
are coming to be better understood. With increased 
knowledge of condenser performance and its relation 
to the cost of producing electrical energy, much at- 
tention has been paid in the last few years to increasing 
the efficiency of this apparatus. Condensers are now 
chosen on a capitalized basis, wherein initial cost, 
vacuum, power consumed by auxiliaries, and reliability 
are all given monetary value. 

Condensers as measured by steam capacity have kept 
pace with the growth of turbine sizes. Although still 
larger units can be built, there is a tendency because of 
construction and installation difficulties, toward the 
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use of divided units for very large sizes. As an indica- 
tion of this trend, the largest turbine on record to date 
will have eight condensers which will handle a total of 
1,600,000 lb. of steam per hr. 

There has been a marked reduction in the ratio of 
square feet of condenser surface to kw. capacity of 
the turbine. This has been brought about because of a 
more intelligent arrangement of tubes in providing 
lanes that give a proper direction of the steam flow, 
bleeding of turbines and improved turbine water rates. 
An investigation regarding condenser installations in 
modern power plants shows that, among forty of the 
most prominent power stations completed within the 
last two years, only two have a ratio of condenser 
surface to kilowatt of normal turbine capacity under 
1.0. This ratio for the different stations varies con- 
siderably, one being as high as 2.75, and the average for 
all stations being 1.396. This year however, has seen 
a further reduction in the amount of condensing surface 
per kilowatt of normal turbine capacity. Considering 
the condensers of appreciable size now under construc- 
tion, 50 per cent of them have a ratio of less than 1.0, 
the four largest ones averaging 0.86, the lowest one of 
the four being 0.77. The problem of selecting a con- 
denser for a particular unit is essentially one of an 
economic nature, and the ratio recommended by the 
different manufacturers may vary considerably ac- 
cording to the condenser design of the individual 
manufacturer. 

The single-pass condenser has been gaining in 
favor whereas up to within the last two years the two- 
pass condenser was almost universally used. There 


appears to be a decided tendency toward the use of 


both vertical and horizontal single-pass condensers. 
The first single-pass vertical condensers to be built are 
now under construction for the Long Beach Station and 
will be installed early in 1928. There are also under 
construction, vertical bottom inlet, single-pass conden- 
sers for the 104,000-kw. and the 208,000-kw. units to be 
installed in the Chicago district. l 

A recent unique development in tube sheet construc- 
tion which is claimed to eliminate leakage, will be 
applied to several condensers now being built. These 
condensers will have a floating tube sheet at one end 
with a rubber expansion joint between the tube sheet 
and the condenser shell. With this arrangement the 
tubes are expanded into both tube plates rigidly, the 
movement of expansion and contraction being taken 
up in the floating tube head. 

Tube cleaning still presents a considerable field for 
investigation. During the past year experiments were 
conducted on a large condenser in one of the plants in 
the Chicago district operating on very foul circulating 
water, to show the effect of velocities on keeping tubes 
clean and decreasing the rapidity of slime formation. 
The results of approximately a month’s run showed that 
the higher the velocity, the cleaner the average condi- 
tion of the tubes. Also that flushing these tubes period- 
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ically át relatively higher velocities for short periods 
tended to return the efficiency of the tubes to their 
original condition at the start of the run. 

Condensers built with divided water boxes and pro- 
vided with two circulating pumps are becoming in- 
creasingly popular, as it permits cleaning one-half while 
the other half is in service. 

Improvements have been made in the construction of 
hot-wells, so as to cause violent ebullition of the con- 
densate before discharging into the suction of the 
pump. In one form of construction the condensate is 
exposed to a lower absolute pressure before discharging 
to the pump and in another form the drips from the 
bleeder heaters are led into the comparatively cool 
condensate. The resulting ebullition in each case has 
been found to be particularly successful in affecting 
deaeration. This construction may eliminate the 
necessity for deaerators. 

Motor-driven auxiliaries are in the majority and there 
is a tendency toward the use of duplicate units. The 
prevailing practise seems to limit the number of cir- 
culating pumps to two per condenser, providing for 
each an independent source of power supply. 

In a number of cases, condensers and piping have 
been arranged in such a manner as to permit the reversal 
of flow of the circulating water through the condenser 
tubes. This arrangement makes it possible to wash 
the trash out from the tube ends and water boxes, and 
it is particularly justified economically in cases where 
the water carries a considerable amount of trash most 
of the time. 

An interesting development which has recently been 
applied to large power stations is a vertical screw 
impeller type of circulating water pump having high 
efficiency at low heads which is so designed that the 
pump may be located in a pit below the intake water 
level. It is therefore always primed and presents the 
advantage of being able to deliver water to the con- 
denser without the necessity of priming suction 
and discharge lines. 

The following are some of the outstanding condensers 
now under construction or recently placed in 
operation: 

The 208,000-kw. turbine unit for the State Line 
Station of the Commonwealth Edison system will have 
eight Allis-Chalmers condensers of 22,000 sq. ft. 
cooling surface each or a total of 176,000 sq. ft., two 
condensers serving each of the low-pressure ends of the 
two double-flow, low-pressure turbines. The con- 
densers will be of the vertical, single-pass type, the 
circulating water entering the lower water box, passing 
upward through the tubes, and discharging downward 
through two over-flow pipes contained in the condenser 
shell. With a circulating water rate of 360,000 gal. 
per min., it is capable of condensing 1,600,000 lb. of 
steam per hr. There will be four vertical circulating 
pumps placed in a crib house outside the generating 
station. 
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At the Crawford Avenue Station of the Common- 
wealth Edison Company, the 104,000-kw. unit will be 
served by a total of 90,000 sq. ft. of condensing 
surface composed of six 15,000-sq. ft. vertical West- 
inghouse condensers of the single-pass, radial flow 
design, which will be capable of condensing a total of 
730,000 lb. of steam per hr. Circulating water will 
be sent up through a center pipe and down through the 
tubes at a rate of 180,000 gal. per min., two ver- 
tical pumps being used. 

In the condensers for the 94,000-kw. unit for the 
Long Beach Station of the Southern California Edison 
Company, provision will be made for reversing the 
flow of circulating water in order to clean the tubes. 
There will be four Ingersoll-Rand condensers for this 
unit and they will be of the vertical, single-pass type 
having 20,000 sq. ft. of cooling surface each, or 80,000 
sq. ft. in all. Two motor-driven pumps will supply 
approximately 150,000 gal. of circulating water per 
min. 

An instance of the trend toward a decreasing ratio of 
condensing surface to turbine capacity is the 25,000- 
sq. ft., single-pass, Wheeler condenser for the 31,500-kw. 
unit to be installed at the Cabin Creek, W. Va., Power 
Station of the Appalachian Power and Light Company. 
The ratio of condensing surface to turbine capacity will 
be 0.793 sq. ft. per kw. Provision will be made for 
reversing the flow of circulating water and an external 
1500-sq. ft. air cooler will be used. 


The 50,000-sq. ft., single-pass, Wheeler condenser for 
the 55,000-kw. unit being constructed for the Pekin 
Power Station of the Super Power Company of Illinois 
will also have provision for reversing the flow of circu- 
lating water. Specially built-in valves in the water 
.chambers will be provided for this purpose, and there 
will be a 5000-sq. ft. external air cooler. 


The unique development in design of using a “floating” 
tube sheet will be applied in the case of the 25,200- 
sq. ft. single-pass, Wheeler condenser for the 30,000- 
kw. unit for the Virginia Electric and Power Company 
at Norfolk, Va. A storage hotwell will also be provided 
for this condenser and there will be a 2000-sq. ft. 
external air cooler. 


Another instance of the trend of decreasing ratio of 
condenser surface to turbine capacity is the two pass, 
vertical, twin-type Worthington condenser for the 
91,500-kw. unit being constructed for the Crawford 
Avenue Station of the Commonwealth Edison Com- 
pany. The total condensing surface will be 70,520 
sq. ft., or 0.77 sq. ft. per kw. 


One of the largest condensers being built is that for 
the 41,250-kw. turbine for the Colfax Station of the 
Duquesne Light Company. It is a Westinghouse 
radial flow, two pass type with divided water boxes, 
having a tube surface of 62,500 sq. ft. Steam will be 
condensed at the rate of 412,000 lb. per hour when 
using 72,500 gallons of circulating water per minute. 
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BOILERS, SUPERHEATERS, AND ECONOMIZERS 


Boiler development has been influenced by the trend 
toward larger units, higher pressures, higher operating 
ratings, new furnace designs exposing the maximum 
surface to the radiant heat of the fire, automatic com- 
bustion control, reduced plant investment, and operating 
cost. 

The boiler will grow in size with the rest of the in- 
dustry. One new station has been designed so that one 
boiler can readily generate all the steam needed to 
carry the main turbine, and a capacity of over 35,000 
kw. has been developed with ease. It is reported that 
one boiler has already developed sufficient capacity to 
generate all the steam required for a 50,000-kw. unit. 
This has come about through operation at very high 
evaporative rates made possible by substituting water 
cooled walls for those refractory lined. The use of 
water-cooled furnace walls and bottoms, resulting in a 
large percentage of the heat absorption taking place 
in the furnace at heat transfer rates in the neighborhood 
of 60,000 B. t. u. per sq. ft. per hr., requires a readjust- 
ment of the boiler heating surface involving a reduction 
in that portion receiving heat solely by convection. 
This change caused higher boiler outlet gas temperatures 
which were reduced to very low values before entering 
the stack, by the extensive use of air preheaters and the 
adoption of water heating surface in the form of inte- 
gral steaming economizers of relatively low cost as 
compared with water heating surface in the boiler 
proper. The use of economizers has been stimulated 
by the use of higher steam pressures permitting higher 
feed water temperatures so that in some cases both air 
heaters and economizers may prove economically 
justifiable. 

That boiler designs are not only being modified and 
extended to huge proportions but also are being radi- 
cally altered, is evidenced by the advent of the so-called 
Combustion Steam Generator. This equipment, util- 
izing pulverized fuel, is a recent product of the Inter- 
national Combustion Engineering Corporation and 
reflects the trend toward higher ratings, completely 
water-cooled furnaces, reduction of convection heating 
surface, and intense turbulence of the furnace gases. 
Twelve of these units have been contracted for, some of 
which are ready to go into service, and others are in 
course of erection. Considerable interest is being 
manifested in this development and the performance 
of the equipment will be closely watched. 

The benefits of highly preheated air both for stokers 
and for powdered coal firing are becoming more gen- 
erally realized. Developments in air preheaters have 
been rapid. It is probable that new stations will 
install air preheaters of such a capacity that the flue 
gases will be cooled to relatively low temperatures. 

There have been no unusual developments in the 
design of superheaters during the past year except that 
manufacturers are ready to offer superheaters to furnish 
steam at a maximum of 900 deg. fahr. The preferential 
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location of the superheater for high temperature seems 
to be in the inter-deck position, although a few installa- 
tions have been made of the combination convection- 
radiant type. A novel arrangement in the Fordson 
Plant consists of placing the superheater tubes in the 
side walls of the furnace and behind a protecting screen 
of water tubes. 

Owing to the rapid development in the utilization of 
high-pressure and high-temperature steam, it has 
frequently been found advisable, when constructing 
additions to existing stations, to select a higher steam 
pressure and temperature for the new part, than is 
used in the old part of a station. The benefits secured, 
from the standpoint of economy, generally outweigh the 
complications introduced when operating sections of a 
station at different pressures and temperatures. This 
is one satisfactory answer to the question, ‘‘What is 
to be done with old steam generating stations?” The 
steam connection necessary between the two sections of 
a plant so operated must contain, of course, reducing 
valves and desuperheating equipment. Reliakle and 
economical operation has been aided by adapting auto- 
matic contro] equipment to regulate the flow of steam 
through this apparatus. 

An installation embodying a desuperheater and re- 
ducing valves, operated automatically by a system using 
compressed air, is that at the Hudson Avenue Station, 
between its high- and low-pressure sections. The 
regulating valve of the desuperheater is controlled 
primarily by the flow of superheated steam through 
the desuperheater and secondarily by the temperature 
of the outgoing steam. The steam is desuperheated 
by passing through tubes surrounded by water at a 
controlled level. Inasmuch as the pressure of the water 
is such that the saturation temperatures of steam and 
water are not verv different, it is not likely that the 
desuperheated steam will ever become wet. 


STOKERS AND FURNACES 


The inherent nature of the combustion problem neces- 
sarily obviates any spectacular accomplishments in 
the stoker field and limits the gains to what might be 
termed detailed refinements, 


The insistent demand for constantly increasing steam 
output with high efficiency is characteristic of present 
day practise. So far, the boiler units have increased 
in horse-power rating at a greater ratio than in width. 
This has called for stokers of constantly increasing 
length with longer time-interval for the burning of the 
fuel and added complications in its distribution over 
such a length of grate surface. 


Two factors have contributed in large measure, to 
the successful application of long stokers--means for 
the exact control of the movement of the fuel through- 
out the retort and regulation of the air to unit sections 
of the stoker according to the condition of the fuel 
bed at each individual section. 

Up to the present time, boiler and stoker equipment 
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has generally been selected without much reference to 
the heat exchanges of the plant as a whole. The 
development of such heat reclaiming devices as water- 
walls, preheaters and economizers is gradually bringing 
about a tendency to consider the heat exchanges of the 
entire plant in the selection of the fuel burning equip- 
ment. There is also evidence indicating that joint 
selection of steam generating and fuel burning equip- 
ment is preferred to separate selection of the former 
without regard to its influence in the selection of the 
latter. 

The recent developments in stokers for use with pre- 
heated air, have resulted in an appreciable reduction in 
furnace volume and an improvement in performance. 
There are under construction very large stokers which 
will be regularly operated with air preheated to about 
400 deg. fahr. These stokers are being arranged for 
operation with air preheated to a maximum of approxi- 
mately 600 deg. fahr., for the purpose of obtaining 
information as to their operating characteristics under 
such conditions. When air is preheated to high tem- 
peratures, it is necessary, because of its relatively large 
specific volume, that it pass through the fire bed at high 
velocities in order to maintain high rates of combustion 
per square foot of grate surface. There are some who 
maintain that there will be a considerable agitation 
of fuel on the grates with high air velocities and there- 
fore the use of air preheated to a high temperature will 
result in reduced rates of combustion in stoker fired 
furnaces when air velocities are held down to rates that 
are not excessive. 

As an indication of the trend toward the great increase 
in fuel burning capacity per foot of furnace width, 
stokers with 45 tuyeres that will underfeed coal for a 
distance of 16 ft. are being installed in furnaces 19 ft. 
5-11/16 in. from the inside of front wall to the rear 
breaker apron of the clinker grinders, in extensions to 
the Edgar Station. Stokers of the same length will be 
installed in the Saginaw River Station of the Consumers 
Power Company in Michigan. Also in the Hudson 
Avenue Power Station there were installed, during the 
past year, stokers with 39 tuyeres underfeeding coal 
fora distance of 15 ft. A stoker fora furnace 19 ft. lin. 
from face of bridge wall to face of front wall has just 
been ordered by the Stamford (Conn.) Gas & Electric 
Comrany. 

For the purpose of showing the recent marked im- 
provement in underfeed stoker development, Fig. 4 1s 
given which compares the performance of underfeed 
stokers only three years old, with that which is claimed 
by one manufacturer, for a unit on the present basis 
of design up to 700 per cent of boiler rating. 

Probably the most radical change in any phase of 
central station design isin the furnace. It is significant 
that water-cooled walls with certain amounts of ex- 
posed refractory surface have been installed to an 
increasing extent during the past year, particularly in 
stoker installations such as at Richmond, Hudson 
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Avenue, and Edgar Stations. However, . engineers 
have not yet reached any final conclusion in regard to 
the proper proportion of refractory surface to install 
in such furnace walls. 

In the proposed addition to the boiler house at 
Kearny, to be stoker fired as is the original installation, 
all four walls will be water cooled by tubes with slight 
refractory material showing between tubes. Powdered 
fuel furnaces, such as are installed at Calumet, Fordson, 
Kipps Bay, East River, and Charles R. Huntley plants, 
apparently lend themselves more readily to complete 
water cooling than do stoker-fired furnaces. 

The introduction of water walls has made possible 
the increasing of capacity of boilers to a point never even 
dreamed of three years ago. Before water walls 
were developed it was impossible to operate boilers 
continuously at high ratings owing to the limitations 
of refractory materials used. Now it is apparently 
only a question of the amount of fuel which can be 
burned within the furnace walls. 

Furnace cooling by water walls has stimulated the use 
of air preheaters and it can be said these two pieces of 
equipment go hand in hand. The regenerative cycle 
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Fia. 4—DEVELOPMENT OF BOILER AND STOKER PERFORMANCES 


DURING THE Past 17 YEARS 


with its high temperature feed water coming to the 
boiler room, minimizes the absorption of heat from the 
flue gases by an economizer unless it be of the steaming 
type. The ability of the preheater under these con- 
ditions to lower the flue gas temperature below the 
temperature possible to obtain with an economizer 
alone, has frequently dictated the installation of the 
preheater rather than an economizer. 

With brick walls it was impossible to take full ad- 
vantage of the benefits of the air preheater, as higher 
furnace temperatures resulted in excessive maintenance 
of the refractory walls. With water cooled walls the 
limits to the degree of preheat are fixed by the character 
of the fuel when burned on stokers, the material used 
in the manufacture of the preheater, or the highest 
velocity of the air through the tuyeres, that will not 
blow the coal off the grates. In some cases it has been 
necessary to install an economizer before the air heater 
in order to hold down the temperature of the gases. 

The size of pulverized fuel furnaces for a given 
amount of heat liberated is definitely on the decline. 
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Turbulence accomplished in one way or another, to 
secure agitation and rapid mixing of air and carbon, 
greatly accelerating and improving combustion, has 
obviated the need for large combustion chambers 
formerly thought necessary to accomplish the same 
result. Preheated air and water cooled walls have also 
played a part in the reduction of furnace volume. All 
of these factors have either permitted or dictated that 
less excess air be introduced in the furnace thus allowing 
a smaller combustion space. 


PULVERIZED FUEL. 


A striking feature in the expansion of pulverized fuel 
firing is the introduction of this form of combustion 
into a number of large outstanding steam generating 
stations during the past year. When it is recalled that 
the first major installation was made in connection with 
a 40,000-kw. plant in 1921, the development of burning 
pulverized fuel becomes impressive when it is con- 
sidered that six years later it has been adopted for the 
power station which will have the largest generating 
unit on record. 

_In a comparatively short period of rapid growth it is 
perhaps natural that the best method of utilizing this 
system of combustion has not yet been defined generally. 
For example, turbulence is accomplished in several 
ways, each way requiring radically different furnaces; 
dryers of different types are installed in some cases and 
not in others. Further, quite a number of installations 
of unit pulverizers has been made in the last two years, 
but there is still a difference of opinion among engineers 
in regard to the question of unit mills as compared to the 
storage or central system. At the present time, each 
individual case must be studied at length, giving full 
consideration to operating conditions, price and kind of 
fuel, operating costs, and fixed charges. Results from 
unit system installations are becoming available and 
the characteristics of this type of firing show many 
peculiarities which should be carefully considered, 
particularly in central station application. These 
results no doubt will permit of a better comparison 
relative to lower combined operating costs and fixed 
charges when considering stokers or the storage system 
of pulverized fuel. 


Considerable progress has been made in the last year 
in improvements of apparatus directly connected with 
pulverized fuel, and there seems to have been a radical 
departure from many previous methods of applying 
this system of firing to the steam boiler. 


Four factors of primary importance are, the prelimi- 
nary preparation of coal including drying, fineness of 
pulverization, turbulence in burning and furnace 
volume, all of which have been and are still being 
intensely studied. One of the most important single 
factors in the combustion of pulverized fuel is mixing 
of the air and coal streams. The intimate mixing of the 
secondary air with the primary air and coal immediately 
upon leaving the burners produces a turbulence which 
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persists throughout the zone of flame activity, thereby 
completing combustion in a minimum of time and 
space. In order to keep the dimensions of the furnace 
within reasonable limits, it is likely that the tangential 
system of introducing the fuel will be most favored, as 
greater use of furnace volume can be secured. The 
importance of the intense turbulence is generally 
recognized and designers of coal burning equipment 
have endeavored to obtain this in various ways. 

If a forecast can be made of developments, these will 
include turbulent firing, simplified storage systems, 
methods of drying of the fuel, and mills of greatly 
increased capacity. Through these developments still 
greater advantages will be realized by the use of pul- 
verized fuel in central station practise. The opinion 
has been expressed that powdered fuel firing will prob- 
ably be the standard method of the future as it will be 
impossible to burn sufficient coal per square foot on a 
stoker to develop the capacities which will be required. 
However no clear cut supremacy has as yet been 
demonstrated and the fact must not be lost sight of that 
stoker development has proceeded at a brisk pace with 
no indications of a diminution. 

The rapid introduction of pulverized fuel into steam 
generating stations is indicated by the fact that at the 
present time 40 public utility plants in the United 
States either partially or fully operate with pulverized 
coal, the aggregate generator capacity so fired being 
2,200,000 kw. This is exclusive of several installations 
in steam heating plants. In addition to this there are 
now under construction five new plants and extensions 
to two old plants, having together a total capacity of 
440,000 kw., all of which will be operated with pul- 
verized coal. The significance of these figures can 
better be appreciated from the following tabulation: 


PULVERIZED COAL INSTALLATIONS 


No. Capacity, kw. 


Installations in operation...............0ccccceee 40 2,200,000 
Installations under construction................6. 7 440,000 
Totale cies erri San oe eho eee need 47 2,640,000 
Installations in operation and under construction, 
entirely operated with pulverized coal.......... 27 1,700,000 
Plants with 40,000 kw. capacity or more, operated 
with pulverized coal.......... ccc ce eee eee eens 27 2,250,000 


AUTOMATIC COMBUSTION CONTROL 


Considerable progress has been made in the develop- 
ment and application of automatic combustion control 
equipment to stoker firing, pulverized fuel, and oil burn- 
ing. Engineers are giving increased attention to this 
equipment which, judging from the number of installa- 
tions in operation at the present time, is apparently 
well advanced from the development stage and should 
assume a major role in the process of converting the 
heat in the coal to heat in steam in the most economical 
manner possible. 

Complete automatic combustion control has been in 
operation for some time in several of the outstanding 
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power stations in the east, and the companies report 
satisfactory performance of the equipment. Results 
show that daily operating efficiencies are maintained 
within 2 per cent of test efficiencies. 


The following are some of the outstanding installations of 
boiler room equipment recently completed, or 
under construction: 


The second boiler in this country to generate steam 
at a pressure of more than 1000 pounds went into 
operation late in 1926 at the Lakeside Station. This is 
a single three drum Stirling boiler built for a working 
pressure of 1390 pounds and contains 28,532 sq. ft. of 
heating surface. The drums are forged steel 41 ft. 
6 in. long, 40 in. inside diameter, and 5 in. thick. The 
walls of the furnace are formed by radiant heat super- 
heaters on the sides designed to give an ultimate tem- 
perature of 720 deg. fahr., by a radiant heat resuper- 
heater on the rear wall designed to reheat the steam 
from 447 deg. fahr. at 317 pounds pressure to approxi- 
mately 720 deg. fahr., and by fin cooling tubes on the 
front wall. Pulverized coal equipment is used with a 
plate air heater of 20,160 sq. in., designed to preheat the 
air to 650 deg. fahr. at maximum load. 


Four additional high-pressure boilers are planned, 
two being under construction, for the Edgar Station. 
The two units are B. & W. boilers built for a working 
pressure of 1400 pounds, with a heating surface of 15,090 
sq. ft. each, the drums being 45% in. thick, 48 in. 
inside diameter, and 38 ft. 4 in. long. Each unit is 
equipped with a primary superheater designed to give 
an ultimate temperature of 725 deg. fahr., and a reheater 
unit to give an ultimate temperature of 750 deg. fahr., 
both at an output of 200,000 lb. of steam per hr. 
The economizers are the wrought steel return bend 
type with 5596 sq. ft. of heating surface each, and the 
tubular air heaters each contain 33,032 sq. ft. The 
boilers are fired with Taylor underfeed stokers having 
16 retorts and 45 tuyeres, the largest of their type ever 
built. These stokers, using preheated air, are capable 
of burning 37,700 pounds of coal per hour, and are 
provided with means for manually regulating the 
supply of air to various parts of the fire according 
to the condition of the fuel bed at each part. The 
furnace will be equipped with Bailey side and rear walls, 
and a ventilated Bigelow hung front wall. 


An ultra high-pressure boiler and turbine installation 
is planned for the Northeast Power Station of the 
Kansas City Power and Light Company, but has 
not yet assumed definite enough form to warrant publi- 
cation of any details. 

European manufacturers are experimenting with ultra 
high pressure steam. generation. It is reported that an 
installation of 18,000 kw. capacity is near completion 
and that the boiler in which water is evaporated by 
superheated steam will supply steam at a pressure of 
1500 to 1700 pounds. The boiler setting contains only 
a superheater and economizer. 
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The redesigning and rebuilding of No. 2 boiler and 
furnace unit at the Fordson Plant, illustrates the 
tendency to secure the maximum capacity from a single 
unit. This unit is a Ladd boiler of originally 26,470 
sq. ft. of heating surface with a furnace designed to 
burn pulverized coal, blast furnace gas, oil, tar, and 
coke oven gas, either singly or in combination. At 
the time of installation this boiler and three more of 
identical pattern in the Fordson Plant were the largest 
ever built. By adding 12 per cent of the total water- 
heating surface in the form of water screens in the 
bottom of the furnace, equipping the side walls with 
fin tubes and radiant superheaters, protecting the 
arches with water tubes besides doubling the number of 
burners and installing air preheaters the actual steaming 
capacity was increased 100 per cent. A peak output 
of 500,000 pounds of steam has been attained, which 
is said to be a record for a single unit. 

There are being installed in the Stanton PowerStation 
of the Pennsylvania Power & Light Company, six stand- 
ard and two reheater B. & W. cross drum boilers built 
for a working pressure of 732 lb. and to be operated 
at approximately 650 lb. pressure. The standard 
boilers contain 17,962 sq. ft. of heating surface each 
and are equipped with superheaters designed to give 
an ultimate temperature of 750 deg. fahr. at an output 
of 150,000 lb. of steam per hour. The reheater 
units contain 5978 sq. ft. of heating surface each, 
and are equipped with primary superheaters to give 
740 deg. fahr. at an output of 81,000 lb. of steam 
per hr., and with reheater elements designed to reheat 
the low pressure steam to 730-740 deg. fahr. The 
boilers will be fired by B. & W. chain grate stokers 24 
ft. by 22 ft. burning anthracite slush with preheated 
alr. 

An experimental powdered coal installation has 
been in service in the Calumet Station since November 
15, 1926. The heating surface of the unit is divided as 
follows: | 


Boiler Heating Surface......... 5,938 sq. ft. 
Furnace Heating Surface........ 2,460 sq. ft. 
Steaming Economizer Surface... 8,365 sq. ft. 
Total Water Surface........... . 16,763 sq. ft. 
Air Heater Surface............. 41,700 sq. ft. 


This boiler has been operated for short intervals at a 
rate of 300,000 lb. of steam per hr., but this 
rate could not be maintained for longer periods because 
of the lack of pump capacity. This rate corresponds 
to an evaporation per sq. ft. of total water surface 
of 17.9 lb. or an evaporation of 35.7 lb. per sq. ft. 
on the basis of combined boiler and furnace heating 
surface. 

The operation of this Calumet boiler equipment has 
proved to be so satisfactory that orders have been 
placed for five similar units for the State Line Generating 
Company, State Line, Ind. The entire arrangement of 
these units will be similar to the Calumet equipment 
as to boilers, superheaters, economizers, air heaters, 
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Bailey furnaces, Calumet burners, and Fuller-Lehigh 
unit mill pulverized coal equipment, with the excep- 
tion that the boilers will be built for a working 
pressure of 800 lb. to operate at about 600 lb. 
pressure. The individual units, however, will be 
much larger than the Calumet unit, the boiler drums 
being 52 in. in diameter, 314 in. thick and forged 


- instead of riveted. 


Satisfying the demand for still larger units, there is 
being installed in station “C”, for the Pacific Gas & 
Electric Company, two B. & W. cross-drum boilers 
which are the largest of their type yet built. These 
boilers have a heating surface of 35,500 sq. ft. each, 
and are built for a working pressure of 460 lb. They 
are equipped with tubular air heaters of 51,232 sq. ft. 
each and superheaters designed to give 725 deg. fahr. 
ultimate temperature at an output of 350,000 lb. of 
steam per hr. The furnaces are to be oil fired and 
equipped with water-cooled walls. For the Long 
Beach station of the Southern California Edison Co., 
there are now under construction three cross drum units 
of the same type having 34,162 sq. ft. each and built for 
a working pressure of 450 lb. each with steam at 713 
deg. fahr. The furnaces are designed to burn oil when 
the plant is first put into operation and pulverized coal 
at some future date, the furnace walls and floor being 
of water cooled construction. 

A notable installation to go into service was the six 
(6) 1590 hp. Springfield boilers in the East River 
Plant of the New York Edison Company. The boilers 
are pulverized coal fired and furnish steam at 375 lb. 
pressure and 700 deg. fahr. Each boiler is capable, on 
continuous overload, of producing 250,000 lb. of steam 
per hr. No brickwork or refractory material is 
used, the furnace being completely enclosed by Murray 
fin tubes, backed up by plastic coating about 6 in. 
thick consisting of diatomaceous earth, cement, and a 
painted hard outside finish. 

Another outstanding installation is the addition to 
the Hudson Avenue station, consisting of four 2292-hp. 
boilers furnishing steam at approximately 400 lb. 
per sq. in. and 700 deg. fahr. These units have 
the rear and side walls cooled by water tubes which are 
protected at the firing line by cast iron and carborun- 
dum blocks respectively. The front wall is lined with 
carborundum blocks. These boilers are fired by 
Westinghouse 14 retort, 39 tuyere, 18 ft. long under- 
feed stokers. Thestokers use preheated air and provide 
an actual grate surface of 460 sq. ft. or 427 sq. ft. of 
projected area. 


At the Kearny station a fifth row of three boilers will 
be added. They will be Springfield cross-drum units 
of 23,640 sq. ft. of heating surface, similar to the 
original units but with water-cooled rear, side, and front 
walls composed of tubes backed up by refractory tile, 
a layer of insulating material, and a finished casing of 
transite board. Cast iron blocks will be bolted to the 
wall cooling tubes just above the fire line to protect 
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them and reduce heat absorption. Preheated air will 
also be employed in combustion. It is expected that 
with these two features of water cooled walls and pre- 
heated air, not possessed by the boilers in the original 
installation, much higher ratings will be secured. Riley 
superstokers of about the same huge dimensions as the 


original units in this station will be installed under these 


boilers. 

The installation of four boilers, burning pulverized 
coal, at the Charles R. Huntley Station of the Buffialo 
General Electric Company is unique in several respects. 
These boilers have 12,515 sq. ft. of heating surface, 
well-type furnaces tangentially fired, and Bailey water 
walls on four sides. The wells in three of the furnaces 
are as wide as the furnace in each case and about two- 
thirds its length. Tap holes are provided for removing 
the ash as molten slag. The unit system of pulverizing 
is employed. These boilers can be operated at outputs 
of from 60,000 to 250,000 lb. of steam per hr. 

Two Combustion Steam Generators furnishing steam 
at 825 lb. pressure and fired by unit pulverizers 
using preheated air, are being installed in the Syracuse, 
N. Y., plant of the Solvay Process Company. Another 
such unit is being installed in the Calumet Station, a 
brief description of which is as follows: 

Water-heating surface 


Rear bank of tubes.......... 3,637 sq. ft. 
Side Walls................. 1,710 sq. ft. 
Rob chit ak eas ene ete 254 sq. ft. 
Bottom Bank of tubes....... 1,171 sq. ft. 


Total Water-heating surface.... 6,772 sq. ft. 
Superheating surface.......... 


Economizer................00. 5,200 sq. ft. 


(Approx.) 


Air heating surface............ 25,200 sq. ft. 
Steam pressure............... 360 lb. gag 
Effective Combustion space... . 5,000 cu. ft. 


125,000 Ibs. per hr. 
150,000 lbs. per hr. 


Cheap water power, for industries using large 
amounts of steam for process work, has encouraged the 
development and use of electric steam boilers. At 
the beginning of 1927, an aggregate of 750,000 kw. 
of these units was installed in Canada and the U. S. 
Three such boilers having a capacity of 42,000 kw. 
each and operating at 6600 volts, were installed in 1926. 


Normal Capacity of unit....... 
Peak Capacity of unit......... 


ULTRA-HIGH PRESSURE STEAM TURBINE GENERATOR 
INSTALLATIONS 


Considerable progress has been made during the last 
few years in the development of turbines, boilers, and 
other equipment operating at the ultra-high pressures, 
from the pioneer stage into an important commercial 
development. At the Edgar Station of the Edison 
Illuminating Company of Boston, the original high- 
pressure installation in this country, a 3150-kw. 
unit has given remarkably satisfactory results for nearly 
two years. Upon the basis of this experience a 10,000- 
kw. 1200-Ib. unit is now being installed and a 
second 10,000-kw. unit is contemplated. The Mil- 
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waukee Electric Railway and Light Company has also 
installed a 7000-kw., 1250-Ib. unit in its Lakeside power 
station. It has been reported in the technical press 
that a third installation is contemplated for the North- 
east Power Station of the Kansas City Power and Light 
Company. This installation will consist of a 1400-lb. 
boiler with a 10,000-kw. high-pressure turbine exhaust- 
ing to the main steam header of the station. 

The problem of the use of both high pressures and 
high temperatures is very difficult, particularly in the 
design of the boilers and superheaters, where the stresses’ 
in the tubes are increased by the temperature differ- 
ences between the outside and inside surfaces. The 
difficulty of the use of both high temperatures and high 
pressures is due to the fact that at high temperatures 
the strength and stability of the materials normally 
used are seriously reduced. The question of materials 
for use in high pressure turbine construction is some- 
what less troublesome than in boiler work, because of 
the fact that small high-speed units are used with tem- 
peratures fairly uniform at any section, and therefore 
the stresses can be controlled so as to prevent high 
unit-stresses in high temperature zones. 

The advantage of using ultra-high pressure turbines 
in connection with normal pressure units is not only the 
increased fuel economy, but also the fact that the space 
required is nearly the same for the high and normal 
pressure installation combined as for the normal 
pressure alone. The increased capacity is therefore a 
net gain, which approximately balances the increased 
cost of the equipment, so that the improved thermal 
efficiency represents very nearly a corresponding 
economic gain. 

The entirely satisfactory operating results and full 
realization of expected gains of the ultra-high-pressure 
installations now in operation in this country shows 
that they are of unquestionable commercial value and 
proves by actual test the advisability of improving 
the efficiency of existing “normal pressure” stations 
as well as new stations by the convenient addition of 
high pressure equipment instead of more low pressure 
apparatus. This is especially the case in stations 
having a low load factor where the equipment operating 
on the high pressure cycle can be installed sufficient 
to supply the base load only. 

Edgar Station. The high-pressure plant now in 
operation at the Edgar Station consists of one high- 
pressure boiler and a 3150-kw. turbine. Based on its 
successful operation for nearly two years, an addition 
is now being constructed which includes two 15,090- 
sq. ft. cross-drum Babcock & Wilcox boilers, a 10,000- 
kw., 3600-rev. per min. General Electric high-pressure 
turbo generator together with the 65,000-kw. normal- 
pressure turbo generator. The boilers will generate 
steam at approximately 1400 lb. pressure and 725 deg. 
fahr. It will be expanded in the 10,000-kw. turbine, 
which has 16 impulse stages, to 375 lb. per sq. in. 
and returned to the reheating superheaters which 
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form part of the new boilers. After being reheated to 
approximately 750 deg. fahr., the steam will be dis- 
charged into the main 350-lb. steam header and to- 
gether with steam from the normal pressure boilers 
will supply the two existing 32,000-kw. turbo generators 
and the new 65,000-kw. turbo generator. 

Each high-pressure boiler will be equipped with a 

5596-sq. ft. economizer operating at approximately 
1500 lb. water pressure and with a 33,032-sq. ft. air 
preheater, and will be fired by a 16 retort, 45 tuyere 
underfeed stoker. The side and rear furnace walls 
will consist of refractory-faced, cast-iron blocks, bolted 
to boiler tubes which will be connected to the boiler. 
_ The next high pressure extension contemplated will 
include two additional 15,090-sq. ft. boilers and one 
10,000-kw. turbine.’ At that time, the four high- 
pressure boilers will serve the two 10,000-kw. turbines 
and the steam from those two high pressure turbines will 
be sufficient to operate the 65,000-kw., 350-lb. pressure 
turbine. 

Before entering the economizers, the feed water 
will be heated to 420 deg. fahr., by means of steam bled 
from three points of the 65,000-kw. turbine and from 
the exhaust of the 10,000-kw. turbine at a pressure of 
375 lb. It is of interest to note that feed water has 
never before been heated to this high temperature by 
bled steam. This high-feed temperature is of particular 
interest in view of the fact that the feed water will 
pass through an economizer after leaving the high 
pressure heater and before entering the boiler. 

Three boiler feed pumps of interesting design are 
being installed. Two will be motor-driven at 1800 
rev. per min. and will be used for normal operation and 
the third will be turbine-driven at 3600 rev. per min. 
and will be used for emergency only. Each motor- 
driven pumping unit will consist of four pumps in 
series, one single and two five-stage volutes, and 
one six-stage turbine pump. The single stage volute 
and one five-stage volute will. be driven by one motor 
and will discharge at 500 lb. per sq. in. through the high 
pressure feed water heaters to the suction of the second 
five-stage volute pump. The second five-stage volute 
pump and the six-stage turbine pump will be driven by 
one motor and will deliver the water to the boiler feed 
headers at a maximum pressure of 1600 lb. per sq. in. 
All motors will be adjustable speed and will be auto- 
matically regulated. The turbine-driven pump will 
also be a six-stage turbine pump and will develop the 
full 1600 lb. per sq. in, in the one casing. This pump 
is designed for automatic starting when the pressure in 
the 1600-lb. boiler feed header drops below a safe limit. 

The coal consumption per kw-hr. at the Edgar 
Station is approximately 1.02 lb. when only the present 
30,000-kw. normal pressure turbines are operating. 
When about one-third the output of the station is gen- 
erated by steam from the high-pressure boilers and 
turbines, the coal rate is approximately 0.98 lb. per 
kw. hr., an improvement of 4 percent. Fora complete 
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1200-Ib. installation it is estimated that the gain should 
be approximately three times this figure or 12 per cent. 

Lakeside Station. Prior to the installation of the 
1300-Ib. boiler and the 1250-lb., 720 deg. fahr. turbine, 
the capacity of the Lakeside Station was 160,000 kw., 
made up of two 20,000-kw. and four 30,000-kw. 
machines. The boiler room capacity was 1,600,000 lb. 
of steam per hr. with a throttle pressure of 285 lb. 
per sq. in. and a temperature of 700 deg. fahr. 

The new high pressure boiler is a Babcock and 
Wilcox-Stirling type boiler and is the largest of its 
kind. Its nominal rating is 2853 b. hp. and it is 
capable of delivering 240,000 lb. of steam per hr. 
Pulverized coal is burned in a 30,100 cu. ft. Lopulco 
type furnace. The high-pressure turbine unit is a 
7000-kw. General Electric machiné and its speed is 
3600 rev. per min. It exhausts to the reheater at 310 
lb., the temperature of the steam after reheating being 
approximately 720 deg. fahr. 

The high pressure installation has been in service 
since October 1926. It was in continuous operation 
from January 29th to March 19th, 1927, a period of 50 
days. During this period, the kw-hr. output of the 
high pressure turbine was about 7.5 per cent of the total 
station output, while the kw-hr. generated by both the 
high-pressure (1250-lb.) turbine unit and the normal 
pressure units from the steam originating in the high 
pressure boiler only, was about 34.3 per cent of the total 
station output. The load factor of the load (in this 
case equal to the capacity factor) on the high-pressure 
turbine was approximately 90 per cent, the load being 
less than maximum at times due to the fact that the 
total station load on Sundays is below the capacity of 
the high-pressure boiler. 

Operating results showed a coal saving on the entire 
station of about 4 per cent due to the operation of the 
high-pressure cycle since this cycle was approximately 
12 per cent more efficient than the 300-lb. cycle and 
furnished 34 per cent of the station output. 

The high pressure boiler installation has shown 
several remarkable operating features. Ability to 
average 161% per cent CO, over long periods without 


-CO losses and with unusually low carbon losses has been 


obtained in the operation of the high-pressure installa- 
tion. This CO, average represents use of 12 per cent 
excess air, and as such establishes a record in economy 
of fuel burning. Automatic and instantaneous stop- 
page of coal feed and by-passing of 1200-lb. steam to 
300-lb. pressure has been utilized in service several 
times when the high-pressure turbine tripped from 
service. Not a safety valve opened under these 
conditions. 


MERCURY VAPOR INSTALLATION 


After some four years of experience with the mercury 
vapor installation in its Dutch Point Station, the Hart- 
ford Electric Light Company has ordered mercury vapor 
equipment, including a 10,000-kw. turbine, to be 
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installed and to go into operation early in 1928 in its 
South Meadow Plant. This will be a strictly com- 
mercial application of the mercury-steam cycle and will 
be representative of the size and design of equipment to 
be placed on the market. 

The commercial success of this process provides a 
means of effecting marked economies in power produc- 
tion, made possible by being able to go to higher 
temperatures of a working substance than when using 
steam alone. The very moderate pressures required 
permit using the higher temperatures with our present 
materials. In effect, the mercury is used to convey 
heat from the furnace to the steam boiler acting as a 
mercury condenser; before reaching the condenser some 
of the heat is developed into electrical energy by the 
mercury-turbine generator. 

It is claimed that the remarkable record of 27 per cent 
efficiency, attained by the Columbia Plant, operating on 
a straight steam cycle, could be increased to 36 per cent 
in a similar plant arranged to operate on the mercury- 
steam cycle. The savings in fuel consumption for less 
efficient plants will be even greater. Of course, from a 
commercial viewpoint, the cost of plant must be studied 
with relation to capacity factor. 

The original single-stage 1800-kw. unit operating at 
35 lb. pressure, installed at Dutch Point in 1928, 
developed about 60 per cent of the available energy in 
the mercury. This was supplanted by a three-stage 
machine, developing 70 per cent of the available 
mercury energy, that went into operation late in 1926. 
The unit to go into the South Meadow Plant, estimated 
to develop 75 per cent of the available mercury energy, 
will be a five-stage 10,000-kw. machine receiving 
mercury vapor at about 70 lb. pressure and ex- 
hausting it at one lb. absolute to two mercury 
condensers. In these condensers 125,000 lb. of 
steam per hour will be generated at 250 to 350 Ib. 
pressure and superheated by the mercury-boiler furnace 
flue gases to an ultimate temperature of 700 deg. fahr. 
It is expected that about 10,000 kw. will be obtained 
from the steam generated by the condensed mercury. 

The present boiler at Dutch Point, of different design 
from the original one, generates mercury vapor at 
70 lb. pressure and 884 deg. fahr. The new boiler 
consists of a group of drums, each carrying dead-ended 
tubes six ft. long, giving the unit the appearance of a 
huge coarse brush. There will be required for the 
entire installation 135,000 lb. of mercury, the cost 
of which will represent a substantial portion of the plant 
investment. In the process of generating energy the 
mercury will be circulated in the system eight or nine 
times an hour. An experimental boiler in the Schenec- 
tady G. E. Plant has been operated at 110 lb. 
pressure, generating vapor at 940 deg. fahr., at a rate 
more than twice that planned for the South Meadow 
unit with no difficulties whatsoever. It 1s expected 
that this Hartford unit will operate indefinitely without 
interruptions. 


POWER GENERATION 


Transactions A. I. E. E. 


Theapproximate fuel saving, atan estimated figure of 
11,000 B.t.u. per kw-hr. output developed .from 
mercury and steam from the mercury condenser, based 
on a conservative use factor, 1s expected to be about 
$200,000 a year. While the maximum saving is ob- 
tained when carrying base load, under light load con- 
ditions the savings are material. The operating com- 
pany reports that in its Dutch Point Station it. has 
been able to obtain as good a coal economy on 5 per cent 
capacity factor as the entire station is capable of doing 
on a 60 per cent load factor. 

As a means of increasing the capacity and the 
economy of existing stations or even planning new base 
load high-economy stations, this system of power gen- 
eration is competitive with the ultra-high pressure 
generation and utilization of steam with its attendant 
steam reheating complications and relatively large 
auxiliary power consumption. 

The supply of mercury is expected to be ample 
although price disturbances may occur until the indus- 
try adjusts itself to the increased demands to be 
ultimately made upon it. 


HYDROELECTRIC DEVELOPMENT 


While the increase in electrical energy generated 
during 1926 by steam plants of public utilities was 
only about 9 per cent over that generated in 1925, the 
increase for waterpower plants was approximately 17 
per cent. Furthermore, the aggregate capacity of 
waterwheels and generators produced was greater than 
for the preceding year. However, except for the trend 
toward larger units, there have not been any radical 
changes in turbine types or general form or design, 
but certain details of design and special features have 
shown development or improvement. 

During the past year a large number of power 
companies for whom hydroelectric units were installed, 
adopted electric drives for the governors. This form 
of drive is becoming increasingly popular for hydro- 
electric installations. The driving motors are of the 
induction type and operate in close synchronism with 
the frequency of the generator unit which it is required 
to regulate. This provides a simple and convenient 
drive and has been found to give extremely smooth and 
quiet operation free from operating troubles. 

Another interesting development in hydraulic turbine 
design was the introduction of a water-lubricated guide 
bearing with a rubber lining. It may be of interest 
to note that bearings of this type have recently been 
adopted for use with four turbine installations in which 
the shaft diameters range from 9 to 24 in. The chief 
advantage of the rubber lined bearing is the great dura- 
bility and the long life obtainable. 

In the past year a number of hydraulic turbine units 
have been built, equipped with plate steel casings of the 
volute type. Engineers are becoming increasingly 
interested in the possibilities of welding instead of 
caulking the plate steel joints for these casings, and it 
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may be of interest to note that the welding of these 
casing joints will actually be undertaken in connection 
with one or more of the largest and most recent turbine 
installations. 

Hydroelectric plants automatically operated and 
controlled established another record during the past 
year. In one instance, two units of 28,500 hp. each 
have been installed in a station designed to operate 
automatically. New methods of applying automatic 
control to both a reaction and impulse type of unit are 
being developed. This equipment is of particular 
advantage in connection with steam-operated plants as 
supplementary sources of power. 

In one of the outstanding major hydraulic develop- 
ments under construction where the contracts for both 
the turbines and generators have been split between 
two companies, it was found economical to have one 
manufacturer build all of the oil pumping system. 
Also, in general, the design of all the main turbine parts 
which are subject to wear and replacement are made 
interchangeable. The generators are being built with 
the same degree of cooperation between the manufac- 
turers, to insure interchangeability of some of the 
important mechanical parts. 

There has been a tendency towards the closed circuit 
for air circulation with surface coolers, similar to the 
method of cooling commonly employed for steam 
turbine generators. This arrangement simplifies the 
construction of air ducts and permits the use of an inert 
fire extinguishing gas if desired. A number of machines 
have been constructed for the closed system of 
circulation. 


Some of the Hydroelectric Developments of exceptional 
interest recently completed or now under construction 
are given below: 

Conowingo Development. The outstanding hydraulic 
turbine development in 1926 was the seven 54,000-hp. 
89-ft. head, 81.8-rev. per min. single-runner vertical- 
shaft hydraulic turbines for the Susquehanna Power 
Company’s Conowingo Development. Three of the 
turbines are of I. P. Morris manufacture and four are 
Allis-Chalmers. The runners are made of cast steel 
in three sections and represent a very difficult problem 
in casting. The total weight of the runner will be 
approximately 200,000 lb. and outside diameter 179 in. 
The division of the runner into three parts was necessi- 
tated by shipping limitations which seem to be one of 
the principal factors now limiting the size of hydraulic 
equipment. The sections of the runner are bolted 
together by flange joints and in addition have steel 
bands mounted on the crown of the runner and the 
discharge ring. The spiral casing is made up of riveted 
steel plate sections and has an inlet diameter of 27 ft. 
The butterfly valve housing is joined to both the pen- 
stock and turbine casing by riveted connections. The 
feature of particular interest incorporated in the design 
of the butterfly valves is the installation of a rubber 
tube fitted into an annular recess in the valve body 
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around the circumference of the gate when the valve is 
in closed position. This rubber tubing is designed to 
expand and hold tightly against the outer circumference 
of the gate when pressure is admitted to the inside of 
the tube when the gate is closed. This characteristic 
of the valve will insure unusual tightness against 
leakage. An innovation was used in the design of the 
pit ring which extends from the speed ring to the genera- 
tor base in that this ring was built entirely of structural 
steel. After repeated tests, the hydraucone draft tube 
was accepted as the best design of tube offered for the 
conditions and as a result the hydraucone and the 
Moody spreading tube were used for the entire develop- 
ment. The draft tubes will be equipped with cast steel 
stay vanes at the lower ends, designed to carry the 
weight of the draft tube above, in addition to the weight 
of the unit and its portion of the station structure, this 
having been found to give greater economy in con- 
struction costs than to strengthen the concrete re- 
inforeements which would otherwise be necessary. 
The center concrete cones for these tubes will extend 
all the way up to the turbine runner. 

Each water-wheel unit will be direct connected to a 
40,000 kv-a. 90 per cent power-factor, 81.8-rev. per 
min., 13,800-volt, 60-cycle generator, four of which 
will be of General Electric manufacture and three of 
which will be Westinghouse machines. Thesealternators 
are notable, not only because they are the largest in 
physical dimensions, of any electrical machines ever 
built, but also because of the fact that they are to 
supply power to the first 200-kv. transmission line in 
the eastern part of the United States. The outside 
diameter of the stator frame is 38 ft. The largest 
capacity thrust bearings ever built will be required for 
these generators, their capacity being the total load of 
750 tons. Mounted upon each 40,000-kv-a. generator 
will be a 715-kv-a. auxiliary generator and above the 
auxiliary generator will be the 41-kw. exciter set. 

By a large degree of cooperation between the manu- 
facturers of turbines and generators, it has been possible 
to obtain similarity in characteristics and appearance 
and the interchangeability of -some of the important 
mechanical parts. 


The Conowingo units will be required to operate, in 
most cases, on the peak loads with unusual conditions, 
and will be shut down during the low load portions 
of the day in order to store water to the greatest 
possible extent. For this reason it is important to 
avoid Jeakage when the units are shut down and con- 
sequently the large pivot valves will be installed in the 
turbine casing rather than have head gates at the upper 
ends of the penstock, thus insuring quick closure and 
reducing the loss of water to a minimum. It Is ex- 
pected that this plant will show a world’s record 
performance from the standpoint of efficiency and 
reliability of operation. 


Automatic Hydroelectric Stations. During 1926, two 
28,500-hp., I. P. Morris turbines driving, 25,000-ky-a., 
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60-cycle, 11,000-volt Westinghouse generators at 300 
rev. per min. were placed in operation in the Wallen- 
paupack Power Station of the Pennsylvania Water & 
Light Company. These units operate under a head of 
300 ft. and the station is designed for carrier-current 
type of automatic control. These are the largest units 
on record that will be controlled automatically. 

A 17,500-hp. Pelton Water Wheel driving a 
13,333-kv-a., 60-cycle, G. E. generator is under con- 
struction for the Glines Canyon Power Station of the 
Northwestern Power & Light Company. This unit 
which will operate under a head of 190 ft. will be con- 
trolled by the operator of the Elwha River Plant, seven 
miles away by means of selector supervisory control. 
In addition to the main unit, the 62.5-kv-a. auxiliary 
water wheel and the motor driven oil pump will also 
be controlled by the automatic equipment. 

The largest plant built up to date for full automatic 
control is the Louisville hydroelectric installation now 
under construction which will consist of eight 13,500 
hp., Allis-Chalmers turbines. The generators are 
12,500-kv-a., 14,000-volt, 100-rev. per min. vertical 
General Electric machines which will have a self- 
contained ventilating system because of the high air 
temperatures during the summer time when they will 
carry the heaviest loads. 

High Head Impulse Wheels. The largest capacity 
impulse wheels ever constructed are the two 56,000- 
hp. turbines which are under construction for the 
Big Creek No. 2-A plant of the Southern California 
Edison Company. These machines will operate under 
a head of 2300 ft., one being an Allis-Chalmers machine 
and the other will be made by the Pelton Water Wheel 
Company. Both machines will be of the double over- 
hung type, having separate governor control for each 
nozzle. The main shaft bearings of these units will be 
30 in. in diameter and the total weight carried on each 
bearing will be 230,000 lb. The present speed of the 
units will be 250 rev. per min. for 50 cycles, but the 
machines are designed for 60-cycle operation at 300 rev. 
per min. The jet diameter for each overhung impulse 
wheel will be 814 in. Each bucket will weigh 900 Ib. 
and in case of the runaway of the unit, the combined 
forces on the bucket bolts will be approximately 300 tons 
per bucket. 

The Westinghouse generators for these units will have a 
capacity of 45,000 kv-a. at 11,000 volts, 250 rev.per 
min. but will have a capacity of 50,000 kv-a. at 12,500 
volts when operating at a speed of 300 rev. per min. 

A 40,000 hp. Allis-Chalmers double overhung 
impulse wheel has been placed in operation at the 
Kings River Plant of the San Joaquin Light & Power 
Corporation for operation under a head of 2243 ft. 
The generator will be a General Electric 33,000-kv-a., 
13,200-volt, 360-rev. per min. machine. Two exciters 
are provided, each of which is of sufficient capacity 
to excite the main generator. Each exciter is driven by 
a single-jet, single-overhung impulse wheel. 
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Two Pelton Water Wheels of 40,000 hp. capacity 
each have been installed at Santos, Brazil for operation 
under an effective head of 2450 ft. The General 
Electric alternators are of the horizontal type with a 
capacity of 33,000 kv-a. at 11,000 volts and 360 rev. 
per min. 

The turbines to operate under the highest head up to 
the present time will be the units for the Bucks Creek 
Plant of the Feather River Power Company. These 
will be of the double overhung impulse type Pelton 
Wheels with a capacity of 30,000 hp. The head will be 
2548 ft. and the turbines will drive 25,000-kv-a., 11,000- 
volt, 450-rev. per min. General Electric generators. 

Propeller Type Turbines. There are being installed 
in the Great Falls Plant of the Manitoba Power Com- 
pany, one 28,000-hp., Moody and one 31,500-hp. 
Bell type turbines driving General Electric generators. 
These units are the largest propeller type units now 
being installed and will operate under a head of 56 ft. 
at 138 rev. per min. 


POWER STATION AUXILIARIES 


The prevailing practise seems to be motor driven 
auxiliaries, with the added protection of having certain 
auxiliaries steam driven. The chief reasons for this are 
the extensive adoption of the regenerative cycle for 
feed water heating and the rapid development of 
motors suitable for auxiliary drive. The electric 
drive is very efficient and reliable and it is probable 
that in most cases a station using electrically driven 
auxiliaries will show on the average, a better thermal 
efficiency and a lower cost per unit of output including 
fixed charges, than if steam driven auxiliaries were used. 

Steam drive, however, is still most favored for 
boiler feed pumps. It is interesting to note that a 
large station recently constructed in the East has 
adopted steam drive for all of its essential auxiliaries, 
but this is largely a local condition peculiar to its 
system. The refinements of design details, and im- 
provements developed for large turbines have been 
extended tosmaller capacities so that manufacturers are 
prepared to furnish turbines for auxiliary service having 
very much improved water rates. 

There are still many opinions in regard to the best 
source of electric power for auxiliaries. On account 
of the higher efficiency of the main units, there has been 
a tendency to put all the station load on these machines. 
There are not so many house turbine generators being 
installed asin the past. The house generator in tandem 
with and being direct connected to the main generator 
shaft, appears to be gaining in favor and is extensively 
used. 


POWER PRODUCTION ECONOMIES 


A record for thermal efficiency was attained at the 
Columbia Station of the Columbia Power Company in 
Ohio. For a period of one month this station was 
operated on a heat consumption of approximately 
12,462 B.t.u. per kw-hr. net output, which is the 
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lowest figure obtained by any steam plant to date. 
The following figures, for two consecutive months, are 
of particular interest: 


December January 
1926 1927 
Kw-hr. net output.............. 44,998,400 42,547,900. 
Load factor....,..... 00000 eecees 65.7% 60.7% 
B. t. u. per kw-hr. net output..... 12,495 12,462 
B. t. u. per lb. coal as fired........ 13,838 14,002 
Coal factor, lb. per kw-hr. net 
OUtoWtis asic t i htend cou te es . 903 . 890 

Station water rate.............. 7.76 7.85 
Standard Boilers; 

Average efficiency............. 87.06% 87.54% 

Average Rating.............. 216 % 233 % 
Reheat Boilers: 

Average efficiency............. 90.7% 90.92% 

Average Rating.............. 408 % 422 % 
Auxiliary power consumption.... 5.27% 5.41% 


The results in many other stations put into operation 
during the last year have also been very reassuring and 
in some cases have exceeded the expectations of their 
designers. High pressures, high temperatures, water 
walls, regenerative cycle, reheat cycle, air preheaters, 
improved combustion due to better stokers or pulver- 
ized fuel, reduction in exit gas losses by economizers and 
preheaters, use of electrical drives for auxiliaries, and 
improvements in turbine and condenser design have all 
contributed to improve the thermal efficiency of power 
plants so that the reduction of operating costs have 
more than kept pace with the increased price of fuel 
and increased operating labor rates. 

The marked improvement in utilization of fuel by 
public utility power plants is revealed by figures given in 
the Geological Survey Report, which shows that in 1926 
the average large generating plant turned out a kw-hr. 
on 1.94 lb. of coal as compared with 2.07 in 1925. 
These figures include coal, oil, and gas fired plants and 
represent the equivalent coal consumption. It is 
interesting to note that since the World War, using 1919 
as a basis, the equivalent coal consumption per kw-hr. 
nas been reduced 40 per cent. 
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Engineering,” Vol. 48, No. 12, December 1926, pp. 1419-1421. 

A. S. M. E. Power Division report of progress in theory and 
practise. 

Mechanical Engineering, “A Sixtv-Atmosphere Steam Plant,” 
Vol. 48, No. 8, August 1926, pp. 554-855. 

Abstract of article in The Engineer, Vol. 
August 20, 1926. 

Mellanby, A. L. and Kerr, W., “The Use and Economy of 
High-Pressure Steam Plants,” Engineering, Vol. 123, Nos. 3185 
and 3186, January 28 and February 4, 1927, pp. 117-120 and 
149-151; The Engineer, Vol. 143, No. 3708, February 4, 1927, 
pp. 126-128; The Engincer, Vol. 143, No. 3709, February 11, 
1927, pp. 166-168. 
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The steam cycle and its probable limits. Curves of Thermal 
Efficiency against initial temperature, re-heating stage, feed heat- 
ing. flue gas temperatures. 

Moultrop, I. E. and Norris, E. W., ‘‘High-Pressure Steam at 
Edgar Station,” Synopsis in Mechanical Engineering, Vol. 49, 
No. 5a, Mid-May 1927, p. 587. 

Design of new 1400 lbs. pressure plant. Paper presented at 
Spring Meeting of A. S. M. E. May 23-27, 1927. 

Muir, J. F., “The Somerset Power Station,” Stone & Webster 
Journal, Vol. 38, No. 4, April 1926, pp. 461-491. 

Details of the new station located on the Taunton River. 

Neblett, H. W., ‘Trend in Steel Plant Power,” Power, Vol. 65, 
No. 18, May 3, 1927, pp. 656-660. 

One hundred and eighteen boilers replaced by seven in modern 
plant. 

Neblett, H. W., ‘‘Minnequa Steel Works Installs New Power 
Plant,’ Power Plant Engineering, Vol. 31, No. 9, May 1, 1927, 
pp. 495-501. 

Main fuel is blast-furnace gas with pulverized coal as 
auxiliary. , 

Newbury, F. D., “Load Division between Alternators,” The 
Electric Journal, Vol. 24, No. 5, May 1927, pp. 211-213. 

Analysis of load division between alternators. 

Ohlmuller,’ F., ‘‘Recent Additions to the Charlottenburg 
Central Station,” Elektrotechnische Zeit., Vol. 47, No. 17, April 
29, 1926, pp. 494-500. 

New high pressure unit exhausting into original medium 
pressure turbine is a feature of new stations. 

Peucker, A., ‘‘Progress in Lignite Power Plant Construction 
in Germany,” Electrical World, Vol. 87, No. 26, June 26, 1926, 
pp. 1392-1393. 

Methods of handling this fuel at Zschornewitz Station. | 

Pfaehler, R., ‘‘100,000 Horse Power Steam Auxiliary Station,” 
Power Plant Engineering, Vol. 31, No. 10, May 15, 1927, pp. 
552-558. 

Features of Buck Steam Station. 

Pillans, J. S., “The Economical Loading of Power Plants, 
Electrical Review, Vol. 98, No. 2521, March 19, 1926, pp. 451-452. 

Use of Willans Line. 

Pigott, R. J. S., “The Kearny Station of the Publie Service 
Electric Power Company,” Power, Vol. 64, No. 9, August 31, 
1926, pp. 306-312. i 

Plant relies for efficiency on superior operation of simple 
equipment rather than the addition of special heat recovery 
devices. 

Pollard, *‘ Features of Kearny, N. J.,” Electrical World, Vol. 88, 
No. 9, August 28, 1926, pp. 412-423. 

Outstanding features of the new Public Service Station. 

Power, ‘‘Sixty-Four Per Cent Less Coal per Pound of Product,” 
Vol. 65, No. 19, May 10, 1927, pp. 692-696. 

Hercules Powder Co. saves $175,000 annually due to use of 
modern power plant methods. 

Power, ‘‘Regulation of Load Between Power Plant Units,” 
Vol. 65, No. 19, May 10, 1927, p. 696. 

Discussion of different methods used in various kinds of 
generating stations. 

Power, ‘The Ford Canadian Power Plant,” Vol. 64, No. 23, 
December 7, 1926, pp. 850-855. 

Heating and power plant using pulverized coal. 

Power,“ Year's Progress in the Central Station Field,” Vol. 65, 
No. 1, January 4, 1927, pp. 2-8 (Annual Review No.). 

Review of the accomplishments of the Large Power Stations 
in obtaining better operating characteristics, with increased 
efficiency during the past year. 

Power, ‘‘The Cleveland Electric Illuminating Company’s 
Plant at Twentieth Street,” Vol. 65, No. 4, January 25, 1927, 
p. 128. 


Pulverized fuel a feature at the new steam heating plant. 
Power, ‘Reliability and Safety Outstanding Features in New 
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Harbor Point Steam Plant,” Vol. 65, No. 5, February 1, 1927, 
pp. 154-158. 

Complete description of 185,000 kv-a. station of Utica Gas & 
Electric Co. List of mechanical equipment also given. 

Power, ‘‘The New 14th Street East River Station,” Vol. 65, 
No. 11, March 15, 1927, pp. 390-397. 

Description of the 14th Street Station of the New York Edison 
Co. 
Power, ‘‘Generating Power with Mercury Vapor,” Vol. 65, No. 
15, April 12, 1927, pp. 566-567. 

Abstract and discussion of a paper presented by B. P. Coulson 
of General Electric Co. at an A. S. M. E. meeting held April 4, 
1927. 

Power, ‘‘High Spots in the Design of Cleveland’s New Avon 
Plant,” Vol. 64, No. 13, September 28, 1926, pp. 466-470. 

New station has two 35,000-kw. units installed at present. 

Power, “New Station at Columbus Embodies Many Refine- 
ments,” Vol. 64, No. 20, November 16, 1926, pp. 724-728. 

New Pieway Station has all latest improvements. 

Power, ‘* The 1200 lb. Unit at Edgar Station after Six Months’ 
Operation,” Vol. 63, No. 24, June 15, 1926, pp. 935-936. 

Results of the experiment of Edison Electric Illuminating Co. 
of Boston with the extremely high pressure unit. 

Power, ‘‘Addition to Barking Station, Part of London's Elec- 
trical Consolidation,” Vol. 64, No. 23, December 7, 1926, pp. 
859-860. 

Features of new boiler house now under construction. 

Power, Sterlington Power Station Erected in Louisiana Gas 
Fields,’”’ Vol. 63, No. 23, June 8, 1926, pp. 878-881. 

Cheap fuel responsible for simplicity in design and low instal- 
lation cost. 

Power, Building up an Organization to Operate the New 
Plant,” Vol. 64, No. 9, August 31, 1926, pp. 324-325. 

Continuity of service and efficiency are most important. 

Power, ‘‘Virginian Railway Adopts Pulverized Coal for Widely 
Fluctuating Load,” Vol. 64, No. 10, September 7, 1926, pp. 
359-362. 

New power station is designed for high efficiency in handling 
railway load. 

Power, ‘‘Kip’s Bay Plant of the New York Steam Corporation,” 
Vol. 65, No. 22, May 31, 1927, pp. 808-812. 

Details of the Kip’s Bay Plant, designed for extremely high 
efficiency in the limited space available. 

Power, “The Mercury Vapor Power Plant at Hartford,” Vol. 
65, No. 22, May 31, 1927, pp. 818-819. 

Details of the 10,000 kw. mercury vapor system now being 
installed in the plant of the Hartford Electrie Light Co. 

Power Plant Engineering, ‘Modern Power Plant Trends,” 
Vol. 31, No. 1, January 1, 1927, pp. 2-7. 

Effort to achieve greatest heat economy and heat adaptation 
to condition is evident. 

Power Plant Engineering, ‘‘Higher Superheat Demands Many 
Changes,” Vol. 31, No. 1, January 1, 1927, pp. 38-39. 

Power Plant Engineering, ‘*Inland Steel Company Completes 
New Power Plant,” Vol. 31, No. 4, February 15, 1927, pp. 256- 
Zor: i 

Boilers fired by blast furnace kilns and auxiliary oil burners. 

Power Plant Engineering, ‘New Hudson Ave. Unit to Save 
50,000 Tons of Coal Yearly,” Vol. 31, No. 5, March 1, 1927, 
p. 330. 

Description of the largest single generating unit in service at 
the present time. 

Power Plant Engineering, “East River Station,” Vol. 31, No. 6, 
March 15, 1927, pp. 338-346. 

Details of new station of New York Edison initial installation 
120,000 kw. 

Power Plant Engineering, “New Bayside Station Aids Wiscon- 
sin Hydro Plants,” Vol. 31, No. 11, June 1, 1927, pp. 596-604. 

Description of plant which is of latest design. 
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Power Plant Engineering, ‘‘Tendencies in Power Plant Design,” 
Vol. 30, No. 24, December 15, 1926, pp. 1334-1339. 

Power Plant Engineering, ‘‘New Features at Rummelsburg 
Super Station,” Vol. 30, No. 24, December 15, 1926, p. 1323 (See 
description in Electrician, Vol. 96, No. 2502, April 30, 1926). 

Influence of economic factors on design discussed. 

Power Plant Engineering, ‘‘Hunloeck Creek, Penn. Power 
Station,” Vol. 30, No. 19, October 1, 1926, pp. 1040-1045. 

Details of 190,000-kw. plant. 

Power Plant Engineering, “Richmond Goes on the Line with 
100,000 Kilowatts,’’ Vol. 30, No. 10, May 15, 1926, pp. 564-573. 
Details of the new station of the Philadelphia Electric Co. 

Power Plant Engineering, ‘‘Tecumseh Serves Topeka District,” 
Vol. 30, No. 20, October 15, 1926, pp. 1088-1094. 

New plant of Kansas Power & Light Co. described. 

Power Engineer, ‘‘A Traction Power Plant Extension,” Vol. 22, 
No. 252, March 1927, pp. 88-93, 109. 

A very complete description of the 18,750 kw. addition to the 
Power Station of the Metropolitan Railway, Neasden. 

Price, C. W., ‘‘New York's New Central Station,” Engineering 
World, Vol. 30, No. 4, April 1927, pp. 217-220. 

Interesting description of the new East River Station of the 
New York Edison Co. at 14th St. 

Rauber, E., ‘‘Use of High Steam Pressures and Temperatures 
in Central Stations,” Power, Vol. 64, No. 17, October 26, 1926, 
pp. 935-936. 

Problem of steam pressures; practical developments in high 
pressure steam generation. Abstract translated from paper 
presented at a convention in Rome. 

Rehmer, M., “Super Power House at Rummelsburg,” Elek- 
trotechnische Zeit., Vol. 47, No. 42, October 21, 1926, pp. 1249- 
1257. 

Steam station for City of Berlin on Spree River has initial 
installation of 3 units of 100,000 kv-a. each. 

Ritchie, R. G., ‘‘Power Station Efficieney,’’ Combustion, Vol. 
14, No. 4, April 1926, pp. 237-240. 

Review of situation with view to arriving at some definite 
conclusion. 

Roberts, J. D., “Grand Tower Power Station,” Electric Light 
and Power, Vol. 5, No. 1, January 1927, pp. 23-26, 80-84. 

Description of the new 50,000-kw. station of the Central 
Illinois P. S. Co. 

Shoudy, W. A., “Investigation of Power Costs,” Manufactur- 
ing Industries, Vol. 12, No. 3, September 1926, p. 203. 

Methods for studying utilization and generation of power to 
show where costs may be reduced. 

Southern Power Journal, “St. John’s River Power Station,” 
Vol. 45, No. 2, February 1927, pp. 36-41. 

Ultimate capacity of plant 100,000-kw., steam pressure 400 
lb. gage. 

Southern Power Journal, “New Buek Station of the Southern 
Power Co.,” Vol. 45, No. 3, Mareh 1927, pp. 36-41. 

Ultimate capacity 100,000 horse power. Pulverized 
used as fuel. 

Southern Power Journal, “Fourth Street Station Memphis 
Light & Power Co., Vol. 44, No. 11, November 1926, pp. 36—£3. 

Main features of apparatus in new extension to power plant. 

Stauffer, R. D., “Features of Parr Shoals Steam Power Plant,” 
Power Plant Engineering, Vol. 31, No. 3, February 1, 1927, pp. 
172-180. 

South Carolina station designed for ultimate capacity of 
80,000 kw., burns pulverized coal. 

Struck, Henry W., “Neches Station Increases Texas Power 
Facilities,’ Power Plant Engineering, Vol. 31, No. 7, April 1, 
1927, pp. 390-395. 

New plant illustrates recent design tendencies. 


Sykes, W., ‘‘Latest Practise Found in New Power and Blowing 
Plant of Inland Steel Company,” Power, Vol. 65, No. 6, Febru- 
ary 8, 1927, pp. 194-195. 
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Boilers burn blast-furnace gas and oil; power generated for 
less than 20,000 B. t. u. in gas. 

Taylor, S. A., ‘‘Location of Central Power Plants and Coal 
Selection,” Power, Vol. 65, No. 8. February 22, 1927, p. 285. 

The Engineer, ‘‘A Sixty-Atmosphere Steam Plant,” Vol. 142, 
No. 3684, August 20, 1926, pp. 204-205. 

The Engineer, “The Langerbrugge Power Station,” Vol. 141, 
No. 3673, June 4, 1926, pp. 570-573-582. 

Details of the new Belgian Station at Ghent. 

The Engineer, ‘Extensions to the Treforest Power Station,” 
Vol. 143, No. 37, May 6, 1927, pp. 500-502. 

Details of extensions to the Treforest Station. 

The Engineer, “A New Power Station at Poplar,” Vol. 143, 
No. 3720, April 29, 1927, pp. 466-467. 

Engineering, Vol. 128, No. 3198, April 29, 1927, pp. 513-516. 

Details of the new station at Poplar. 

The Engineer, “The Narrows Power Plant of the Virginian 
Railway Company,” Vol. 142, No. 3689 and 3690, September 24 
and October 1, 1926, pp. 340-342 and 356-357. 

Power plant on New River at Narrows, Va., contains four 
10,000 kw. turbines and five 1521 hp. cross drum boilers fired 
with pulverized fuel. f 

The Engineer, “A New Power Station for Birmingham,” Vol. 
143, No. 3704, January 7, 1927, page 1. 

Brief description of new Birmingham Plant. 

The Engineer, “Bristol Power Scheme,” Vol. 143, No. 3706, 
January 21, 1927, p. 63. 

New Power Station at Portishead to have ultimate capacity of 
280,000 kw. 

The Engineer, ‘‘The Use and Economy of High Pressure Steam 
Plants,” Vol. 143, No. 3707, January 28, 1927, pp. 94-96. 

Discussion of a paper presented before the Institution of 
Mechanical Engineers. High pressures and temperatures 
featured. 

The Engineer, ‘‘Congella Power Station, Durban,” Vol. 143, 
No. 3707, January 28, 1927, p. 106. 

Congella Station is first pulverized coal fired station in S. 
Africa. 

The Engineer, ‘‘New Circulating Water System at Woolwich 
Power Station,” Vol. 143, No. 3709, February 11, 1927, pp. 
150-152. 

Description of the new inlet and outlet channels and conduit 
for Woolwich Station’s condensers. 

The Electrician, “Poplar Electricity Undertaking,” Vol. 98, 
No. 2552, April 29, 1927, pp. 460-462. 

The Electrician, “Extensions at Yarmouth,” Vol. 98, No. 
2542, February 18, 1927, p. 171. 

The Electrician, "Electricity Supply at Bradford,” Vol. 98, 
No. 2537, Jan. 14, 1927, p. 35. 

Efficiency of 1000 1b., 800 deg. fahr. Station. 

Wood, M. R., “Steam Purifiers Effect Saving in Texas Plant,” 
Power Plant Engineering, Vol. 31, No. 6, March 15, 1927, pp. 
359-360. 

Steam rate of turbine shows noticeable increase due to solids in 
the steam. 

World Power, “Power Station Efficiency in Great Britain,” 
Vol. 5, No. 26, February 1926, pp. 93-96. 

Details of Greenwich Station supplying whole of power for 
London Tramways. ' 


BorLER PLANT DESIGN AND OPERATION 

Allen, R. II., “Induced Draft,’ Combustion, Vol. 16, No. 5, 
May 1927, pp. 278. 

Discussion of certain points in Mr. J. G. Mingle’s article on 
same subject in February 1927 issue. 

Bailey, A. D., “Boilers and Superheaters Show Improve- 
ments,” Power Plant Engineering, Vol. 31, No. 1, Jan. 1, 1927, 
pp. 33-34. ; 

Iligher pressures and temperatures, larger boilers, higher 
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ratings, reheat boilers, water walls,and improved appurtenances 
combine to make progress in this field notable. 

Bailey, E. G., “Tendencies in Steam Boiler Furnaces,” Power 
Plant Engineering, Vol. 30, No. 24, Dec. 15, 1926, pp. 1311-1312. 

Combustion rates of 40,000 to 50,000 B.t. u. per cu. ft. of 
furnace volume are predicted for progressive installations. 

Bailey, E. G., “What is the Limit in Reducing Excess Air,” 
Power, Vol. 64, No. 2, July 13, 1926, pp. 65-66. 

Summary of current practise. 

Berry, C. H., “Size, Load and Ratings of Boilers,” Power 
Vol. 64, No. 9, Aor.: 31, 1926, pp. 314-315. 

Discusses necessity for distinguishing accurately the three 
basic quantities. 

Blanning, H. K., “Advantages of Automatic Boiler Control,” 
Power Plant Engineering, Vol. 30, No. 8, April 15, 1926, pp. 470- 
472. 

Abstract of paper read before Prime Movers Committee 
N. E. L. A. 

Blaum, R., Bremen, “Thermal Methods of Feedwater Prepara- 
tion,” in Zeits, des Verein Deut. Ingrs., Vol 71, No. 9, Feb. 26, 
1927, pp. 285, 290, also extract in Mechanical Engineering, 
Vol. 45, No. 5, May 1927, pp. 465-467. 

Feedwater preparation by distillation and some installations 
in Germany. 

Bolitz, Stanislas, “Auxiliary Heater Increases Capacity of 
Existing Boilers,” Power, Vol. 65, No. 3, January 18, 1927, pp. 
98-99. 

Brennan, J. M., “Why Boiler Tubes Blow Out,’’ Power, Vol. 
65, No. 7, February 15, 1927, pp. 242-244. 

Brewer, A. F., “Lubrication of Boiler Plant Equipment, Part 
II,” Electric Light & Power, Vol. 5, No. 1, Jan. 1927, pp. 30-32, 
86 90. 

Brooks, H. W., “The ‘Therm’ as a unit of Boiler Capacity,” 
Combustion, Vol. 14, No. 6, June 1926, p. 377. 

Carmichael, D. C., “Factors Bearing on Proper Treatment,” 
Power Plant Engineering, Vol. 31, No. 9, May 1, 1927, pp. 505- 
509. 

An analysis of data collected in three stations on feedwater 
treatment. 

Carmichael, D. C., “Interpretation of Boiler Water Analysis,” 
Power Plant Engineering, Vol. 30, No. 17, Sept. 1, 1926, p. 943. 

Sodium sulphate beligved to be one of the most active causes 
for priming. 

Carmichael, D. C., ‘‘Corrosion due to Magnesium and Calcium 
Salts,” Power Plant Engineering, Vol. 30, No. 7, April 7, 1927, 
pp. 411-412. 

Chaleur et Industrie, “Forced Draft Without Motive Power,” 
Vol. 6, No. 69, Jan. 1926, pp. 51-53. 

Details of Chanard-Etaile aspirating stack. 

Coutant, J. Gould, “Effect of Direct Heating Surface on Eff- 
ciency,” Combustion, Vol. 16, No. 2, February 1927, pp. 99-100. 

Effect of water cooled walls on exit gas temperature and boiler 
efficiency. 

Coutant, J. G., “Does Additional Direct Heating Surface 
Pay?”, Combustion, Vol. 15, No. 2, Aug. 1926, pp. 106-107. 

Demonstrates economical features of additional direct heating 
surface. 


Christie, A. G., “Effect of Radiant Heat on Water Cooled 
Furnace Walls,” Power, Vol. 65, No. 22, May 31, 1927, pp. 841- 
844. 

Discussion of probable rates of heat absorption, ucloeiice 
attained, and effects produced in the water walls. 

Dockstader, E. A., “Electrical Determination of Temperat 


in Chimney Shells,” Electrical World, Vol. 88, No. 8, Aug. 21,. 


1926, pp. 363-365. 
Importance of temperature stresses in reinforced concrete 
chimneys is emphasized, preliminary heat drop data. 
Engineering, ‘‘Recorder for Dissolved Oxygen in Feedwater,”’ 
Vol. 122, No. 3174, Nov. 12, 1926, p. 610. 
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Details of the Cambridge dissolved oxygen recorder. | 

Engineering, ‘‘Riveted and Welded Joints in Boiler Construc- 
tion,” Vol. 122, No. 3170, Oct. 15, 1926, pp. 489-490. 

. Engineering, “The Prevention of the Formation of Boiler 
Scale,” Vol. 122, No. 3168, Oct. 1, 1926, pp. 415-416. 

Details of the linseed oil process and other modifications. 

Engineering and Boiler House Review, ‘New Turbine Furnace 
Development,” Vol. 40, No. 7, January 1927, p. 362. 

Description with method of eliminating black smoke. 

Engineering and Boiler House Review, ‘‘Recent Practice in Land 
Boiler Design,” Vol. 40, No. 8, February 1927, pp. 439-442. 

Review of present-day practise in the construction of different 
ty pes of boilers. 

Engineering and Boiler House Review, “Large Boiler Units at 
the Prince’s Generating Station, Birmingham,”’ Vol. 40, No. 8, 
February 1927, pp. 501-506. 

Some details of four 150,000 lb. boilers, fired with powdered 
fuel, in course of erection at Michells, Birmingham. 

Engineering and Boiler House Review, ‘The Radiant Heat 
Superheater,”’ Vol. 39, No. 11, May 1926, pp. 519-520. 

To replace side walls. 

Engineering and Boiler House Review, “Modern Superheaters,”’ 
Vol. 39, No. 7, January 1926, pp. 329-332. 

Engineering and Boiler House Review, ‘‘The Manufacture of 
Bricks from Boiler House Ash and Clinker,” Vol. 39, No. 7, 
January 1926, pp. 319-320. 

Describes principle of calcium silicate process, and isading 
features of installations. 

Fish, E. R., “Developments in Steam Boiler Practice,” Power 
Plant Engineering, Vol.30,No0.24, December 15,1926, pp.1308-1310. 

Methods of using high-pressure steam still in course of 
development. 


Forssblad, N., “Calculation of the Temperature of a Boiler 
Furnace,” Combustion, Vol. 15, No. 1, July 1926, pp. 33-35. 

- Table for simplifying furnace temperature calculations. 

Foulk, C. W., ‘‘Present Knowledge of Foaming and Priming of 
Boiler Feed Water, with Suggestions for Research,” Mechanical 
Engineering, Vol. 48, No. lla, Mid-November, 1926, pp. 1364- 
1367. 

Progress report of Sub-Committee No. 3 of Joint Research 
Committee on boiler feed water studies. 

Funk, Nevin E., “The Effect of Water-Cooled Walls on Pre- 
heater Performance, ” Mechanical Ba aad Vol. 49, No. 1, 
January 1927, pp. 25-28. 

Data on design of water-cooled walls and sir Drut: 

Gleichmann, G. H., “Experience with the Benson Steam 
Generator,” Power, Vol. 65, No. 22, May 31, 1927, pp. 838-840. 

Description of the Siemens-Schuckert Company’s experimental 
installation of the 3200-lb. Benson System. 

Gochnauer, H. W., ‘‘Proper Use of Meters in Boiler Room 
Improves Efficiency and Reduces Investments,” Power, Vol. 65, 
No. 4, January 25, 1927, pp. 118-121. 

- Goerg, B., Dr., ‘‘The Transfer of Heat from Combustion Gases 
to Surrounding Walls,” Combustion, Vol. 16, No. 4, April, 1927, 
pp. 214-218. 

Studies in radiation and convection under various conditions 
of wall design. 

Greene, T. W., “Stresses in a Large Welded Tank Subjected to 
Repeated: High Pressure,” Mechanical Engineering, Vol. 49, 
No. 1, January, 1927, pp. 124-133. 

Complete report of test including theoretical discussions and 
stress-strain curves. 

Greer, W. N. and Parker, H. C., “The Potentiometric Deter- 
mination of Hydrogen-ion Concentrations as Applied to Boiler 
Waters,’ Mechanical Engineering, Vol. 48, No. 11, November, 
1926, pp. 1129-1132. 

Grunert, A. E., ‘“Overfire Supplementary Air Introduction,” 
Power Plant Enginecring, Vol. 31, No. 4, February 15, 1927, 
pp. 245-247. 
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Operation and advantages fully discussed. 

Guy, H. L., “The Economic Value of Increased Steam Pres- 
sure,” The Engineer, Vol. 142, Nos. 3696 and 3697, November 12 
and 19, 1926, pp. 534-537 and 561-563. 

Hardie, P. H., “High Heat-Transfer Rates for Surface Type 
Desuperheaters,”’ Power, Vol. 65, No. 7, February 15, 1927, 
pp. 253-255. 

Results obtained from tests conducted at Hudson Avenue 
Station. 

Henry, H. K., “Some Advantages of Mechanical Draft,” 
Southern Power Journal, Vol. 45, No. 5, May 1927, p. 44. 

Principally a comparison with induced draft. 

Housley, J. Elmer, “Care and Inspection of Electric Steam- 
Flow Meters,” Power, Vol. 65, No. 8, February 22, 1927, pp. 288-. 
290. 

Joos, C. E., “Purifying Steam with a Separator,” Power, Vol. 
65, No. 19, May 10, 1927, p. 710. 

Special receiver-separator described. 

Joos, C. E., “Finding and Curing Corrosion,” Power, Vol. 65, 
No. 21, May 24, 1927, pp. 768-772. l 

Josse, E., ‘‘Preheating Pump,” Zeil. des Vereines Deut. Ingrs., 
Vol. 70, No. 25, June 19. 1926, pp. 853-854. 

Pump developed by Berlin firm in which boiler feed water is 
heated by direet contact with bleeder steam within pump. 

Keenan, W. F., Jr., “Modern Superheater Problems,” Power 
Plant Engineering, Vol. 30, No. 24, December 15, 1926, pp. 
1321-1323. 

Kinzel, A. B., “The Design of Dished and Flanged Pressure 
Vessel Heads,” Mechanical Engineering, Vol. 49, No. 6, June 
1927, pp. 625-644. 

Abstract and discussion of a paper presented at a joint meeting 
of the Metropolitan Section A. S. M. E. and New York Section 
of American Welding Society. 

Knowles, C. R., “Pretreatment of Boiler Feed-Water,”’ 
Mechanical Engineering, Vol. 48, No. lla, Mid-November, 1926, 
pp. 1361-1363. 

Progress report of Sub-Committee No. 2 of Joint Research 
Committee on Boiler Feed-Water Studies on water softening by 
chemicals (external treatment). 

Kriegsheim, H., ‘‘Intererystalline Cracks in Riveted Seams,” 
Power, Vol. 64, No. 7, August 17, 1926, p. 261. l 

Author maintains that intererystalline cracks in boiler seams 
are fully explained by action of prolonged high total stresses. 

Krug, F., “Enlarged Oil Furnace Increases Efficiency,” 
Power Plant Engineering, Vol. 31, No. 4, February 15, 1927, 
pp. 242-244. 

Boiler Furnace remodeled to increase capacity and decrease 
maintenance expenses. 

Leiteh, H. W., “Boiler and Stoker Performance at Ilell Gate,” 
Mechanical Engineering, Vol. 48, No. 10, October, 1926, pp. 
1011-1016. 

Shows effect of yearly extensions to boiler house on overall 
efficiency and maintenance. Detailed test of latest installation 
given. 

McMillan, L. B., “Heat Transfer Through Insulation,” Power, 
Vol. 65, No. 5, February 1, 1927, pp. 180-151. 

Digest of a paper presented at the Tleat Transfer Session 
arranged by the National Research Council at the annual 
meeting of the A. S. M. E. (December 1926) in joint session with 
the A.S. R. E. 

MeVicker, G. G., “Experiments with Furnace Slag Preven- 
tion,” Power, Vol. 65, No. 20, May 17. 1927, pp. 743-744. 

Mechanical Enginecring, “Heat Transmissionin Water-tube 
Boilers,” Vol. 49, No. 2, February, 1927, p. 152 (abstract). 

From a paper by Dr. T. Barratt before the Institute of Fuel 
Economy Engineers. 

Mellanby, A. L. and Kerr, Wm., “Materials Limit Boiler 
Operating Conditions,” Power Plant Engineering, Vol. 31, No. 11, 
June 1, 1927, pp. 639-641. 
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Nickel-chromium alloys allow safety margin at high tempera- 
tures and pressures, 

Mellanby, A. L., and Kerr, Wm., “The Use and Economy 
of High Pressure Steam Plants,” Power, Vol. 65, No. 13, Mareh 29, 
1927, pp. 494-495. 

Abstract of a paper read before the British Institution of 
Mechanical Engineers. 

Mingle, J. G., “Modern Methods of Producing Draft in Steam 
Plants—3,” Combustion, Vol. 16, No. 2, February, 1027, pp. 
100-115. 

Deseription with drawings of induced draft systems: ad- 
vantages and disadvantages. 

Mingle, J. G., “Economical Design of Natural Draft Chim- 
neys,” Power Plant Engineering, Vol. 31, No. 7, April 1, 1927, 
pp. 399-402. 

Mingle, J. G., “Modern Methods of Draft Production in Steam 
Plants,” Combustion, Vol. 15, No. 5, November, 1926. pp. 
295-299. 

Aspirated and Induced Drafts. 

Mingle, J. G., “The Importance of Proper Chimney Design,” 
Combustion, Vol. 14, No. 3, March 1926, pp. 166-168. 

Factors influencing design; determination of chimney size. 

Mosshart, D. J., “Another Stoker Fired Boiler Shows High 
Efficieney,” Power, Vol. 63, No. 24, June 15, 1926, p. 325. 

High Bridge Station at St. Paul, Minn., gives from 7S to 84 
per cent efficiency. 

National Flectrie Light Ass’n., “Stacks and Flues,” Report No. 
267-13 of Prime Movers Committee. 

National Electric Light Ass'n., ‘Boilers, Superheaters and 
Eeonomizers,”’ Report No. 267-33 of Prime Movers Committee. 

National Electrice Light Ass'n., “Boiler and Turbine Room 
Instruments,” Report No. 267-42 of Prime Movers Committee. 

Oppenheimer, P. H., “Rolling Tubes in Boiler Plates.” Power, 
Vol. 65, No. S, February 22, 1927, pp. 300-303. 

-e The effect:of rolling on the strength of both tube and sheet. 

Parker, Benjamin J., ‘What About the Water Level”, Power, 
Vol. 65, No. 17, April 26, 1927, p. 631-632. 

Parr, S. W. and Straub, F. G., “Caustic Embrittlement,’’ 
Power, Vol. 63, No. 26, June 29, 1926, pp. 994-998. 

Summary of results of studies carried on at engineering ex- 
periment stations of University of Illinois. 

Phelps, C. C., “The Overworked Chimney,” Power, Vol. 63, 
No. 21, May 25, 1926, p. 813. 

Points out that increasing CO? materially increases chininey's 
capacity. 

Pigott, R. J. S., “Fundamentals of Safety Valve Design,” 
Power, Vol. 65, No. 16, April 19, 1927, pp. 580-583. 

Potter, A. A. and Zucrow, M. J., “Smoothing Out of the Load 
with a Steam Accumulator,” Power, Vol. 64, No. 15, October 12, 
1926, pp. 554-556. 

Increase efficiency and allow use of inferior fuels. 

Powell, S. T., “Boiler Feed-Water Purification.” Power, 
Vol. 64, No. 1, July 6, 1926, pp. 12-15; Vol. 64; No. 2, July 13, 
1926, pp. 49-52; No. 3, July 20, 1926, pp. 93-95; No. 4, July 27, 
1926, pp. 129-132; No. 5, August 3, 1926, pp. 165-168; No. 6, 
August 10, 1926, pp. 208-210; No. 7, August 17, 1926, pp. 236- 
238; No. 8, August 24, 1926, pp. 279-281; No. 9, August 31, 1926, 
pp. 330-333; No. 10, September 7, 1926, pp. 371-374; No. 11, 
September 14, 1926, pp. 406-410; No. 12, September 21, 1926, 
pp. 441-444; No. 13, September 28, 1926, pp. 471-474; No. 14, 
October 5, 1926, pp. 520-523; No. 15, October 12, 1926, pp. 
552-554; No. 16, October 19, 1926, pp. 595-598. 

A comprehensive series of articles on boiler feed-water purifica- 
tion covering all phases of the subject. 

Power, ‘The Steam Loop and How it Operates,” Vol. 65, No. 
18, May 3, 1927, pp. 661-662. 

Power, “Tests Indicates Need of Radical Changes in Dished 
Head Design for Boiler Steam Drums,” Vol. 65, No. 2, January 11, 
1927, pp. 72-74. 


June 1927 


Results of recent tests show present designs to be irrational 
and weak. 

Power, “Developments in Boilers and Boiler Auxiliaries,” 
Vol.65, No.1, January4,1927,pp.9-13 (Annual Review Number). 

Power, ‘Swiss Boiler Generates 1500 lb. Steam Pressure in 
Two Stages,” Vol. 65, No. 5, February 1, 1927, pp. 160-162. 

Description of experimental plant at Winterthur. 

Power, ** Boiler Feed-Water Abstracts,’ Vol. 65, No. 7, Febru- 
ary 15, 1927, pp. 264-265. 

Bibliography of ‘‘Joint Research Committee on Boiler Feed 
Water Studies.” First two reports only. 

Power, How to Prevent Carryover,” Vol. 65, No. 11, March 
15, 1927, pp. 420-421. 

Simple and reliable tests for the control of boiler blow down. 

Power, “Calumet Boiler Generates 300,000 lb. of Steam per 
Hour,” Vol. 65, No. 14, April 5, 1927, pp. 519-520. 

A description of the new pulverized fuel boiler at Calumet 
Station. 

Power, ‘Boiler Feed-Water Abstracts,” Vol. 65, No. 15, April 
12, 1927, p. 568. 

Bibliography of ‘Joint Research Committee on Boiler Feed 
Water.” Third report of Sub-committee No. 9. 

Power, Crawford Ave. Tests Prove the Value of Constant 
Pressure Differential in Feed-Water Regulation,” Vol. 64, No. 
10, September 7, 1926, pp. 357, 358. 

Tests show advantage of having one variable to contend with. 

Power, ‘‘How the Bailey Meter Control Operates,’ Vol. 64, 
No. 6, August 10, 1926, pp. 198-202. 

System utilizes electrical motive power. 

Power, “A New Boiler Steel and Intererystalline Cracks,’’ Vol. 
64, No. 17, October 26, 1926, p. 623. 

Experiments with new boiler steel and cause of intercrystalline 
eracks. 


Power, ‘‘Automatie Control of Boilers Plants,” Vol. 65, No. 
22, May 31, 1927, pp. 814-817. 

A brief description is given of a number of these svstems. 

Power Plant Engineering, “Feed Water Treatment in Power 
Plants,” Vol. 31, No. 1, January 1, 1927, pp. 25-28. 

Higher pressures and ratings have made feed-water heating a 
vital problem. 

Power Plant Engineering, ‘Forced, Induced and Natural 
Draft Practise,” Vol. 31, No. 1, January 1, 1927, pp. 20-22. 

More effective application of present equipment sought. 

Power Plant Engineering, ‘‘Steam Generating Equipment,” 
Vol. 31, No. 2, January 15, 1927, pp. 130-137. 

Developments in boiler construction; 
developments. 

Power Plant Engineering, ‘‘Boiler Pressures Continue to 
Increase,” Vol. 31, No. 1, January 1, 1927, pp. 35-37. 

Higher pressures and ratings bring out new designs and 


recent superheater 


problems; reheat and water-screen boilers used in new stations., 


Power Plant Engineering, ‘‘Practise in Feed Water Heating,” 
Vol. 31, No. 1, January 1, 1927, pp. 28-29. 

Use of regenerative cycle in most modern stations. 

Power Plant Engineering, Furnace Wall Design Keeps Pace 
with Demands,” Vol. 31, No. 2, January 15, 1927, pp. 113-116. 

Statements by various manufacturers. 

Power Plant Engineering, *‘Practise in Construction and Use of 
Air Heaters,” Vol. 31, No. 2, January 15, 1927, pp. 117-118. 

Statements by manufacturers. 

Power Plant Engineering, “Feed Water Preparation,” Vol. 31, 
No. 2, January 15, 1927, pp. 119-121. 

Statements of problems of design and developments by 
manufacturers. l 

Power Plant Engineering, ‘Development in Boiler Construc- 
tion,” Vol. 31, No. 2, January 15, 1927, pp. 130-135. 

Statements by manufacturers. 

Power Plant Engineering, ‘‘Recent Superheater Developments,” 
Vol. 31, No. 2, January 15, 1927, pp. 135-137. 
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Statements by leading manufacturers. 

Power Plant Engineering, ‘Boiler Operates Successfully at 
1500 Ibs.,’”” Vol. 31, No. 5, March 1, 1927, pp. 300-301. 

Possibilities of higher efficiencies and greater economies in 


boiler plant operation are proved possible in the German 
development. 


Power Plant Engineering, ‘Modern Methods Influence Boiler 
Tube Size,” Vol. 31, No. 7, April 1, 1927, p. 402. 

New Heine boiler with front section of 3-in. tubes and rear of 
2-in. tubes. 

Power Plant Engineering, ‘Electrical Features of a Modern 
Draft System,” Vol. 31, No. X, April 15, 1927, pp. 460-463. 

A deseription of the unusually flexible draft control system at 
Somerset Station. 

Power Plant Engineering, “Some Hydraulic Methods of Ash 
Disposal,” Vol. 31, No. 8, April 15, 1927, pp. 451-454. 

Types of open and enclosed sluices using continuous flow or 
intermittent high-velocity jet. 

Power Plant Engineering, ‘‘Tonowanda Paper Company Burns 
Pulverized Coal,” Vol. 31, No. 4, February 15, 1927, pp. 232-236. 

Turbine-driven unit-pulverizers serve boilers. 

Power Plant Engineering, ‘‘Economizers Developed to Meet 
High Pressures,” Vol. 31, No. 1, January 1, 1927, pp. 29-32. 

Steel tubes with protected surfaces is outstanding feature of 
economizer development. 

Power Plant Engincering, ‘‘Operating Boiler Tests Show Im- 
portant Relations,’ Vol. 30, No. 17, September 1, 1926, pp. 
944-946. 

Variation of draft loss, superheat, efficiency, and losses with 
rate of forcing and percentage of CO2. 

Rice, Cyrus M., ‘‘Some Observations on Priming and Foam- 
ing,” Power, Vol. 65, No. 15, April 12, 1927, pp. 544-546. 

Effect of rating on impurities in steam. 

Ruths, J., “Use of the Ruths Steam Accumulator in Parallel 
Operation of Hydro-Electric and Steam Plants,” World Power 
Conference, 1926. Advance paper No. 34. 

Sforzini, Lewis J., ‘‘The Design and Construction of Pressure 
Vessels,” Part I, Power, Vol. 65, No. 17, April 26, 1927, pp. 
623-625; Part II, Power, Vol. 65, No. 18, May 3, 1927, pp. 670-674. 

Fabrication of seamless and welded vessels. 

Sherman, Ralph A., ‘Temperatures in Powdered-Coal Fur- 
naces Having Extended Radiant-Heat-Absorbing Surfaces,” 
Mechanical Engineering, Vol. 49, No. 4, April, 1927, pp. 335-338. 

Progress Report of A. S. M. E. Special Committee on Boiler- 
Furnace Refractories. oe 

Southern Power Journal, “Some Advantages of Artificial 
Draft,” Vol. 45, No. 1, January 1927, pp. 55-61. 

High combustion rates require higher draft pressures. 

Southern Power Journal, ‘“*Economizers, Where and Why 
Used,” Vol. 45, No. 1, January 1927, pp. 63-67. 

Size of economizers required, operating conditions, fixed 
charges, and saving of fuel considered. 

Sprague, B. C., “Overcoming Boiler-Water Troubles with Tri- 
Sodium Phosphate,” Power, Vol. 65, No. 9, Mareh 1, 1927, pp. 
321-322. 

Stromeyer, C. E., ‘‘Cause of Dangerous Boiler Deterioration,” 
Power, Vol. 65, No. 17, April 26, 1927, pp. 648-649. 

An abstract of the 1926 report of the Manchester Steam User's 
Association of London, England, as presented to the association’s 
executive committee. 

Tenney, E. H., ‘‘Recent Development in Feed-Water Treat- 
ment,’ Power Plant Engineering, Vol. 31, No. 1, January 1, 1927, 
pp. 23-24. 

Practise in chemical methods of treatment, evaporation, 
deaeration, and stage heating. 

Thayer, H. C., ‘Designing Boiler Furnace Arches,” Power 
Plant Engineering, Vol. 30, No. 8, April 15, 1926, pp. 473-474. 

The Engineer, “The Manufacture of High-Pressure Boiler 
Drums,” Vol. 143, No. 3712, March 4, 1927, pp. 246-248. 
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Description of method in which the seams are welded. 

The Engineer, ‘The Sulzer 1500-lb. Boiler,” Vol. 142, No. 
3703, December 31, 1927, pp. 706-709. 

Description of boiler plant in Switzerland employing a working 
pressure of 110 atmos. (1565-lb. gage per sq. in.) with total 
steam temperature of 707 deg. fahr. 

e The Engineer, ‘‘Proposed Method for the Automatic Super- 
heating of Steam,” Vol. 141, No. 3671, May 21, 1926, p. 516. 

On principle opposite of refrigeration cycle, without running 
machinery. | 

The Engincer, “A Boiler Blow Down Accident,” Vol. 142, No. 
3682, August 6, 1926, p. 142. 

Abstract of report coneerning explosion of blow down tank. 

The Engineer, “An Electrically Operated Flow Meter,” Vol. 
142, No. 3695, Nov. 5, 1926, pp. 504-505. 

Description of meter for indicating, recording, or integrating 
rate of flow of steam, water, ete. 

Wade, C. F., “Heat Transmission in Water Tube Boilers,” 
Combustion, Vol. 14, No. 3, March 1926, pp. 163-164. 

Wade, C. F., “CO: Records and Their Interpretation,” Electri- 
cal Review, Vol. 98, No. 2533, June 11, 1926, pp. 863-865. 

Ware, C. M., “Operating Boilers at the Minimum Cost,” 
Combustion, Vol. 16, No. 3, March, 1927, pp. 153-154. 

Study to determine most economical period of operation of 
boiler. l 

Wharton, C. J., “The Economie Production of Steam by 
Electricity,” Combustion, Vol. 16, No. 5, May, 1927, pp. 271-273. 

Advantages of electric boilers for process steam. 

White, A. E. and Clark, C. L., ‘‘Froperties of Boiler Tubing at 
Elevated Temperatures Determined by Expansion Tests,” 
paper presented at A. S. M. E. meeting December 6-9, 1926. 

Investigation to determine safe working loads for low carbon 
steel seamless tubing at elevated temperatures. 

Wigginton, R., “Economy in Steam Raising,” Institute of 
Mining Engineers, Trans., Vol. 70, January, 1926, pp. 274- 
729-284. i 

Problem of cheap steam raising resolves itself into use of 
cheapest suitable fuel and burning of this to best advantage. 

Yoder, J. D., ‘‘Recent Influences on Boiler Water Treatment,” 
Power Plant Engineering, Vol. 30, No. 24, December 15, 1926, 

pp. 1316-1318. | 

Higher ratings and higher pressures recent innovations in 
power plant design closest related to boiler-feed water treatment. 

Zeils. des Verein. Deut. Ingrs., ‘‘Double-Pressure Boiler 
Plant,” Vol. 71, No. 4, January 22, 1927, pp. 139-140. 

Eliminates costly high-pressure heating surface in zone of 
low-temperature gas. 


STEAM TURBINES, GENERATORS, AND AUXILIARY EQUIPMENT 


Andrews, R. H., “Heat Transfer Through Wet Condenser 
Tubes,” Power, Vol. 64, No. 26, December 28, 1926, pp. 981-982. 

Bancel, P., ‘Operating Performance of Some Modern Surface 
Condensers,” Mechanical Engineering, Vol. 49, No. 3, March 
1927, pp. 219-226, and (discussion) pp. 233-236. 

High efficiency resulting from good design causes change to 
single-pass type. 

Byles, F. A., ‘Automatic Load Regulators for Flectrie Genera- 
tors,” Power, Vol. 65, No. 8, February 22 1927, pp. 281, 283. 

Operation and adjustment of automatic load regulators. 


Chatel, E. J., “Steam Condenser Practise and Performance,” 
Mechanical Engineering, Vol. 49, No. 3, Mareh 1927, pp. 227-233. 

General idea of steam condenser practise and performance in 
four plants of Detroit Edison Co. 

Christie, A. J., “Bigger and Better Turbines Ahead,” Power 
Plant Engineering, Vol. 31, No. 1, January 1, 1927, pp. 40-42. 

Developments show trend toward higher pressures and tem- 
peratures, reheat and extraction. 


Colborn, Chas. E., “Testing a Surface Condenser in Action,” 
Power, Vol. 64, No. 12, September 21, 1926, pp. 431-433. 
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Transactions A. I. E. E. 


Dana, W. Jay, ‘Surface Condenser Heat Transfer,” Power, 
Vol. 65, No. 16, April 19, 1927, pp. 584-586. 

The principal factors involved and some solutions. 

Dickinson, H. W., ‘‘Landmarks in the History of Prime 
Movers,” Mechancial Engineering, Vol. 48, No. 12, Dec. 1926, pp. 
1385-1388. 

Dodge, J. W., “Electrically Driven Steam Power Plant Auxi- 
liaries,” General Electrie Review, Vol. 29, Nos. 5 and 6, May and 
June 1926, pp. 340-346 and 427-439. 

Douglas, J. F. H., Transverse Reaction in Synchronous 
Machines, Trans. A. I. B. E., Vol. 46, 1927, p. 30. 

Method of testing and a theory of operation of synchronous 
machines. 

Downer, J. M., ‘‘Structural Features of Steam Turbine 


Rotor,” General Electric Review, Vol. 29, No. 12, Dee. 1926, 
pp. 829-832. 
Dreyfuss, L., “The Damping Effect of Synchronous 


Machines,” Bull, Schweiz, Elecktrot Verein, July 1926. 

Electrical World, ‘60,000 K. W. Turbo-Generator Connected 
Directly with Auto-Transformer,’’ Vol. 89, No. 15, April 9, 1927, 
p. 174. 

Permits direct tie with Niagara system at 22,000 volts. 

Electrical World, ‘‘Progress on Southern California Edison's 
94,000 K. W. Units,” Vol. 89, No. 16, April 16, 1927, p. 827. 

Generators exceed in capacity and physical dimensions any 
previously built. 

Electrical World, ‘‘Design of Steam Turbine for Change in 
Operating Conditions,” Vol. 88, No. 8, August 21, 1926. 

From low pressure to high pressure. 

Electrical Review, “Tests for Resultant Economy,” Vol. 100, 
No. 2567, Feb. 4th, 1927, pp. 167-168. 

Value of bleeding for feed-water heating. 

Engineering, ‘‘Twin Surface Condensers at the Valley Road 
Power Station, Bradford,” Vol. 123, Nos. 3186 and 3187, Feb. 4 
and 11, 1927, pp. 125-127 and 160-162. 


Handle 240,000 lb. of steam per hour from low-pressure turbine. 


Engineering, ‘‘20,000 K. W. Impulse Reaction Turbine at 
Bradford.” Vol. 122, No. 3170, Oct. 15, 1926, pp. 465-469. 


35 kw. per sq. ft. of floor area. 

Engineering, “The Limiting Efficiency of the Reaction Steam 
Turbine,” Vol. 122, No. 3155, July 2, 1926, p. 1. 

Engineering and Boiler House Review, ‘‘Characteristics of 
Centrifugal Feed Pumps,” Vol. 40, No. 7, January 1927, pp. 
339-344. 

Comparison of motor-driven with steam-driven pumps. 

Engineering Progress, ‘‘A New Method of Construction for 
Steam Turbines,” Vol. 8, No. 3, March 1927, p. 70. 


Object aimed at in new design is to retain open hearth steel as 
constructional material. 


Evans, R. D. and Wagner, C. F., ‘‘Stability Characteristics of 
Machines,” Electrical World, Vol. 89, No. 3, Jan. 15, 1927, pp. 
141-143. 


Design of synchronous machines for high power transmission. 


Doherty, R. E. and Nickle, C. A., Synchronous Machines, 
Trans. A. I. E. E., Vol. 45, 1926, p. 912. 


Explanation of Blondel’s two reaction theory. 


Foster, F., “The Influence of the Iron Saturation upon the 
Short-Circuit Current of Synchronous Machines,” Electrot, 
Ztohr, Sept. 23, 1926. 


Gallizia, E., ‘‘Some Problems of the Turbo-Alternator,’’ 
Institute of Electric Engineers Journal, Vol. 64, No. 351, March 
1926, pp. 372-389. 

Ventilation, liquid cooling, balancing. 

Greenwood, R. B., ‘‘Systematiec Care of Generator Voltage 
Regulators,” Power, Vol. 65, No. 17, April 26, 1927, pp. 626-628. 

The system employed at the Moccasin Plant, San Francisco, 
Cal. 


June 1927 


Grob, J. J. and Artsayooloff, N., “Condenser Study Shows Bad 
Water Distribution,” Power, Vol. 64, No. 19, Nov. 9, 1926, pp. 
702-705. 

Results of tests made at Hell Gate Station. 

Guy, H. L., ‘‘Factors Affecting Economy of Turbine Opera- 
tion,” Power Plant Engineering, Vol. 31, No. 4, Feb: 15, 1927, 
pp. 239-242. 

Air preheating and feed water heating are of increased value as 
pressures rise. 

Harvey, J., ‘‘Increasing the Capacity of Jet Condensers,”’ 
Power, Vol. 64, No. 9, August 31, 1926, pp. 319-322. 

Influence of structure on operating characteristics. 

Karapetoff, V., Variable Armature Leakage Reactance in 


Salient Pole Synchronous Machines, Trans. A. I. E. E., Vol. 


45, 1926, p. 729. 

Kelsey, C. A., ‘‘Extraction Turbines Improve the Heat 
Balance,” Power Plant Engineering, Vol. 31, No. 8, April 15, 1927, 
pp. 455-456. 

Wide variety of designs allows any condition of heat balance 
to be met. 

Kirton, A. W., ‘‘Operation of the Intermittent Type Gov- 
ernor,” Power Plant Engineering, Vol. 30, No. 22, Nov. 15, 1926, 
pp. 1195-1197. 

Details of construction and instructions for adjustment. 

Kropff, L., ‘“The Largest Turbo-Generators for 3000 r. p. m.” 
Siemens Ztschr, Sept. 1926. 

Kulebakin, V. S., ‘‘The Calculation of the Main Dimensions of 
Synchronous Machines,” Electrat & Maschienbau, Oct. 3, 1926. 

Lauffer, W. G., “Where to Bleed Turbine,” Power, Vol. 64, 
No. 10, Sept. 7, 1926, pp. 363-365. 

Curves and calculations. 

Leitch, H. W., “Condenser Practise Trends Well Defined.” 
Power Plant Engineering, Vol. 31, No. 1, Jan. 1, 1927, pp. 47-48. 

Improved design and use of auxiliaries give better performance. 

Lochner, R., “The Hunting of Synchronous Machinery.” 
Institution of Electrical Engineers Journal, Vol. 65, No. 360, 
Dec. 1926, pp. 81-89. 

Deals with problem 
standpoint. 

Lowenberg, M. J., 
Power Plant Engineering, Vol. 
1324-1326. 

Considerations involved in arrangements of generators and 
auxiliaries in modern plants. 

MeAdams, W. H., Sherwood, T. K., and Turner, R. L., ‘Heat 
Transmission from Condensing Steam to Water in Surface 
Condensers and Feedwater Heaters,” A. S. M. E. 
meeting. Dec. 6-9, 1926, 28 pp. 

New experimental data for single tube water heaters supplied 
with exhaust steam. 

McJannet, D. W., “Power Transformer Operation,” Electrical 
Review, Vol. 100, No. 2577, April 15, 1927, pp. 589-592. 

Mechanical Engineering, ‘Westinghouse 104,000 K. W. Capac- 
ity Turbine and Combination Turbine,” Vol. 49, No. 2, Feb- 
ruary 1927, pp. 174-175. 

Chief features of these machines. 

National Electric Light Ass’n., ‘‘Condensing Equipment” 
Report No. 267-12 of Prime Movers Committee. 

National Electric Light Ass’n., Report No. 256-29 of the 
Electrical Apparatus Committee. 

Nicholas, A. J., “Auxiliary Supercooling in Surface Con- 
densers,’’ Power, Vol. 63, No. 21, May 25, 1926, pp. 804-805. 

Condensate vs. steam air temperatures; effect of supercooling 
on volumetric efficiency of vacuum pump. 

Parsons, Sir. Charles A., ‘‘Erosion of the Tubes of Surface 
Condensers,” The Engineer, Vol. 143, No. 3717, April 8, 1927, 
pp. 390-391; Engineering, Vol. 128, No. 3195, April 8, 1927, 
pp. 433-435. 


An investigation of the causes of condenser tube erosion. 


of hunting from a mathematical 


‘Generator Practise in Central Stations,” 
30, No. 24. Dee. 15, 1926, pp. 
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Parsons, C. A. and Walker, R. J. and Cook, S. S., “Progress in 
Economy of Turbine Machinery on Land and Sea,” The Engineer, 
Vol. 143, No. 3706, Jan. 21, 1927, pp. 69-71. 

Abstract of paper presented before North-East Coast Inst. 
of Engineers and Shipbuilders. 

Plumer, W. D. and Dodge, J. W., ‘‘Control Equipment for 
Electrically Driven Central Station Auxiliaries,” General Electric 
Review, Vol. 29, No. 9, Sept. 1926, pp. 617-623. 

Auxiliary control requirements for Central Stations. 

Pohl, R., “The End-Connection, Leakage Field of Turbo- 
Generators and Their Losses,” A. E. G. Mitteilungen, Sept. 1926. 

Powell, J. A. and Vetlesen, H. J., ‘‘Surface Condensers in 
Steam Power Plants,” Mechanical Engineering, Vol. 49, No. 5, 
May 1927, pp. 417-421. 

A study for most economic installation. 

Power, ‘‘Largest Tandem Compound Turbine under Construc- 
tion,” Vol. 65, No. 19, May 10, 1927, p. 697. l 
Views with dimensions and weights of Southern California 

Edison’s new machines. 

Power, “Additional Details of 80,000 K. W. Turbine Unit 
at Hudson Avenue Station,” Vol. 65, No. 2, January 11, 1927, 
pp. 52-54. 

Power, ‘‘Progress in Steam Turbine Designs,” 
January 4, 1927, pp. 18-22 (Annual Review No.). 

Trend of recent developments in larger units and higher steam 
pressures discussed. 

Power, ‘‘What Europe is Doing in Steam Turbine Design,” 
Vol. 65, No. 1, January 18, 1927, pp. 89-91. 

Novel four element 85,000 K. W. 500 lb. per sq. in. absolute 
pressure turbine for Berlin described. 

Power, ‘The 160,000 K. W. Turbine Generator for Hell Gate,” 
Vol. 65, No. 6, February 8, 1927, pp. 226-227. 

Brief deseription of the large Hell Gate unit. 

Power, *‘Forestalling Trouble by an Annual Inspection of 
Steam Turhines,” Vol.65, No. 11, March 15, 1927, pp. 401-403. 

Discussion of the various points to be dovera in PERME the 
annual inspection. 

Power, ‘‘Another ‘Largest’ Turbine,” Vol. 65, No. 22, May 31, 
1927, pp. 832-833. 

Details of the 100,000-kw. Westinghouse compound unit for 
the Crawford Avenue Station in Chicago. 

Power, ‘60,000 K. W. Turbine at Buffalo,” Vol. 65, No. 17, 
April 26, 1927, p. 630. 

Brief deseription of the new unit at the Charles R. Huntley 
Station. 

Power, ‘80,000 K. W. 
1926, pp. 815-818. 

Design features of 2-cyclinder unit at Hudson Ave. Station of 
Brooklyn Edison Co. 

Power, ‘50,000 K. W. Steam Turbine for Waukegan, 
No. 25, Dee. 21, 1926, pp. 942-943. 

Single generator; 2 cylinder, tandem-compound reaction 
turbine with double flow in the low pressure cylinder. 

Power Plant Engineering, ‘‘Progress in Condenser Design,” 
Vol. 31, No. 2, Jan. 15, 1927, pp. 143-146. 


Statements by various manufacturers. 


Vol. 65, No. 1, 


Turbine Unit,” Vol. 64, No. 22, Nov. 30, 


“ Vol. 64, 


Power Plant Engineering, ‘Condenser Improvements Benefit 
Entire Station,” Vol. 31, No. 1, Jan. 1, 1927, pp. 49-53. 


Single pass, divided water box, improved steam distribution 
are main improvements. 

Power Plant Engineering, ‘‘Analvsis of Present-Day Turbine 
Installations,’ Vol. 31, No. 1, Jan. 1, 1927, pp. 42-45. 

Comment on pressures and temperatures emploved, use of 
reheat and ‘‘bleeding.”’ 

Power Plant Engineering, Developments in Steam Turbine 
Construction,” Vol. 31, No. 2, Jan. 15, 1927, pp. 138-143. 

Presents statements by different manufacturers. 

Power Plant Engineering, Development in Steam Turbine 
Construction,” Vol. 31, No. 1, January 1, 1927, pp. 45-46. 


(74 


Discussion of types; changes in blading, staging, and bleeding; 
effect of changed steam conditions. 

Power Plant Engineering, ‘Efficient Auxiliaries Help Con- 
densers,” Vol. 31, No. 1, Jan. 1, 1927, pp. 53-54. 

Variable speed motors, vertical pumps and improved vacuum 
pumps influence condenser design and selection. 

Power Plant Engineering, ‘‘Eleetrie Generator Practice,” 
Vol. 31, No. 1, January 1, 1927, pp. 55-57. 

Methods used by main power station. 

Power Plant Engineering, ‘‘Progress in Generator Cooling,” 
Vol. 31, No. 1, January 1, 1927, pp. 60-61. 

Closed svstem used at present may lead to use of an inert gas. 

Power Plant Engineering, “Air Cooling for Generators,” 
Vol. 31, No. 2, Jan. 15, 1927, pp. 147-149. 

Statements by leading manufacturers. 

Power Plant Engineering, G. E. to Build Large High-Pressure 
Turbine,” Vol. 31, No. 4, Feb. 15, 1927, p. 280. 

New 10,C00-kw. 1200 Ib. pressure turbo-generator being built 
for Edgar Plant. 

Power Plant Engineering, “Some Operating Troubles with 
Turbo-Generators,”’ Vol. 31, No. 8, April 15, 1927, pp. 458-459. 

Starting curves and shutting down curves for turbines. 

Power Plant Engineering, ‘‘Experience Alters Condensing 
Practice,’ Vol. 30, No. 12, June 15, 1926, pp. 685-686. 

Changes in design and operating practise reported from 
many plants during past vear. 

Power Plant Engineering, “Systems for Cooling Electric 
Generators,” Vol. 30, No. 16, August 15, 1926, pp. 905-907. 

Among various systems developed and suggested, proposed 
use of hydrogen as cooling medium is most novel. 

Power Plant Engineering, “Principles of Steam Turbine 
rovernors,”” Vol. 30, No. 18, Sept. 15, 1926, pp. 991-996. 

Construction details and method of operation of various makes 
of governors in present day use. 

Quayle, L. A., “Test of 15,000 K. W. Turbine at Cleveland 
Municipal Plant,” Power, Vol. 64, No. 16, Oct. 16, 1926., pp. 
583-5856. s 

Ricketts, E. B., “Some Results of Condenser Operation,” 


Mechanical Engineering, Vol. 48, No. lla, Mid-Nov. 1926, 
pp. 1312-1314. 
Results of year's operation of four condensers differing 


radically in design, but operated under same water conditions, 
and under same supervision. 


Robinson, E. L., “Notes on the Comparison of Steam Turbine 
Efficiencies,” General Electric Review, Vol. 29, No. 7, July 1926, 
pp. 908-510. 

Ross, M. D., “How Steam-Turbine Generator Windings are 
Insulated,” Power, Vol. 65, No. 4, January 25, 1927, pp. 124-126. 

Describes the manufacturing and installing of large generator 
coils. 

Schmidt, J. D., Developments in Steam Turbine Practice.” 
Power Plant Engineering, Vol. 30, No. 24, Dee. 15, 1926. 

Shirley, O. E., Stability Characteristics of Alternators, JOURNAL 
A. L E. E., Vol. 45, No. 9, Sept. 1926, pp. 813-819. 

Soulhern Power Journal, “A Few Developments of 1926,” 
Vol. 45, No. 2, Feb. 1927, pp. 48-56. 

Chiefly developments of the vear in relation to steam turbines. 

The Electrician, “Large Power Transformers,“ Vol. 98, 
No. 2542, Feb. 1S, 1927, p. 172. 

Up to 132.000 volts 11,500 kv-a. 

The Engineer, “An Improved Back-Pressure Turbine,” Vol. 
143, No. 3795, January 14, 1927, pp. 56. 

Exhausts against baek pressure of 30 Ib. gage and delivers 
675 kw. at 3000 rev. per min. 

The Engineer, “Auxihary Pumps for 30,000 K. W. Steam Tur- 
bine,” Vol. 141, No. 3673, June 4, 1926., p. 590. 

Cireulating water, air ejector, and condensate pumps all 
mounted on same shaft, electrically driven. 
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Transactions A. I. E. E. 


Waite, J. N., “River Water or Cooling Water?”, Electrical 
Review, Vol. 100, No. 2564, Jan. 14, 1927, pp. 46-48. 

Relative merits of two systems. 

Walden, R. R., “Calculating the Characteristics of the Ex- 
traction Turbine,” Power, Vol. 65, No. 5, February 1, 1927, pp. 
170-172. 

Discussion of the increase in steam rate due to bleeding of 
turbines. 

Waller, C. R., ‘A High Speed Condensing Turbine for the Small 
Plant,” Power, Vol. 65, No. 13, March 29, 1927, pp. 480-481. 

A description of the 300 hp., 10,000 rev. per min. De Laval 
steam turbine featuring good steam economy. 

Wheeler, Frank R., “Condenser Efficiency,” Power, Vol. 65, 
No. 7, February 15, 1927, p. 241. 

Discussion of various expressions for finding condenser 
efficiencies. 

Wottrich, H., “Maintaining Surface Condensers,” 
Vol. 64, No. 3, July 20, 1926, pp. 82-85. 

How large central station tests for salinity, cleans condensers 
tubes, and keeps trash racks free of floating debris. 

Zimmerman, C. D., Lindseth, E., and Arnold, C. B., “Method 
of Measuring Condenser Air Leakage,” Power, Vol. 65, No. 20, 
Mavy 17, 1927, pp. 746-748. 

Method used in the Lake Shore Station is suitable for air or 
steam. 


Power, 


PULVERIZED COAL, STOKERS, FUEL, AND COMBUSTION STUDIES 

Bailey, E. G., “Limiting Factors in Reducing Excess Air in 
Boiler Furnaces,” Mechanical Engineering, Vol. 48, No. T, 
July 1926, pp. 703-709. 

Barkley, J. F., “Experiences with Combustion of Fuel Oil in 
Power Plant Boilers,” U. S. Bureau of Mines Report No. 2730, 
February 1926. 

Results of studies and tests. 

Barrell, K. C., ‘‘Pulverized Coal.” Institute of Mechanical 
Engineers, Proceedings, No. 1, 1926, p. 37. 

Use throughout the world. 

Bennett, J. S., “Stokers and Pulverized Fuel,” Combustion, 
Vol. 16, No. 1, January 1927, pp. 41-42. 

Curves showing efficiencies of installations with stokers and 
pulverized fuel. 

Bishop, D. E., ‘“Chain-Grate Stokers Versus Hand-fired 
Furnaces,” Southern Power Journal, Vol. 45, No. 3, Mareh 1927, 
p. 64. 

Blau, E., “Utilization of the Waste Heat of Boiler Installations 
to Preheat the Combustion Air,” Combustion, Vol. 14, No. 6, 
June 1926, pp. 374-377. 

By preheating combustion air, 70 per cent of heat of flue gases 
ean be recovered. 

Boutffart, M., “An Essential Principle for Scientific Boiler 
Firing,” Chaleur & Industrie, Vol. 76, Aug. 1926, pp. 437-442. 

Discusses theory of combustion of coal, ex ess or deficiency of 
air, air supply, and incombustibles. 

Brewer, A. F., “Practical Handling of Fuel Oil Burning Equip- 
ment,” Combustion, Vol. 14, No. 5, May 1926, pp. 308-312. 

Brewer, A. F., “Lubrication of the Mechanical Stoker,” Power, 
Vol. 63, No. 23, June X, 1926, pp. 895-S96. 

Christie, A. G., “Corrosion by Flue Gases,” Power, Vol. 65, 
No. 3, January 18, 1927, pp. S7-SS. 

Colby, H. S., “Furnace Design for Traveling Grate Stokers,” 
Power Plant Engineering, Vol. 30, No. 7, April 1, 1926, pp. 
412-415. 

Points out that when burning fine sizes of anthracite or coke 
breeze, length and slope of rear arch are of prime importance. 

Collins, F. S.. *Reeent Developments in Coal Burning,” 
Power Plant Engineering, Vol. 31, No. 6, Mareh 15, 1927, pp. 
340-351, 

Foreed-draft) chain grate and pulverized coal burners used 
successfully with middle-west coal. 


June 1927 


Combustion, ‘Making Rhode Island Coal Usable,” Vol. 16, 
No. 3, March 1927, pp. 147-150. 

Treating by Trent process described. 

Conlon, W. T., “The Why, When and How of Storing Bitumi- 
nous Coals.” Power, Vol. 64, No. 10, Sept. 7, 1926, pp. 354-356. 

Coutant, J. G., “Effect of Moisture in Coal as Fired,” Com- 
bustion, Vol. 15, No. 1, July 1926, pp. 41-42. 

Data from various stations on efféect of moisture in coal as 
fired. 

Derry. G. C., “Recent Developments in Air Heaters,” Power 
Plant Engineering, Vol. 30, No. 24, Dee. 15, 1926, pp. 1312-1315. 

Discussion of construction and operating details. 

Dunn, J. T., “The Ash from Powdered Fuel Installations,” 
Chemistry and Industry, Vol. 45, No. 11, Mareh 12, 1926. 

Analysis and measurement of ash and dust particles. 

Drake, J. H., “Coal Handling and Preparation of Trenton 
Channel,” Power, Vol. 64, No. 18 and 19, No. 2 and 9, 1926, 
pp, 652-655 and 697-699. 

Draustield, F., “Coal Testing and Combustion Calculations,” 
Electrical Review, Vol. 99, No. 2546, Sept. 10, 1926, pp. 413-415. 

Drewry, M. K., “Over Fire Injection with Underfeed Stokers,” 
Power, Vol. 64, No. 12, Sept. 21, 1926, pp. 446-447. 

Reduce smoke and increase efficiency of stokers with small 
furnace volume. 

Electrical’ World, “Utility Uses Periodice Photos to Check 
Smoke,” Vol. 89, No. 6, February 5, 1927, pp. 306-307. 

Hlustrated deseription of the automatically operated device. 

Engineering and Boiler House Review, “Some Tests on Pow- 
dered Semi-Coke for Boiler Firing,” Vol. 40, No. 2, Aug. 1926, 
pp. 65-66. 

Results of tests carried out on water tube boiler fired with semi- 
coke in powdered form. 

Engineering, ‘“Pulverized Fuel Installation at St. Pancras 
Power Station,” Vol. 122, No. 3173, Nov. 3, 1926. 

Lopuleo system with B. & W. boiler units. 

Engineering, “Boiler Firing with Pulverized Fuel,” Vol. 123, 
No. 3183, Jan. 14, 1927, p. 40. 

History and development. 

Engineering, “Laidlaw and Drew Oil-Fuel Burners,” Vol. 128, 
No. 3186, Feb. 4, 1927, pp. 151-153. 

Fette, A. A., “Outwitting the Smoke Inspector,” Power, 
Vol. 65, No. 12, March 22, 1927, pp. 446-447. 

The use of steam jets as a means of curing the smoke evil. 

Grunert, A. E., “Inereasing the Oxygen Supply Over the Fire,” 
Power, Vol. 65, No. 4, January 25, 1927, pp. 130-131. 

Auxiliary air nozzles at furnace front Improve combustion. 

Haslam, R. T., Prof., “The Combustion af Solid Carbon,” 
Enginecring and Boiler House Review, Vol. 40, No. 7, January 
1927, pp. 355-360. 

Analysis of the reaction C + Og = COdz. 

Herington, C. F., “Use of Pulverized Coal,” Electric Light and 
Power, Vol, 4, No. 7, July 1926, pp. 25-28 and 88. 

History and present use, with advantages. 

Hirshfeld, C. F., “Combustion Progress,” Power Plant En- 
gineering, Vol. 31, No. 1, January 1, 1927, pp. 8-9. 


Outstanding changes resulting from use of pulverized coal. 


Hubbard, Charles L., “Burning Powdered Coal,” Southern 
Power Journal, Vol. 45, No. 1, January 1927, pp. 89-94. 

Outstanding advantages; 
equipment. 

Irish, N. D. P.. “When Purehasing Coal, the Small Utility has 
its Troubles,” Power, Vol. 65, No. 11, Mareh 15, 1927, pp. 
406407. 

Purchasing “dump power” or running at a loss explained. 

Jackson, R., “Modern Developments in Pulverized Coal 
Firing,” Combustion, Vol. 16, No. 5, May 1927. pp. 279-280. 

Presented before the Institution of Engineers and Ship- 
builders in Seotland. 


indireet and unit systems; drying 
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June, Robert, “Modern Soot-Blower Practice,” Power, Vol. 
65, No. 9, March 1st, 1927, pp. 332-334. 

Description of soot blower equipment. 

Keen, G. W., “The Selection of Fuel-burning Equipment for 
Generating Stations,” Mechanical Engineering, Vol. 48, No. 
9, Sept. 1926, pp. 947-948. 

Discusses advantages and disadvantages of stokers and 
pulverized fuel burning equipment. i 

Kershaw, J. B. C., “The World’s Future Supplies of Liquid 
Fuels,” The Engineer, Vol. 143, No. 3712, Mareh 4, 1927, pp. 
244-245. 

“Tables of Production of Crude Oil for All Countries from 
1913 to 1924,” The Engineer, Vol. 143. No. 3713, Mareh 11, 1927, 
pp. 261-263. 

“The Low Temperature Carbonization Processes,” 
ineer, Vol. 143, No. 3714, Mareh 18, 1927, pp. 292-294. 

“The Production of Oils from Coal by the Bergius Process,”’ 
The Engineer, Vol. 143, No. 3715, March 25, 1927, pp. 316-317. 

“The Production of Methanol and other Alcohols from Coal.” 

Kilker, J. E., “Loads of 200 Percent Ratings Carried with 
Sereenings as Fuel.” Combustion, Vol. 14, No. 3, Mareh 1926, 
pp. 169-170. 

Survey provides definite, reliable, and unbiased performance 
data in Ewing Avenue, St. Louis, and other plants. 

Lander, Cecil H., **Recent Developments in the Science of Coal 
Utilization,” Mechanical Enginecring, Vol. 49, No. 1, January 
1927, pp. 1-11. Second Robert Henry Thurston Lecture. 

Review of the many phases of scientific research going on in the 
utilization of fuels. 

Lulofs, W., “Powdered Fuel,” Combustion Vol. 14, No. 1, June 
1926, pp. 40-438. 

Economic advantages. 

Marsh, T. A., “Use of Iowa Coal for Steam Production,” Power, 
Vol. 65, No. 15, April 12, 1927, p. 569. 

Abstract of paper read before towa Power Conference, Iowa 
City, March 31, 1927. 

Martin, S. C., “Principles of Coal Pulverizing Machinery,” 
Power Plant Engineering, Vol. 30, No. 9, May 1, 1927, pp. 522- 
524. 

Consideration of physical characteristics of coal and effeetive 
methods of producing fine powder. 

MeDonald, E. L., “The Burning of Midwest Coals,” Power, 
Vol. 65, No. 20, May 17, 1927, pp. 758-759. 

Mess, James, Lt. Col., ‘Automatic Regulators Pay Dividends,” 
Power House, Vol. 21, No. 3, Feb. 5th, 1927, pp. 30-32, No. 4, 
Feb. 20, 1927, pp. 27-31, 49. 

Automatie combustion control vs. hand control as regards 
efficiency. 

Mechanical Engineering, “Location of and Coal for Central 
Power Plants,” Vol. 49, No. 6, June 1927, p. 649. 

Abstract of a paper by N. A. Taylor, presented at the Second 
Midwest Power Conference in Chicago, Il. February 15-18, 
1927. 

Mechanical Engineering, “Vow Temperature Carbonization of 
Bituminous Coals of the Mid-Continental Type.” Vol. 49, 
No. 1, January 1927, p. 11. 


The Eng- 


S. W. Parr in a paper at the International Conference on 
Bituminous Coal, Pittsburgh, Pa., November 15-18, 1926. 

Mechanical) Engineering, “One Plant Burns Nine Fuels in 
Suspension,” Vol. 49, No. 2, February 1927, p. 136. 

Oil, shavings, charcoal, coal, tar, and wood gas being the 
principal fuels used. 

Miketta, C. A., “Estimating Heat Loss through Furnace 
Walls,” Power, Vol. 65, No. 4, January 25, 1927, pp. 127-128. 

Thermocouple method. 

National Electric Light Ass'n., Coal and Ash Handling” 
Report 267-17 of Prime Movers Committee. 

National Electrie Light Ass'n., ‘Distillation Products of 
Coal.” Report No. 267-20, of Prime Movers Committee. 
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Orrok, Geo. A., “Economics of Coal Carbonization in the 
United States,” Synopsis in Mechanical Engineering, Vol. 49, 
No. 5a, Mid-May 1927, p. 5&8. 

Covers a review of progress of carbonization in America bring- 
ing it to date. Paper presented at Spring meeting of the A. S. 
M. E., May 23-26, 1927. 

Osborn, Campbell, ‘‘Fuel Oil Situation in the Central States,” 
Power, Vol. 65, No. 9, March 8, 1927, pp. 358-359. 

Abstract of a paper presented before the Midwest Power 
Conference, Chicago, February 18, 1927, production and con- 
sumption of fuel oil discussed. 

Parr, S. W., “Fuel Losses Resulting from Honeycombing and 
Excessive Clinkering,”’ Combustion, Vol. 15, No. 3, Sept. 1926, 
pp. 167-168. 

Pier, H. M. and Crowder, A. N., ‘‘Catching Pulverized Coal 
Ash at the Trenton Channel. Plant,” Power, Vol. 65, No. 22, 
May 31, 1927, pp. 834-837. 

Operating data and efficiency of the Cottrell Electrical Precipi- 
tator in use at the station. 

Piron, Emil H., “The Piron Coal Distillation Systems,’’ Com- 
bustion, Vol. 16, No. 3, March 1927, pp. 151-152. 

Problems encountered in Ford Motor Company’s ovens. 

Power, ''FProduction of Fuels and Their Utilization,” Vol. 65, 
No. 1, January 4th, 1927, pp. 14-18 (Annual Review No.). 

Processing of-coal by pulverized fuel plants gaining in favor. 

Power, Recent Developments in Coal Burning,’ Vol. 65, 
No. 13, March 29, 1927, pp. 476-479. 

The possibilities of the unit mill and the difficulties of burning 
Ilinois coal as compared to high grade eastern coals. 

Power, ‘Present Fuel Situation and Stokers Discussed,” Vol. 
65, No. 16, April 19, 1927, p. 609. 

Review of papers presented at a recent meeting of the Metro- 
politan Section of the A:S. M. E. 

Power, “How the L & N Automatie Combustion Control 
System Operates,’ Vol. 64, No. 17, Oct. 26, 1626, pp. 626-629. 

Power, “German Arrangement for Burning Pulverized Coal 
over Stokers,” Vol. 63, No. 23, June 8, 1926, p. SS5. 

To supplement stoker-fired boilers, and reduce standby 
equipment. 

Power, Remodeled Powdered Coal Furnace Doubles Boiler 
Capacity at Fordson Plant,” Vol. 64, No. 2, July 13, 192€, pp. 
40-44. 

Power Engineer, *‘Coal Drying and Preheating,” Vol. 21, No. 
247, Oct. 1926, pp. 379-380. 

Discusses economy derived by preheating coal before firing. 

Power Engineer, “Fuel Economy,” Vol. 22, No. 251, Feb. 
1927, pp. 62-65. 

The comparative thermal accountaney of air preheating. 

Power Engineer, ““Underfeed Stokers,” Vol. 21, No. 245, Aug. 
1926, pp. 285-287, 

General survey of their characteristics and modern develop- 
ment. 


Power Plant Engineering, Modern Furnace Walls Last 
Longer,” Vol. 30, No. 14, July 15, 1926, pp. 787-789. 
Shows how air and water cooled walls have revolutionized 


boiler furnace construction, 

Power Plant Engineering, “Oil and Gas Burners are Inter- 
changeable,” Vol. 30, No. 22, Nov. 15, 1926, pp. 1200-1202. 

Kansas Gas & leetric Co's. plant at Wichita has interchange- 
able burners. 

Power Plant Engineering, Coal Carbonization on a Large 
Seale at Milwaukee,” Vol. 30, No. 12, June 15, 1926, pp. 688-690. 

Power Plant Engineering, Modern Fuel Handling in Power 
Plants, Vol. 30, No. 10, May 15, 1926, pp. 5859-594. 

Power Plant Engineering, “Utilizing Towa’s Coal Resources,” 
Vol. 31, No. 10, May 15, 1927, pp. 558-5509. 


Power Plant Engineering, “Progress in the Burning of Pulver- 
ized Coal,” Vol. 31, Jan. 1, 1927, pp. 0-16. 
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Transactions A. I. E. E. 


Discussion of types of furnaces used; preparation and burning 
of coal. 

Power Plant Engineering, ‘‘Pulverized Coal Equipment Shows 
Steady Progress,” Vol. 31, No. 2, Jan. 15, 1927, pp. 106-118. 

Data on pulverized coal equipment; progress in design of 
stokers, furnace walls, and air heaters. 

Power Plant Engineering, ‘‘Stoker Improvements Meet High 
Ratings,” Vol. 31, No. 1, Jan. 1, 1927, pp. 17-20. 

Furnace design limits stoker capacity. 

Power Plant Engineering, ‘‘ Progress in Stoker Design,” Vol. 31, 
No. 2, January 15, 1927, pp. 109-113. 

Statements by manufacturers. 

Ritchie, E. G., ‘‘Radiation from Pulverized Coal,” Combustion, 
Vol. 14, No. 3, March 1926, pp. 170-175. | 

Its significance in relation to pulverized coal furnace design. 

Rhodin, J. G. A., “Can the Heat of Combustion of Coal be 
Turned Directly into Electrical Energy?” The Engineer, Vol. 
142, No. 3680, July 23, 1926, pp. 80-81. 

Points out intrinsic difficulties of finding new way to generate 
power. 

Roberts, John ‘The Carbonization of Coal— 5,” Combustion, 
Vol. 16, No. 1, January 1927, pp. 36-41. 

Conservation of coal made possible by utilization of high 
oxygen coals in high and low carbonization. — 

Rollow, J. G., “Burners for Combination Gas Oil Furnaces,” 
Power Plant Engineering, Vol. 30, No. 14, July 15, 1926, pp. 
789-790. 

Continuous operation must be insured and quick changeover 
possible without loss of load. 

Rosin, P. and Rammler, E., “Fineness and Structure of 
Pulverized Coal,” Power, Vol. 65, No. 11, Mareh 15, 1927, 
pp. 419-420. 

Rothwell, F. A., “Good Design Increases Life of Furnaces,’’ 
Power Plant Engincering, Vol. 30, No. 13, July 1, 1926, 
pp. 740-743. 

Changes which were made in setting of oil-fired boiler and 
benefits resulting. 

Runge, W., “Low Temperature Distillation,” Power, Vol. 65, 
No. 19, May 10, 1927, pp. 720-721. 

Description of three processes—Cost of production and values 
of products— Calorifice values. 

Runge, Walter, “The McEwen-Runge System fur the Low 
Temperature Distillation of Coal,” Combustion, Vol. 16, No. 1, 
January 1927, pp. 29-50. 

New method using pulverized coal. 

Savers, W. W., “Modern Methods in Coal and Ash Handling,” 
Power, Vol. 64, No. 4, July 27, 1926, pp. 133-136; No. 5, Aug. 3, 
1926, pp. 169-171; No. 6, Aug. 10, 1926, pp. 204-206; No.7, Aug. 
17, 1926, pp. 240-241; No. 8, Aug. 24, 1926, pp. 24-256. 

Scott, E. K., ‘‘Pulverized Fuel at the Dover Power Station,” 
Combustion, Vol. 14, No. 5, May 1926, pp. 820-821. 

Shelain, L. C., ‘‘Hydraulie Ash Disposal Proves Economical,” 
Power Plant Engineering, Vol. 30, No. 19, Oct. 1, 1926, pp. 
1046-1048. 

System developed by Rockford Elect. Co., during war-time 
emergency is simple and economical. l 

Shoudy, W. A., “Relation of Stokers to Boilers,” Mechanical 
Enginecring, Vol. 49, No. 3, Mareh 1927, pp. 212-215, and 
(discussion) pp. 215-218, Power Plant Engineering, Vol. 31, 
No. 3, Feb. 1, 1927, pp. 187-190. 

Selection of stokers and boilers for given eonditions. 

Southern Power Journal, “Oil as a Fuel,” Vol. 45, No. 5, 
May 1927, p. 52-56. 

Advantages; available supply and oil burning equipment. 

Southern Power Journal, “Stoker Operating Methods,” Vol. 45, 
No. 1, January 1927, pp. 36-49. 

Care and operation of mechanical stokers. 

Summer, M. R., “A Four Ton Coal Handling Tower,” 
Electrical World, Vol. 88, No. 13, Sept. 25, 1926, pp. 653-654. 


June 1927 


Tenney, E. H., ‘‘Pulverized Fuel at Ashley Street Plant,” 
Electric Light & Power, Vol. 4, No. 10, October 1926, pp. 21-23. 

Details of unit pulverizers, burners, and furnaces. 

Troup, J. D., “Boiler Flue Dust Removal,” Electrician, 
Vol. 97, No. 2535, Dee. 31, 1926, pp. 752-753 and 762. 

Modern methods; need for treatment from efficiency view- 
point; details of apparatus used. 

Tupholme, C. H. S., ‘Coal Storage for Power Plants,” World 
Power, Vol. 5, No. 26, pp. 90-92. 

Webb, C. J., “Italian Plant Burns Peat Gas,” Power Plant 
Engineering, Vol. 30, No. 9, May 1, 1926, p. 521. 

Producer used to generate gas for boiler fuel in 15,000-kw. 
plant at Torre del Lago. 

Wohlenberg, W. J., ‘‘Calorimetric Determinations of Heating 
Value of Fuels,” Combustion, Vol. 14, No. 5, May 1926, pp. 
317-319. 

Their exact relation to energy releasable in Boiler furnace. 

Wohlenberg, W. J. and Lindseth, E. L., ‘‘The Influence of 
Radiation in Coal Fired Furnaces on Boiler Surface Require- 
ments and a Simplified Method for its Calculation,” paper 
presented at the A. S. M. E. meeting Dec. 6-9, 1926. 

Wolf, F. L., ‘‘Ohio Brass Co’s. Experience with Powdered 
Fuel,” Power, Vol. 64, No. 3, July 20, 1926, p. 109. 

Worker, Joseph G., ‘‘Underfed Stokers Show Steady Improve- 
ment,” Power Plant Riginesrng. Vol. 31, No. 11, June 131927, 
pp. 615-617. 

Results obtained using coals from all the different fields in this 
country. 

Wyman, M. B., “Making Electrical Drives Safe in Pulverized 
Coal Plants.” Power, Vol. 64, No. 14, Oct. 5, 1926, pp. 504-507. 

Zimmerman, C. C., ‘Improvement in Combustion by the Use 
of Steam Jets,” Power, Vol. 65, No. 5, February 1, 1927, p.159. 

Results of experiments at Lake Share Station. 


HYDROELECTRIC STATION DESIGN, OPERATION, AND Costs 


Andrews, R. H., “Turbine and Plant Efficiencies,” 
Vol. 64, No. 15, October 12, 1926, p. 560. 

Presents efficiency curves obtained with Kaplan and propeller 
type turbines in low head plant at Lilla Edet in Sweden. 

Arbelot, M. G., “Economic Relation between Hydro-Electric 
and Steam Power Generation,” World Power Conference, 1926, 
advance paper No. 4l. 

Conditions under which they can operate together ad- 
vantageously. 

Baird, A. F., 
Brunswick,” World Power, 
pp. 113-121. 

Hydro-electric developments and possibilities under private 
control. 


Power, 


“Electrical Developments of Province of New 
Vol. 7, No. 39, March 1927, 


Bauer, L. H., ‘‘Russian Plans for Dnieper River Hydro- 
eleetrie Dev slopient: " Electrical World, Vol. 88, No. 5, July 31, 
1926, p. 220. 


erman conception of Ukraine project; additional information. 

Blackburn, R. N., “Industrial Development in Saskatchewan,” 
Engineering Journal, Vol. 9, No. 5, May 1926, p. 263-265. 

Water power development and utilization of Saskatchewan 
coal. 

Burd, E. M., 
System,” Power Plant Engineering, Vol. 
1926, pp. 803-806. 

Description of new 25,000 hp. 
Manistee River, Mich. 

Canadian Engineer, “Report on St. Lawrence Power Project,” 
Vol. 51, No. 22, November 30, 1926, pp. 667-670. 

Canadian section of joint Enginecring Board recommends two 
stage dev elopment, while American section advocates. single 


“Consumers Power Co. Adds Hodenpv! to 
30, No. 14, July 15, 


hydroelectric plant on 


stage. 
Carpenter, J. S., “Water Velocities in  Hydraulie Turbine 
Plants,” Power Plant Engineering, Vol. 30, No. 22, November 


15, 1926, pp. 1210-1211. 
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In designing new plants and rebuilding old ones water veloci- 
ties affect pipe lines, sizes, scroll cases, draft tubes, and speed 
regulation. 

Christie, C. V., ‘‘Hydro-Electric Development in Quebec,” 
World Power, Vol. 5, No. 29, May 1926, pp. 231-237. 

Physical characteristics of province; water power resources, 
hydroelectric plants. 

Drever, W., ‘‘Voleaniec Formations Govern Design in Pit 
River No. 3 Hydro Development,” Engineering News Record, 
Vol. 96, No. 4, January 28, 1926, pp. 144-149. 

Ehrensperger, ‘‘Economic Relation between Hydro-electric 
and Steam Power Generation,” World Power Conference, 1926, 
advance paper No. 80. 

As in Switzerland. l 

Electrical Review, ‘‘Electric Progress in New Zealand,” Vol. 98, 
No. 2527, April 30, 1926, pp. 692-695. l 

Particulars of Mangahas hydro-electric scheme, generating 
station provides for 5 main turbines of Pelton Type. 

Electrical Review, ‘‘A New Swiss Electricity Project,” Vol. 99, 
No. 2561, December 24, 1926, pp. 1027-1028. 

Scheme for utilizing water power of Oberhash. 

Electrical Review, “A Swiss Hydro-Electric Installation,” 


Vol. 98, No. 2528, May 7, 1926, pp. 734-735. 


Details of Lake Tremorgio plant. 

Electrical World, ‘‘Hydro-Electric Developments in Georgia,” 
Vol. 87, No. 15, April 10, 1926, pp. 750-756. 

Completion of projects on Tallulah and Tugalo Rivers will 
result in average annual output of 510,000,000 kw-hrs. 

Electrical World, ‘‘Hydro-Electriec Construction Practice on the 
Pacific Coast,” Vol. 88, No. 15, October 9, 1926, pp. 743-747. 

Balch Plant is typical of high head plants; job equipment and 
construction methods. 

Electrical World, ‘One of the Highest Water Chutes in the 
World,” Vol. 88, No. 19, November 1926, pp. 968-969. 

Swiss power plant at Fully in Canton of Valais holds world’s 
record among piped water chutes; its fall is 5460 ft. 

Electrical World, ‘South Develops another Hydro Resource,” 
Vol. 89, No. 4, January 22, 1927, pp. 195-197. 

Description of the Bartlett’s Ferry Plant of the Columbia 
Electric & Power Co. 

Electrical World, “Another Big Hydro Plant for South,” 
Vol. 89, No. 10, March 5, 1927, p. 516; Vol. 89, No. 14, April 2, 
1927, p. 722. . 

200,000 hp. project on Saluda River, 10 miles from Columbia, 
S.C. Map in latter issue. 

Electrical World, ‘‘Developed Water Power in the United 
States,” Vol. 89, No. 15, April 9, 1927, p. 786. 

Tables giving report of Geological Survey on January 1, 1927. 

Electrical World, “First Unit of Insull’s New Hampshire Hydro 
Development,” Vol. 89, No. 19, May 7, 1927, p. 961. 

Photos showing construction of penstock and scroll case. 

Electrical World, “Conowingo Power in 1928,” Vol. 89, No. 16, 
April 16, 1927, p. 822. 


First unit of hydroelectric plant will be ready in June 1928, 
then one a month until end of year. 

Engineering, “Hydroelectric Development in New Zealand,” 
Vol. 122, No. 3180, December 24, 1926, pp. 793-794. 


Details 
Zealand. 


of hydroelectric development scheme for New 


“The Construction of the Isle Maligne Power 
>” Vol. 122, No. 3179, December 17, 1926, pp. 


Engineering, 
Plant, Quebec 
747-750. 

Present plant consists of eight 45,000 hp. units. 

Engineering, “The Lawaczeck Turbines at Lilla Edet,” 
Vol. 123, No. 3196, April 15, 1927, pp. 449-451. 

A 10,000-kw. 
operation. 

Engineering News Record, ‘‘Draft Tube Lined with Cast. Iron 


propeller type hydraulic turbine for low head 
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at Big Creek No. 8 Plant,” Vol. 97, No. 5, July 29, 1926, pp. 
182-183. 

Engineering News Record, “Balch High Head Power Project 
Well Under Way,” Vol. 97, No. 21, November 18, 1926, pp. 
836-839. 

Plant on Kings River, Cal., to use 2381 ft. head. 

Engineering News Record, ‘‘Construction Plant and Plant at 
the Falls of the Ohio,” Vol. 98, No. 19, May 12, 1927, pp. 
762-769. 

Engineering World, ‘‘Power Development on Feather River,” 
Vol. 30, No. 3, March 1927, p. 150. 

Eustrom, A. F., “Hydraulic and Steam Power in Sweden,” 
World Power Conference, 1926, Advance paper No. 33. 

Steam power used to supplement hydraulic power, and as a by- 
product. Description of state- and city-owned power genera- 
tion systems. 

Foster, W. C., “Western Hydro-electric History,” Journal of 
Electricity, Vol. 57, No. 12, December 15, 1926, pp. 447-449. 

Details of Station B, Portland Electric Co., located on Willu- 
mette River at Oregon City. 

George G. C., ‘‘Automatic Hydro-electric Plant Designed for 
Peak Load Service,” Power, Vol. 64, No. 4, July 27, 1926, 
pp. 116-119. 

Installation in Soft Maple plant of Northern New York 
Utilities, Inc., designed for three 10,500-hp. turbines. 

Haggas, Geo. E., “Developing Hydro Plant Addition to 
Conserve Stream Flow,” Electrical World, Vol. 89, No. 14, 
April 2, 1927, pp. 705-710. 

Space limitations introduce interesting problem. 

Hale, F. E. and Stone, R. R., “Martin Dam Aids Control of 
Alabama System,” Power Plant Engineering, Vol. 31, No. 5, 
March 1, 1927, pp. 284-291. 

New hyrdo-station forms storage project to aid steam and run- 
of-river plants during low water. 

Harza, L. F., “Distinctive Features of Hydro-Electrie Con- 
struction,” Electrical World, Vol. 88, No. 13, September 25, 1926, 
pp. 657-661. 

Phases of hydro-electric construction; factors which determine 
schedule; grading methods; progress records. 

Hornaday, W. D., “Guadalajara Hydro-Electric Develop- 
ment,” Electrical World, Vol. 88, No. 10, September 4, 1926, 
pp. 469-470. 

American owned system in second largest Mexican city has 
1900 ft. head and possible rating of 30,000 hp. 

Jourdan, J. W. and Rhine, C. P., “Balech Hydro Development,” 
Electrical World, Vol. 89, No. 18, April 30, 1927, pp. 906-911. 
500,000 hp. wil be ultimate capacity of 2243 ft. 

development. 

Jourdan, J. W., “Kings River Plant Added to Central Cali- 
fornia Power System,” Journal of Electricity (Elec. West.), 
Vol. 58, No. 5, May 1927, pp. 253-260. 

Description of the 33,000 kv-a. 2243 ft. head Balch plant of the 
San Joaquin Light & Power Corporation. 

Journal of Electricity (Elee. West.), “Review of Western 
Hydro and Steam Construction Projects,” Vol. 58, No. 2, 
February 1927, pp. 67-74. 


head 


Table of projects, developments, and changes. 

Journal of Electricity (Elee. West.), “The Cushman Hydro- 
electric Development,” Vol. 58, No. 3, March 1927, pp. 129-136. 

Deseription of the dam and adjunets, and the two 25,000- 
hp. turbines at 230 ft. head. 

Krieger, F., “Economie Relations between Hydraulic and 
Steam Generation of Electrie Power,” World Power Conference, 
Sect. Basel Meeting 1926, Advance paper, No. 58, p. 23. 

Leavitt, L. S., ‘“‘Hydro-eleetric Progress in Canada during 
1926,” Electric Light and Power, Vol. 5, No. 3, March, 1927, 
pp. 27-28. 

Lee, W. S., “Rack Structure and Head Gates of Cedar Creek 
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Transactions A. I. E. E. 
Hydro-electric Station,” Mechanical Engineering, Vol. 
No. 5a, Mid-May, 1927, pp. 521-523. 

Details of design. 

Livingston, R. L., ‘Charts Simplify Hydraulic Computations,” 
Power, Vol. 64, No. 26, December 28, 1926, pp. 986-989. 

Presents chart giving relation between speed, head, horse 
power, and specific speed; its practical application. 

Meares, J. W., “Power Developments in Northern India and 
Burma,” World Power, Vol. 7, No. 40, April 1927, pp. 172-180. 

Hydro-electric developments and possibilities in an agricultural 
country. 

Mechanical Engineering, “Progress in Hydraulics,” Vol. 48, 
No. 12, December 1926, pp. 1417-1419. 

Progress report contributed by Hydraulic Division A. S. M. E. 
dealing with water control, penstocks, turbines, automatic 
plants, impulse wheels, governors and oil sets, and valves. 

Meyer, A. and Noack, W. G., “Economic Relation between 
Hydro-electric and Steam Power Generation,” World Power 
Conference, 1926, advance paper No. 79. 

Steam Power can compete with Hydro-electric Power even 
where coal is very expensive. Combined Steam Power, Heating, 
and Hydro-electric plants advantageous. 

Mitchell, W. E. and Gallalee, J. L., “Economic Relation 
between Hydro-electric and Steam Power Generation, as.in the 
Unitet States,” World Power Conference, 1926, Advance paper 
No. 76. 

National Electric Light Ass'n., “Methods of Increasing Head 
on Turbines by means of Excess Flow.” 

Report No. 267-10 of Hydraulic Power Committee. 

National Electric Light Ass’n., Report No. 256-52 of the 
Water Development Committee. 

National Electric Light Ass’n., Report No. 256-26 of the 
Hydraulic Power Committee. 

Nelzen, J. H., “Supervisory Control of Hydro-electric Power 
Stations,” Electric Light and Power, Vol. 5, No. 4, March 1927, 
pp. 26-28. | 

Nizzola, A., “Economie Relation between Hydro-electrie and 
Steam Power Generation,” World Power Conference 1926, 
Advance Paper No. C-e. 

General survey of reports from many European countries. 

Pfan, A., “Engineering versus Banker Efficiency in Hydro 
Developments,” Electrical World, Vol. 88, Nos. 20-21. November 
13-20, 1926, pp.1005-1007 and 1063-1065. 

Points out that interconnected plants absorb load fluctuations 
better and afford more permanent service. Engineering and 
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_banker efficiency differ. 


Power, ‘Increased Activity in Water-Power Developments,” 
Vol. 65, No. 1, January 4, 1927, pp. 25-28 (Annual Review No.). 

Review of recent activities in the hyvdroelectrie field. 

Power, ‘Large Hydro Project Pumps Water for Power De- 
velopment,” Vol. 65, No. 4, January 25, 1927, p. 132. 

Large Swiss plant utilizes excess power available during sum- 
mer to fill storage reservoir to provide for operation of plant 
during winter. : 

Power, “The Conowingo Hydro-electrie 
Vol. 65, No. 8, February 22, 1927, p. 284. 

Brief description of the 600,000 hp. hydro-electric project 
on Susquehanna River. Completion in 1928 now expected. 


Development,” 


Power, Are Hydro-electrie Installations without Governors 
Justified?’’, Vol. 65, No. 10, March 8, 1927, pp. 378-379. 

Pouer, “‘Automatiec Hydro-electrie Plant Built into Dain,” 
Vol. 65, No. 22, May 31, 1927, p. 813. 

Brief description of the new plant of the Chimney Roek 
Mountains, Ine. 

Power Plant Engineering, ‘‘Baleh Hydro Plant to Operate at 
2740 ft. Head,” Vol. 30, No. 7, April 1, 1926, pp. 433-434. 

First unit of 500,000 hp. hydroelectrie project of San Joaquin 
Light and Power Corp., now under construction. 


June 1927 


Power Plant Engineering, ‘‘Ice Troubles in Hydraulic Power 
Plants,” Vol. 30, No. 24, December 15, 1926, pp. 1341-1342. 

Power Plant Engineering, ‘‘Hydro Plant Qperating Routine 
and Tests,” Vol. 30, No. 15, August 1, 1926, pp. 860-862. 

Power Plant Engineering, ‘‘Using Excess Flow to Increase 
Head on Turbine,” Vol. 31, No. 5, March 1, 1927, pp. 314-316. 

Several devices have proved both economical and convenient 
at large hydro-plants. 

Reed, Oren, ‘Notes on European Practice in Penstock 
Design,” Engineering News-Record, Vol. 98, No. 18, May 5, 1927, 
pp. 718-721. 

Reid, C. R., ‘‘Routine Inspection Procedure for Power Station 
Equipment,’ Power, Vol. 64, No. 13, September 28, 1926, pp. 
482-486. 

Methods of inspection and record keeping are described for 
large hydroelectric stations. 

Rich, T., ‘“‘Hydro-electric Power on the Lower Isere,” Electric 
Reriew, Vol. 98, Nos. 2531-2532, May 28—June 4, 1926, pp. 
795-798 and 827-828. 

Station is equipped with seven turbines of vertical Francis 
Type, first transmission in France at 120,000 volts. 

Rivett, E. S., “Operating the Hydro-Electric Plant,” Power 
House, Vol. 19, No. 15, August 5, 1926, pp. 29-30. 

Discusses trend towards standardization, from operation 
point of view. | 

Scheller, C. P., and Carr, W. B., “Automatic Non-Governing 
Hydro Plant,” Elec. World, Vol. 87, No. 24, June 12, 1926, 
pp. 1285-1288. 

Scott, W. A., “Southern California Edison Construction 
Schedule for 1927,” Engineering World, Vol. 30, No. 4, April 1927, 
pp. 207-209. 

Sieveking, A. R., “Some Notes on Swiss Hvydro-electric 
Supply,” The Engineer, Vol. 141, No. 3671, May 21, 1926, 
pp. 519-520. 

Silver, A. E., and Clougher, A. C., **Wallenpaupack Hydro- 
Electric and 220 KV Transmission Development,” Electrical 
World, Vol. 88, No. 4, July 24, 1926, pp. 159-169. 

Description of power station, construction features; detail 
data. 

Smith, F. V., “Automatic and Supervisory Control of Hydro- 
electric Plants,” Power Vol. 64, No. 2, July 13, 1926, pp. 67-68; 
JOURNAL A. 1. E. E., Vol. 45, No. 10, October, 1926, pp. 967-973. 

Strandberg, G. R., ‘‘Conowingo Hydro-Electrie Power 
Project,” Stone & Webster Journal, Vol. 40, No. 3, March, 1927, 
pp. 318-758. 

Description of the new project of the Philadelphia Electric Co.; 
on Susquehanna River. 

Taylor, J., ‘Control of Hvdro-electrie Plants,” The Electrician, 
Vol. 97, No. 2531, December 3, 1926, pp. 640-641. 

Elimination of attendance economie factor; automatie and 
remotely controlled systems; extensive protective arrangements 
necessary. 

The Electrician, “Hydro Electrie Development in New Zea- 
land,” Vol. 98, No. 2546, March 18, 1927, pp. 292-293. 

Under national supervision. 

The Engineer, **Hyvdraulic Developments on the Midi Railway 
in the Ossau Valley,” Vol. 141, No. 3666, April 2, 1926, pp. 
376-379. 

Three power stations have been arranged for; design and 
equipment of these stations. 

The Engineer, ‘‘Eguzon Hvydro-electrie Station,” Vol. 143, 
No. 3706, January 21, 1927, pp. 64-67. 

Detailed description of the new station on the Creuse River. 

The Engineer, ‘‘Hydro-electric Progress in Canada During 
1926,” Vol. 143, No. 3711, February 25, 1927, p. 219. 

Developed horse power increased 266,000 hp. in 1926. 

Tuck, H. P., “Power Development in Tasmania,” World 
Power, Vol. 7, No. 37, January 1927, pp. 7-11. 

Hydro-electric development under State ownership. 
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Vaughan, J. F., ‘‘Economical Hydro-Electric Plant Construc- 
tion,” Electrical World, Vol. 88, No. 13, September 25, 1926, 
pp. 627-628. 

Warren, L. G., ‘‘Construction Features of Martin Dam,” 
Electrical World, Vol. 88, No. 13, September 25, 1926, pp. 
643-647. 

150,000 kv-a. hydroelectric development of Alabama Power 
Co. at Cherokee Bluffs on Tallapoosa River described in detail. 


HYDRAULIC TURBINES, GENERATORS, AND AUXILIARY EQUIPMENT 


Allen, C. M., “Hydraulic Turbine Tests by the Allen Method,” 
Power Plant Engineering, Vol. 31, No. 10, May 15, 1927, pp. 
549-551. 

Carpenter, J. S., ‘‘Propeller Turbine aids Low Head Develop- 
ments,” Power Plant Engineering, Vol. 30, No. 12, June 15, 
1926, pp. 703-704. 

High specific speeds decrease first cost and increase output of 
turbine at reduced heads. 

Carpenter, J. S., ‘‘Specifications for Hydraulic Turbines,” 
Power Plant Engineering, Vol. 30, No. 20, Oct. 15, 1926, pp. 
1118-1120. 

Points out that uniform practise with regard to specifications 
is needed to eliminate misunderstandings. 

Eck, Bruno, ‘The Characteristic Coefficients for Hydraulic 
Turbines,” Mechanical Engineering, Vol. 49, No. 5a, Mid-May 
1927, pp. 518-520. 

Electrical World, ‘‘Geared Turbines for German Hydro- 
Stations,” Vol. 88, No. 24, Dee. 11, 1926, pp. 1225-1226. 

Engineering News-Record, ‘Efficiency Test on High Head 
Reaction Turbine,” Vol, 96, No. 1, Jan. 7, 1926, pp. 18-19. 

Oak Grove unit on Portland system shows 90 per cent efficiency 
at 35,000 hp. under 882 ft. effective head. 

Englesson, E., “The Kaplan and Propeller Turbines and the 
Cavitation Problem,” Engineering, Vol. 121, No. 3146, Apr. 
16, 1926, pp. 484-486. 

Review of investigations of cavitation phenomenon; factors 
which influence oceurrence of cavitation. 

Greenwood, R. B., “How Large High-Head Hydro-Electric 
Units are Started,” Power, Vol. 65, No. 12, March 22, 1927, 
pp. 434-436. 

Johnson, J. A., and Burnham, E. J., Fire Protection of Water- 
wheel Type Generators, Journnat of A. I. E. E., Vol. 45, No. 11, 
Nov. 1926, pp. 1121-1150. 

Johnstone-Taylor, F., “Swiss Test New Propeller Type 
Runner,” Power Plant Engineering, Vol. 30, No. 19, Oct. 1, 1926, 
p. 1066. l 

Draft tube design proves important in high speed installation 
of Matte power station, Berne, Switzerland. 

Kerr, S. L., “Admitting Air to Turbine Runners Improves 
Efficiency,” Power, Vol. 64, No. 16, Oct. 19, 1926, pp. 580-582. 

Methods of admitting air to turbine runners to improve 
efficiency. 

Mechanical Engineering, ‘‘The New Pelton Wheel Deflection 
Governor,” Vol. 49, No. 5, May 1927, p. 460., extract from 
Mechanical World, Vol. 81, No. 2096, Mar. 4, 1927, p. 160. 

Description of a balanced deflector patented in England. 

Mechanical Engineering, “A Hydraulic Turbine with a Rotary 
Jet,” Vol. 41, No. 2, Feb. 1927, pp. 167-168. 

Design for a speed between that of the Francis and the Pelton 
Wheel. 

Nagler, F., “Venting Water Wheels for Efficiency,” Electrical 
World, Vol. 87, No. 14, Apr. 3, 1926, pp. 699-703. 

Among advantages are improvement of speed regulation, 
runner, and draft-tube efficiency. 

National Electrie Light Ass'n., ‘Reliability of Hydro-Electrie 
Units,” Report No. 267-19 of Hydraulic Power Committee. 

National Electrie Light Ass'n., ‘Governor Problems” Report 
No. 267-41 of Hydraulic Power Committee. 

Neeser, R., “Notes on the Definition of Net Head as used for 
the Experimental Determination of Turbine Efficiency,” World 


780 


Power Conference, Sect. Basel Mtg. 1926, Advance paper No. 
62a. 

O’Brien, M. P. and Zucrow, M. G., ‘‘European High Specific 
Speed Hydraulic Turbines,” Power Plant Engineering, Vol. 20, 
No. 21, Nov. 1, 1926, pp. 1166-1170. 

Several types of propeller runners have been developed by 
European manufacturers to meet low head conditions. 

Pfau, Arnold, ‘‘Specific Characteristics for Hydraulic Tur- 
bines,” Mechanical Engineering, Vol. 49, No. 5a, Mid-May 1927, 
pp. 517-518. 

A suggested new expression for specific speed. 

Popoff, N., ‘The Geometry of the Helical Water Turbine,” 
Engineering Vol. 122, No. 3160, Aug. 6, 1926, pp. 155-159. 

Power Engineer, ‘‘Recent Developments in Water Power 
Equipment,” Vol. No. 241, April, 1926, pp. 125-126; No. 242, 
May 1926, pp. 174-176; No. 244, July 1926, pp. 258-261; No. 245, 
Aug. 1926, pp. 301-303; No. 246, Sept. 1926, pp. 344-346. 

General survey having special reference to large powered 
units; essential features of modern machines. 

Power, ‘‘Hydraulic Turbine to Operate Under Nearly One- 
half Mile Head,” Vol. 65, No. 3, January 18, 1927, pp. 82-85. 

. Description of the largest impulse wheel unit yet placed in 
operation under the highest head so far utilized in the United 
States. 

Power, “Increasing the Head on Turbines by Means of Excess 
Flow,” Vol. 65, No. 4, January 25, 1927, p. 146. 

Power, ‘New Developments in Foreign Waterwheel Practise,” 
Vol. 65, No. 17, April 26, 1927, pp. 646-647. 

Description of the development of a high speed propeller type 
Tunner at Zurich, Switzerland. 

Power Plant Enginecring, ‘‘Pitting of Hydraulic Turbine 
Runners,” Vol. 30, No. 12, June 15, 1926, pp. 704-705. 

Power Plant Engineering, **Worn Turbine Runners Repaired 
by Welding,” Vol. 31, No. 10, May 15, 1927, p. 580. 

Power Plant Engineering, ‘Friction Brakes Used on Hydraulic 
Turbines,” Vol. 30, No. 21, Nov. 1, 1926, p. 1153. 

Pruger, R., ‘‘Recent Improvements in Waterwheel Genera- 
tors,” Power Plant Engineering, Vol. 30, No. 24, Dee. 15, 1926, 
pp. 1330-1331. 

Experience in operation has resulted in number of improve- 
ments, all of which add to reliability of machines. 

Rogers, F. H., “Modern Hydraulic Turbines Show High 
Efficiency,” Power Plant Engineering, Vol. 30, No. 10, May 15, 
1926, pp. 574-578. 

Review of units indicates high efficiency under many con- 
ditions of service and design. 


Spease, J. F., “Governors for Automatic Hydro-Electrie 
Units,” General Electric Review, Vol. 26, No. 5, May 1926, 


pp. 356-359. 

Strowger, E. B., “Speed Changes of Hydraulic Turbines for 
Sudden Changes of Load,” Mechanical Enginecring, Vol. 48, No. 
T, July 1026, pp. 710-714. 

The Engineer, “A 7500 Horse Power ii alae Type Water 
Turbine,” Vol. 142, No. 3686, Sept. 3, 1926, pp. 254-256. 

Thurston, M. B., ‘Hydraulic Turbine Governor Pressure 
Fluids,” Power, Vol. 64, No. 7, Aug. 17, 1926, p. 248. 

Discusses what appears to be best for oil pressure governor. 

MISCELLANEOUS 

Andrews, R. H., “Steam Power from the Ovean in the Tropies,” 
Power, Vol. 65, No. 9, March 1, 1927, pp. 325-330. 

Discussion of the technical difficulties involved in the plan 
advanced by the two French scientists, Georges Claude and 
Paul Boucherot. 

Bell, W. C., “Intereonnections in Virginia and North Caro- 
lina,” Mechanical Engineering, Vol. 48, No. 10, October 1926, 
pp. 1036-1038, 

Ditference between interconnection and superpower; inter- 
connection agreements normally in use; data on actual inter- 
eonnections. 
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Bozell, H. V., ‘‘Economies of System Interconnection,” 
Electrical World, Vol. 88, No. 6, August 7, 1926, pp. 273-275. 

A few examples of interconnection in electric light and power 
industry reduced to dollars and cents results. 

Brown, Claude C., ‘‘Operating Costs of Pasadena Power 
System,” Power Plant Engineering, Vol.31, No.8, April 15, 1927, 
pp. 448-450. 

Complete data on municipal system serving 50,000 people. 

Callender, H. L., “Recent Experiments on the Properties of 
Steam at High Pressures,” Engineering, Vol. 122, Nos. 3177 and 
3178, December 3 and 10, 1926, pp. 681-682 and 712-714. 

Carter, G. O., ‘‘Gas Welding Versus Flange Joints for Steam 
Lines,” Power, Vol. 65, No. 22, May 31, 1927, pp. 823-824. 

Arguments for the replacement of flange joints by welding. 

Cope, H. W., “Electrical Development during 1926,” The 
Electric Journal, Vol. 24, No. 1, January 1927, pp. 1-4. 

Covers generating sets, rotary converters, etc. 

Electrical World, ‘‘Handling a Power Exchange,” Vol. 87, No. 
15, April 10, 1926, pp. 761-762. 

How Connecticut Valley ‘‘Pool’’ attacks problem of operating 
interconnected stations for best economy. 

Electrical World, ‘‘Coal Mines as Loads for Central Stations,” 
Vol. 88, No. 3, July 17, 1926, pp. 107-111. 

Characteristics of load; unit costs; and performance over a 
period of year. 

Electrical World, ‘‘Data on Output and Peak Load of Largest 
Generating Stations in United States and Canada,” (Supp.) Vol. 
87, No. 17, April 24, 1926. 

Contains data on generator rating, output, load factor, cus- 
tomers, and distribution of energy of all companies having output 
over 100,000,000 kw-hr. in 1925. 

Electrical World, ‘Output 13.1 Per cent Over Last Year,” 
Vol. 88, No. 10, September 4, 1926, pp. 474-475. 

Central Stations operations during first half of 1926 show con- 
tinuation of gain over preceding year; graphic and tabular data. 

Electrical World, ‘‘Light and Power Utilities Report Progress 
and Prosperity,” Vol. 89, No. 1, January 1, 1927, pp. 11-20. 

Study of progress during 1926 giving by means of tables and 
charts, costs, résumé of operations. 

Electrical World, ‘‘Budget 3958,000,000 for 1927,” Vol. 89, 
No. 1, January 1, 1927, pp. 21-23. 

A study with charts and tables. 

Electrical World, ‘‘Water-Power Development 
H. P.,”’ Vol. 89, No. 1, January 1, 1927, pp. 51-52. 

A study giving the potential energy available and developed 
in all sections of the country. 

Electrical World, “Power Station Building in 1926,” Vol. 89, 
No. 1, January 1, 1926, pp. 55-61. 

Study giving projects completed and under ¢ onstruc tion in 1926. 


Electrical World, ‘‘Trends in Electrical Costs,” Vol. 89, No. 1, 
January 1, 1927, pp. 68-70. 

A study with color graphs giving prices for labor and materials 
from 1913 to 1926. 

Electrical World, ‘Energy Output for October Exceeds 
6,000,000,000 Kw-Hrs.,” Vol. 89, No. 3, January. 15, 1927, pp. 
145-149. 

Tables and curves to show energy generated in 1926. 

Electrical World, “Record Output of Central Stations,” Vol. 
89, No. 10, March 5, 1927, pp. 525-526. 

More than 6,326,000,000 kw-hrs., generated in month. 

Electrical World, ‘Development of Interconnections in Central 
Maine,” Vol. 89, No. 15, April 9, 1927, pp. 

Result in lower rates and better service. 

Electrical World, “Water Power Exploitation and Electrical 
Supply in Switzerland,” Vol. 89, No. 19, May 7, 1927, p. 960. 

Maximum capacity of water power plants at end of 1926 was 
1,870,000 hp. 

Electrical World, “‘Hundred-Million-Kilowatt-Hour Utilities,” 
Vol. 89, No. 18, April 80, 1927, pp. 912-913. 


11,176,596 


7909-756. 
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Data on energy generated, peak loads, and per cent of total 
energy generated. | 


Ely, Frederic G., ‘‘The Philadelphia Electric Company Cali- 
brates its Meters,” Power, Vol. 65, No. 10, March 8, 1927, pp. 
353-355. 

Description of how the water meters are checked and cali- 
brated at the Richmond Station. 


Forbes, C. L., “Slow Movies in{the Power Plant,” Power, Vol. 
65, No. 14, April 5, 1927, pp. 517-518. 


How Southern California Edison Company uses photography 
to reveal equipment deterioration. 


Fowler, E. J., “Interchange of Energy,” Report, No. 256-44 
of the National Electric Light Ass’n. Convention 1926. 


General Electric Review, ‘‘Herkolite Insulating Materials in 
Transformers,” Vol. 29, February 1926, pp. 102-108. 


A new insulating material. 

Halperin, H., ‘‘Doubling the! Maximum Operating Voltage,” 
Electric Light & Power, Vol. 5, No. 5, May 1927, pp. 27-28. 

Data on the new 66 kv. feeders being installed by the Common- 
wealth Edison Co. of Chicago. 


Hermann, C. C., “How Thick Should Pipe Covering Be?”, 
Power, Vol. 65, No. 2, January 11, 1927, pp. 49-50. 

Balancing the increase in heat savings due to greater thick- 
ness against the additional investment. 


Herrman, R. R., ‘Effect of Rate Changes on Revenue,” 
Electrical World, Vol. 88, No. 3, July 17, 1926, pp. 112-114. 

Method outlined for determining change in revenue for changes 
in complex rate structures. 

Hill, L. H., “A Dehydrating Breather for Power Trans- 
formers,” Electric Light and Power, Vol. 5, No. 1, January 1927, 
pp. 27-28. 

Details of a new type of transformer indicating dehydrating 
breather. 

Houghton, Bert and Weeks, D. C., “Why Metals Fail Under 
Influence of Steam Once Superheated,’”’ Power, Vol. 65, No. 15, 
April 12, 1927, pp. 540-542. 

Insull, S., ‘‘Eeonomics of Electricity Supply,” Electrical 
World, Vol. 87, No. 21, May 22, 1926, pp. 1129-1132. 

Survey of national situation demands greater sales effort; 
industrial markets; and interconnection possibilities. 

James, J. R., “How to Fight Low Water in a Condensing 
Plant,” Power, Vol. 63, No. 24, June 15, 1926, pp. 930-931. 

Application of hydraucone to remedy effects of falling water 
level in the Great Lakes. 

JOURNAL of the A. I. E. E., Power Development in Switzer- 
land, Vol. 46, No. 2, February 1927, p. 127. 

Covers the period 1914-1926. 

Kershaw, J. B. C., ‘‘Black Smoke Problem,” World Power, 
Vol. 7, No. 40, April 1927, pp. 181-183. 

Measurement of air-pollution. Increased use of electricity 
means less air pollution in industrial towns. 

Lewis, W. W., “The Station Ground Bus,” Electric Light and 
Power, Vol. 5, No. 4, April, 1927, pp. 29-30. 

Data on the determination of size of the station ground bus. 

Liston, John, ‘‘Trends on Power Plant and Electrical Develop- 
ment During 1926,” General Electric Review, Vol. 30, No. 1, 
January 1927, pp. 4-66. 

Lowenstein, L. C., “Latest and Future Developments in 
Power Generation,” Franklin Institute Journal, Vol. 201, No 4, 
April 1926, pp. 431-464. \ 

Marks, L. S., “A Steam Pressure Transformer,” Mechanical 
Engineering, Vol. 49, No. 6, June 1927, pp. 600-602. 

An analysis of Koenemann’s recently devised process for 
raising the pressure of exhaust steam. 

Mechanical Engineering, ‘Utilization of the Heat Energy of 
the Seas,” Vol. 49, No. 2, February 1927, p. 174. 

Outline of the proposed system. 
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Mechanical Engineering, “Recent Experiments on the Proper- 
ties of Steam at High Pressures,” Vol. 49, No. 2, February, 1927, 
pp. 164-165. 

Partial abstract of Prof. H. L. Callendar’s concluding lecture 
at Royal Society of Arts, London. 

Monroe, W. S., “Power Supply in Chicago District,” Electrical 
World, Vol. 89, No. 17, April 23, 1927, pp. 851-853. 

Data on generated output and station capacities. 

Muir, R. C., “The Central Station and Industrial Power,” 
General Electric Review, Vol. 29, No. 5, May 1926, pp. 298-301. 

Relationships between producer and user; advantages of 
central-station service; importance of industrial load to central 
stations. 

National Electric Light Ass’n., “Specifications,” Report No. 
267-16 of Prime Movers Committee. 

Nicholas, A. J., “Differential Manometers,” Power, Vol. 65, 
No. 16, April 16, 1927, pp. 594-595. 

Onken, W. H., “The Hydro-Electrie Power Era,” Vol. 89, 
No. 20, May 14, 1927, pp. 1003-1005. 

Economy of steam stations and hydro development. 

Power, “Special Uses of Welding in Westport Station,” Vol. 
65, No. 7, February 15, 1927, pp. 249-251. 

Power, “The Midwest Power Conference,” Vol. 65, No. 9, 
March 1, 1927, pp. 314-320. 

Digest of points covered at the Conference, together with 
statistics of the growth of the central-station industry in the 
Midwest. 

Power, “Giant Engines Still Operate in Kingsbridge Station,” 
Vol. 65, No. 12, March 22, 1927, pp. 430-433. 

Description of the large Corliss engines installed in 1902 and 
now operated for stand-by service only. 

Power, ‘Second Chicago Power Show a Big Success,” Vol. 65, 
No. 10, March 8, 1927, pp. 360-367. 

Describes the new and improved equipment on exhibition at 
the show. 

Power Plant Engineering, ‘Interconnection of Electric Power 
Systems,” Vol. 30, No. 10, May 15, 1926, pp. 595-601. 

Discusses principal interconnections, layouts of systems, 
amounts of power involved, and technical problems encountered. 

Power Plant Engineering, ‘‘Economic Facts of Electricity 
Supply,” Vol. 30, No. 8, April 15, 1926, pp. 465-469. 

Fundamental factors governing development of electric 
power supply. 

Ragsdale, Charles C. C., “‘Carbon Dioxide used to Extinguish 
Fires in Electrical Equipment,” Power, Vol. 65, No. 10, March 8, 
1927, pp. 356-358. 

Rea, N. L., “Suggestions for Safe Erection of Power Plant 
Equipment,” Power, Vol. 65, No. 7, February, 15, 1927, pp. 
238-241. . 

Rich, T., “Distilling Plant for Central Stations,” Electrical 
Review, Vol. 98, No. 2521, March 19, 1926, pp. 448-449. 

Kestner distiller at Comines, France, power station. 


Seton, A., “Electrical Insulation,” Electrical Review, Vol. 100, 
No. 2565, January 21, 1927, pp. 90-91. 

Recent developments of different insulations. 

Smith, L. B., “Report on Progress in Steam Research at the 
Massachusetts Institute of Technology,” Mechanical Engi- 
neering, Vol. 49, No. 2, February, 1927, pp. 160-161. | 

Snell, J. F. C., “The Present and Future Development of 
Electricity,” Supply Engineering, Vol. 122, No. 3161, August 13, 
1926, pp. 194-198. 

Historical review of developments and future prospects. 

Spring, L. W., Maack, H. W., Kanter, J., “Testing Flow in 
Metals at Various Temperatures,” Power, Vol. 65, No. 6, Febru- 
ary 8, 1927, pp. 205-208. 

The Electrician, “Stability of Large Power Systems,” Vol. 98, 
No. 2543, February 25, 1927, p. 202; Vol. 98, No. 2544, March 4, 
1927, pp. 230-231. 
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Interlocking power stations results in partial instability. 

The Electrician, “The Electrical Industry Reviewed,” Vol. 100, 
No. 2574, Mar. 25, 1927, pp. 467-469. 

Annual report of British Electrical and Allied Manufacturers 
Ass'n. (Beama.) 


Discussion 


Philip Torchio: Electrical engineers should have particular 
interest in following the development of the size of the generators. 
The report states that there is a 208,000-kw. unit under con- 
struction. It should have said that it consists of three machines 
cross-compound. If I remember rightly, the largest single unit 
in operation in the New York Edison 60,000-kw. The Edison- 
United Companies have a large cross-compound 160,000-kw. 
unit on order and placed an order June 21 for a 165,000-kw. unit. 
The generators of the unit order last year are, one, 85,000-kw. 
and the other 75,000-kw. and, for the unit ordered yesterday, the 
generators will be 80,J000-kw. each. 

In pointing this out, I am not saying that the manufacturers 
are not ready to make larger generators, because, as a matter of 
fact, for another installation for which we are now securing bids, 
we already have offers of more than 100,000 kw. in one unit, and 
probably single units larger than 125,000-kw. will be obtained. 

Another point that 1 wanted to bring out in this general review 
is that while we are making great progress in saving coal, it is 
nevertheless our duty not to let the public misunderstand how we 
accomplish it. The truth is that we are saving coal by spending 
Mure in investment in plants. It does not necessarily follow, 
once we consider the total cost, that we are making such radical 
improvements which might lead the public to assume that the 
cost of power is also rapidly being reduced. The cost of power 
is being reduced, but at a gradual, moderate rate. We are 
making great advances in saving coal, but we are putting more 
capital in our plant investment to secure those higher economies. 
An extreme illustration of this is the Dutch Point station with 
the mercury boilers and similar installations throughout the 
country. 

F. A. Scheffler: My discussion of this report is more partie- 
ularly an addition to the table of the pulverized-coal installa- 
tions in the country. 

The installations in operation last year consisted of an installed 
capacity of 2,200,000 kw. and those under construction, 440,000, 
making a total of 2.640,000-kw. capacity installed. 

Assuming that these stations, of which there are about thirty- 
eight, average an annual load factor of 50 per cent, the output 
would be 9,414,810,000 kw-hr., and also assuming that the 
average coal consumption is 114 lb. of coal per kw-hr., the total 
fuel used would be 7,061,100 short tons per year. 

During the year 1927, the total coal consumption in public 
utility plants in the United States was 41,245,000 short tons. 
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The ratio of the total coal used in pulverized form to the total 
coal consumption, is therefore approximately 17 per cent. 

In addition to the above, there are under construction new 
plants and additions to others as follows: 


Kw. capacity 

Station Company installed 

State Line......... State Line Generating Co. 208,000 
Toronto........... Ohio River Edison Co. 

(2-30,000 kw.) 60,000 

Glenhead.......... Long Island Lighting Co. 25,000 

Trenton Channel...| Detroit Edison Co. 50,000 

Aurora, Ill......... Western United Gas & Elec. Co. 10,000 

Pekin, Il}.......... Super-Power 50,000 

Montaup...,...... Montaup Electric Co. 40,000 

443.000 


With the exception of four or five on the above list of generat- 
ing plants, all of the stations were new ones built during the last 
seven years. 

There are five or six other utility plants using pulverized coal, 
which are not listed above, because they are not primarily 
power plants for generating current, but are used more for steam 
heating purposes. Some of these are as follows: 

Puget Sound Traction, Light & Power Co., Seattle, Wash.— 
capacity about 8500 boiler hp. 

Allegheny Heating Co., Pittsburgh, Pa.,—capacity 10,000 
boiler hp. 

Lockport Light, Heat & Power Co., Lockport, N. Y.— 
capacity 2500 boiler hp. 

New York Steam Co., 36th St. & East River, New York— 
capacity 30,000 boiler hp. 

Rochester Gas & Electric Corp., Lawn St. Station, Rochester, 
N. Y.—capacity 250,000 lb. steam per hr. 

W. S. Gorsuch: It is important, as Mr. Torchio has pointed 
out, to state the type when referring to a certain size generator 
unit. This has been done in every case in the report, not in the 
brief outline of progress in the art of power generation, but in 
the description that follows, in which outline drawings are also 
given for exceptional designs. It will be noted that the plan of 
this report is first to give a general statement of the trend of the 
art in each class of power-station equipment and then under the 
heading ‘‘Outstanding Installations” a full description is given 
of the equipment referred to in the preceding general statement. 

Reference has been made to the remarkable economies brought 
about in fuel burning stations and the additional investment cost 
to achieve these results. In this connection I believe because of 
the increasing number of interconnections a comprehensive 
study should be undertaken at this time to show the relative 
cost of power of hydroelectric and steam plants, and also the 
relative merits of the two systems. 
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Annual Report of Committee on Power Transmission and 
Distribution’ 


To the Board of Directors: 


FOREWORD 


In presenting the annual report of the Committee on 
Power Transmission and Distribution it has seemed 
best to largely confine its scope to a discussion of the 
progress that has been made in those branches of the 
art with which the Committee has been actively con- 
cerned during the year. Several of the members have 
= collaborated in the preparation of the report and it 
represents the consensus of opinion of the Committee 
as a whole. 

It is felt that the coordination of effort which has 
been secured through the medium of the Committee 
has resulted in a very substantial stimulus to the 
advancement of the state of knowledge regarding those 
problems which have been particularly studied and if 
this report in presenting a résumé of the progress made 
also succeeds in indicating profitable fields for further 
study and research its purpose will have been 
accomplished. 


LIGHTNING ON TRANSMISSION LINES 


With the growing tendency toward interconnection 
of large power systems and the increasing dependence 
on high-tension transmission lines for the service of 
large communities, the question of continuity of service 
for such lines has become very important. 

Inasmuch as lightning has been responsible for most 
of the interruptions to service over transmission lines 
a subcommittee was appointed whose duties were to 
investigate lightning and its relation to transmission 
lines. 

The work assigned to the sub-committee was of con- 
siderable magnitude and importance. The various 
lightning difficulties that had been encountered on 
transmission lines in the past two years were discussed, 
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as well as the various data that had been gathered in 
connection with these difficulties. 

The following are the subjects taken into considera- 
tion in the discussion of the general problem. 

Klydonograph Tests. Inasmuch as the transients due 
to lightning are of extremely short duration it was very 
difficult to determine their characteristics until the 
advent of the klydonograph. By means of the klydono- 
graph it has been possible to obtain information regard- | 
ing the operation of transmission lines of voltages 
ranging from 6.6 kv. to 220 kv. The nature of the tests 
and the inherent variation of the physical conditions 
under which lightning occurs necessitated a great amount 
of data to determine the facts definitely. However, the 
data secured is sufficiently extensive to indicate the 
following important conclusions. 

1. The most important voltage surges on overhead 
transmission lines are those produced by lightning. 

2. On 120- to 140-kv. lines surges of 1200 to 1400 
kv. and on 220-kv. lines surges of 1800 to 2000 kv. can 
be established. 

3. Majority of lightning surges were positive. 

4. Highest surges were negative, which would 
indicate that they were direct strokes and that the 
clouds causing these surges were negative. 

5. While very high positive surges were recorded, 
they were few in number and only slightly over 1000 kv. 

6. The number of surges per storm at a given point 
is not great. 

7. When a surge above the flashover of the insula- 
tion is induced, the insulator flashover relieves the 
energy and limits further rise of voltage. 

8. The steeper the rate of application, the higher is 
the voltage reached before flashover, and when no 
flashover occurs, the insulators must withstand the 
surge for its entire duration. 

9. High-voltage surges do not travel far. Such 
surges are damped below the corona voltage in a rela- 
tively few miles, while low-voltage surges travel many 
miles. 

10. Lightning strokes are unidirectional or at most 
highly damped oscillations. 

Lightning Strokes. What is the amount of current 
that can be encountered in a lightning stroke? 

It is fairly definitely known that in the case of a direct 
stroke, currents of the order of 10,000 to 100,000 
amperes can be encountered, whereas in the case of an 
induced lightning stroke this current is probably of the 
order of 3000 amperes. 

A point also to be taken into consideration is that 
when a lightning stroke does take place the number of 
insulator units that are likely to be spilled will depend 
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to a large extent on the resistance of the principal 
unit paths, the resistance consisting of the tower and 
the ground resistances. To amplify: if the resistance 
= of the lightning path at a particular string is of a high 
enough value, the effect of the current going through 
it will be to raise the potential of the conductor at that 
point above the flashover value of the string in question 
and a wave above the spillover value of the string will 
travel on to the next string to be spilled over and so on 
until it reaches the point where the flashover of a string 
is in excess of its crest in which case it will travel on 
until it is dissipated in some other manner and so 
disappears. 

This, of course, shows clearly that the ground resis- 
tance plays a considerable part in the determination of 
how the lightning flashover will act over the line. With 
a low value of ground resistance, it will take fewer 
strings to dissipate a particular impulse or stroke. On 
the other hand, with a low value of ground resistance, 
the amount of power current to be handled at any 
particular string will be greater and therefore the 
possible are damage will also be greater. 

There is another point to be taken into consideration 
in determining the value of ground resistance, and that 
is the question of short circuit current required for the 
successful operation of relays. It is essential that the 
relays controlling transmission lines operate very 
quickly under lightning disturbances in order to mini- 
mize the damage of the power arc to the insulator string 
and the conductor. 

Some data were available as to what value of ground 
resistance was encountered in practise. Some com- 
panies had made measurements of ground resistance 
on towers and found that the average resistance was 
between 15 and 25 ohms, while some towers, however, 
showed a resistance as low as 2 ohms, others as high 
as 100 ohms, and the highest encountered was in the 
neighborhood of 300 ohms. 

The question as to what is, therefore, a correct mean 


value of a ground resistance is one that is of consider- ` 


able importance and it would be highly desirable to 
obtain some data both from a theoretical and experi- 
mental standpoint to establish that value definitely. 

Lightning Discharges. The question of lightning 
discharges under power and the power ares which 
follow brings with it another question and that is 
whether it is definitely known that in all cases a power 
are follows the lightning discharge. 

One or two cases were cited in which reports had been 
received from observers who claimed that they had seen 
a lightning discharge on a string of insulators with no 
accompanying power follow-up arc, but the Committee 
agreed that the amount of data available on this was 
meagre and in all probability what was available was 
highly unreliable. It is conceivable that a lightning 
discharge could take place and yet if the amount of 
_ lightning current were small enough, sufficient ioniza- 
tion of the atmosphere would not take place to render 
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a power arc pcssikle. However, just what is the 
amount of current necessary to do this is not known and 
it is a problem for further investigation. 

It has been estimated that the duration of dangerous 
lightning impulses encountered on transmission lines 
is of the order of a fraction of a micro-second to ten 
micro-seconds. 

Ground Wire. The value of the ground wire as a 
protection against lightning has been a much mooted 
question. In the past where the maximum operating 
voltages were in the neighborhood of 66 kv., the con- 
sensus of operating opinion has been that interruptions 
to service by lightning were as frequent on the trans- 
mission lines equipped with ground wire as those that 
were not equipped with ground wire. In addition a 
great deal of mechanical trouble was encountered with 
the ground wire which was often accompanied by 
interruptions to service. 

Very little attention in the past has been paid to the 
erection of the ground wire both from a mechanical and 
electrical standpoint and it is believed that the chief 
objection to the ground wire on transmission lines has 
been as a result of this lack of attention. It is believed 
that the ground wire conductor should have a layer 
of non-magnetic conducting material. Some operating 
companies have used aluminum steel reinforced or 
copper clad conductors for ground wires and other 
companies are using copper and high-strength copper 
alloy conductors. 

As to the value of ground wire for reducing the 
induced lightning voltage data obtained on a 132-kv. 
line operated without ground wire were studied, and 
charts prepared in which the various flashovers that 
occurred were plotted on a profile on which tower 
locations had been indicated by two different sets of 
coordinates. In one set, the coordinate consisted of 
distance from the station and average height above 
ground of the bottom conductor of the span on side of 
tower away from the station and in the other case, the 
coordinate consisted of distance from the station and 
elevations of the bottom conductors on the towers. 

On this chart all the flashovers which occurred were 
spotted opposite each tower. A careful examination 
of the chart showed very markedly that the flashovers 
were concentrated on the high spots and were generally 
absent from the low spots on the line. It also indi- 
cated very clearly that the great majority of the trouble 
was on the top conductor. 

There were three stations located on that line and 
while the line was literally peppered with lightning at 
other points, these stations were apparently free from 
trouble. The chart showed that the line was particu- 
larly low for a distance of two or three miles from the 
stations and this explains at least partially the absence 
of trouble at the stations. 

The number of flashovers during the 1925 season was 
approximately 88. In the early spring of 1926 a 
ground wire was installed on this line and the corre- 
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sponding number of flashovers during the lightning 
season of 1926 was only about 8or10. This with other 


evidence that is available clearly shows the value of 


the ground wire. | 

Effect of Tower Design. The question of the effect 
of the tower itself on the electro-static field surrounding 
a conductor and what effect this has on the flashover 
value of the insulator units, was considered. 

It was the opinion of the Committee that any effect 
which the tower may have on the field is of relatively 
little importance in determining whether a flashover 
will or will not occur. The fact that some semi-flexible 
‘towers are known to have less lightning trouble than 
some of the other towers of the square type is un- 
doubtedly due to the fact that in the first place they 
are very much lower lines, the spans being compar- 
atively short and, second, they invariably are equipped 
with ground wires since the structures themselves 
are generally not self-supporting and the ground wire 
which is put in for mechanical reasons serves, of course, 
the additional function of giving them lightning pro- 
tection at the same time. 

It was considered advisable that all the points on 
which the committee was in agreement should be set 
down to serve in the nature of principles for guidance 
in the design of high-tension transmission lines. 

‘It is the opinion of the Committee that these princi- 
ples have sufficient theoretical background for their 
conclusions and generally also a considerable amount of 
actual experience to further tack up the theory. 

The following are the principles referred to: 

1. Under any given set of conditions, the lightning 
voltage which can be picked up by a line is a function of 
the height of the line, being directly proportional to the 
height and is further a function of the ground wire 
arrangement but is independent of the power voltage. 

2. The lightning voltage under any set of conditions 
on a line is limited by the insulator flashover for the 
particular wave in question. It should be pointed out, 
however, that this is only true where the ground re- 
sistance and the tower resistance are comparatively 
small. If this resistance is high, the total voltage may 
then be appreciably higher than that corresponding to 
the flashover of the insulator string. 

3. In any line design, it is desirable first to hold 
down the lightning voltage. This can be done by 

(a) Keeping the line as low as is economically 
feasible, and 

(b) By the proper use of ground wires, again within 
economical limits. Failing to do this, the next best 
thing is to prevent the power arc following the lightning 
flashover. Unfortunately we are not at present in a 
position to state how this can be done. 

4. The higher you go in transmission voltage, the 
more beneficial, as a rule, is the ground wire. This may 
be seen by the following simple example: 

Assume two lines built with the same type of struc- 
ture, the same conductor, with one built for operation 
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at 66,000 volts, say the other for operation at 132,000 
volts. Assume that the 66,000-volt line utilizes 5 
ordinary suspension units and that the 132,000 volt 
line utilizes 10 suspension units. The lightning 
flashover of the first is in the neighborhood of 600,000 
volts and of the second in the neighborhood of 1,200,000 
volts. Assume that the average lightning voltage that 
you can get on the 66,000-volt line is 2,000,000 volts. 
Then if the ground wire has the effect of reducing that 
by 50 per cent, the lightning voltage with the ground 
wire will still be 1,000,000 volts which is 400,000 volts 
in excess of the flashover value of the 5 unit string. 
Therefore, under these conditions, a flashover will take 
place. 

In the case of the 132-kv. line, the height, the con- 
ductor, and everything else being the same it follows 
that the voltage with or without the ground wire would 
be the same as before and therefore with the string 
having a lightning flashover of 1,200,000 volts no 
flashover will occur. 

A similar example could be employed to show that a 
220-kv. line where with 14 standard suspension units the 
lightning flashover of the insulators may be expected to 
reach values of the order of 1,800,000 volts would hold 
and not flash. 

5. The design of substations should be co-ordinated 
with that of transmission lines as there is a great 
tendency to over insulate the line and thereby tend to 
transfer the trouble to substation equipment. 

A great deal of attention is being paid at the present 
time in specifications for electrical apparatus to the. 
impulse strength of apparatus. 

The manufacturers are working on the problem of 
impulse strength of apparatus. There is considerable 
evidence to show that there is a fairly definite ratio 
between the impulse strength and the 60-cycle strength 
of the apparatus. If this is demonstrated to be true, 
it will be possible to design a complete system, includ- 
ing the transmission line and connected apparatus, with 
a relation of insulation values that will give the greatest 
efficiency and continuity of service consistent with 
minimum cost. 


Future Work. For the lightning season of 1927, 
several power companies are arranging for future 
klydonograph tests which will give us more information 
on the value of the ground wire and on the amount of 
attenuation of traveling waves. We also hope to 
obtain data to determine the following points: 


1. Wave fronts of lightning surges 
2. Duration, of energy of lightning surges 


3. Maximum voltages induced on continuous trans- 
mission lines | 

4. Maximum field gradients. 

Arrangements are also being made to determine 
attenuation, potentials at stations, and at short dis- 
tances therefrom, potentials on adjacent sections of 
line with and without ground wires, potential on both 
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sides of choke coils, and discharge currents of lightning 
arresters. 


LIGHTNING PROTECTION OF DISTRIBUTION CIRCUITS 


For a number of years studies in lightning protection 
for 4000-volt, four-wire, three-phase circuits have been 
made in Chicago, and the results have been reported to 
the Institute.* During this period, several new types 
of arresters have been placed on the market, and the 
most promising of these arresters have been installed 
in Chicago. 

In attempting to analyze the records obtained during 
the past few years on the various types of lightning 
arresters and determine their relative efficiencv in 
protecting transformers from damage by lightning, 
some very discordant results were okserved. The 
results obtained from the service records were not in 
accord with the theories, nor with the results of labora- 
tory tests. 

To makea more comprehensive study of thesituation, 
the engineers of manufacturers whose lightning arresters 
were under investigation in Chicago accepted the 
invitation to join in a conference for determining the 
cause of these discrepancies. The investigations re- 
sulting from this conference will probably require at 
least a year before definite results can ke secured. 
The indications are that, by giving more attention to the 
details of line construction and perhaps making some 
alterations, it will be possible to make a considerable 
further improvement in lightning protection on dis- 
tribution circuits. 

Many of the factors which affect lightning arrester 
performances are not constant and alike for all installa- 
tions, and it appears from the data that a large share of 
the transformer failures, are due to limitations in 
protection which are imposed by conditions outside the 
arrester, of which good examples are, high ground 
resistance, currents from several circuits through ground 
connections of moderate resistance and entrance 
through the secondary. Before a conclusion is made 
that the arrester has failed to function properly, the 
variables must be thoroughly considered. A list of 
these variables is as follows: 

Ground resistances 
Transformer history 

Primary exposure 

Secondary exposure 

Shielding 

History of immediate territory 
Lightning entrance. 

These variables are quite well known to engineers 
who have studied lightning arrester performances. 
In attempting to determine their individual importance 
on each failure, they are studied somewhat as follows: 

1. Ground Resistance. Ground resistances are mea- 
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*Studies in Lightning Protection on 4000-volt Circuits. 
Trans. A. I. E. E., Vol. XXXIX, p. 1895; Vol. XXXV, p. 
655. 
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sured on the nearest three arrester installations in each 
direction from the failure. This assists in determining 
the ability of the arresters to relieve the line. Re- 
sistance above 20 ohms should be considered inadequate, 
and lower values are in doubt, that is, the value of 
resistance to be considered as dangerous must be in 
relation to the amount of current which the ground 
connection may be expected to carry and the maximum 
strength of the insulation which is being protected. 

2. Transformer History. The transformer history 
includes the make, size, age, connected load, previous 
failures, previous fuse failures, and the type of instal- 
lation, whether it be power or light. Of these factors; 
the first two affect failures, inasmuch as some trans- 
formers may be more susceptible to damage than others. 
Windings of the older transformers are quite apt to be 
of a lower insulating value, transformers operating with 
an overload and previous fuse failures may also weaken 
this insulation. Transformers which have previously 
failed are repaired and re-installed on the lines. The 
rewinding of the transformer coils may result in the 
transformer being more susceptible to damage by 
lightning. Lightning transformer installations are 
grounded, and also one power transformer, of a power 
bank installation, is grounded.’ This factor—-whether 
the transformer be grounded or not grounded—also 
may affect the failures. 

3. Primary Exposure. The height, length, number 
of primary wires, number of arresters, and the under- 
ground cable connecting to the overhead conductors 
are features which are studied in connection with the 
primary conductors. The height of mains connected 
to the transformer failure are of importance, the charge 
induced increases as the distance from the earth, or the 
point of zero potential, increases. The length of these 
wires is important, since the increased exposure in- 
creases the charge on the line. The number of arresters 
discharging, and the length of the line relieved by each 
arrester, should be considered. Long lengths of under- 
ground cables connected to overhead conductors at 
distances of 100 feet or so from the failure aid in reduc- 
ing the induced potential, and are a variable factor. 

4. Secondary Exposure. The length and height of 
secondary phase wire and the length of secondary 
neutral exposure is of importance. The secondary 
neutral is grounded on some systems and ungrounded 
on others. The grounded secondary neutral furnishes 
shielding of considerable value. 

5. Shielding. Structure shielding is quite low un- 
less the structure is of steel adjacent to and higher. 
than the line. Frame and brick structures, unless 
extending two or more stories above the line and adja- 
cent to it, furnish little shielding. Trees extending 
above the line and adjacent to it, and telephone cables 
on the same pole as the primary conductors, furnish 
good shielding and must be considered. 

6. History of Immediate Territory. Transformers 
burned out and fuses blown due to lightning in the 


June 1927 


adjacent areas of approximately one square mile should 
be considered to determine the severity of lightning 
within that area. Certain areas may be more suscepti- 
ble to lightning disturbances than others; this sus- 
ceptibility may be due to geographical conditions, or 
the character of the structures within the area. 

7. Lightning Entrance. A study of the transformers 
burned out should be made and an attempt to determine 
the lightning entrance, whether it be over the phase 
or neutral primary, or over the secondary wires. Evi- 
dences of arcing on the case, bushings, and pole should 
be noted and the extent and nature of the burns on the 
windings of the transformer. Any damage to cus- 
tomer’s equipment should be studied as evidence of 
lightning entrance over the secondary side of the 
transformer. 

These are the factors which should be studied in 
connection with each case of failure, whether it be trans- 
formers, underground cables, or secondary equipment. 
After this study, one of the factors may be found to be 
almost entirely responsible for the failure, and with 
sufficient data covering a period of years, an attempt 
can be made to eliminate these factors as much as 
possible and better the protection. 

The Commonwealth Edison Company now installs 
2300-volt arresters on primary phase, and 300-volt 
arresters on the primary neutral; and as a result of their 
studies of the seven factors listed, the advisability of 
arrester installation on the secondary side of the trans- 
former is being considered as a means of further reduc- 
ing interruptions of service due to lightning burnouts. 


VOLTAGE STANDARDIZATION 


Several excellent papers dealing with transmission 
and distribution voltage standardization have been 
presented to the Institute during the past year and 
undoubtedly have contributed much toward clarifying 
the status of this problem. The ultimate solution, 
however, is still somewhat obscure. With the present 
tendency toward interconnection of systems the 
standardization of voltages becomes of increasing 
importance and it seems urgent to push the studies in 
this field. 


STABILITY AND LOAD LIMITATIONS OF POWER SYSTEMS 


During the past year, the most significant develop- 
ment has been the engineering studies of several of the 
power companies which have led them to adopt special 
means to improve operating conditions and minimize 
the probability of outage. The stability studies have 
led to the adoption of synchronous machines of low 
reactance and high short-circuit ratio provided with 
quick-response excitation. The first installation of this 
kind will be in California followed quickly by similar 
installations in Pennsylvania and Alabama. The in- 
clusion of these features in specifications for these 
installations shows the importance that the engineers 
of large utilities are attaching to the subject of stability. 
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An important advancement in the transmission art 
is the development by Frank G. Baum of “A Trans- 
mission System.” Broadly, the principle of this system 
consists in supplying to the line at each point the 
reactive kv-a. required for transmitting the power over 
the line at that point, irrespective of whether power is 
taken in or given out there and incorporating in the 
devices used for this purpose the necessary character- 
istics to enable them to supply the reactive power 
required for stability under all conditions of operation, 
Practically, this means the installation of synchronous 
condensers of proper characteristics at intermediate 
points of long distance transmission line, in order to 
increase the amount of power that may be transmitted 
over that line as compared with the same line without 
the condensers. 

Sustained attention is being given to the design and 
construction of machines having characteristics appro- 
priate for long-distance power transmission. It is 
recognized that the desirable characteristics in syn- 
chronous machines from the standpoint of stability are 
low leakage reactance and high short-circuit ratio. 
The better performance thus obtained may be utilized 
to increase the amount of power transmitted rather 
than the margin of stability. Generators of low re- 
actance were decided upon by the Southern California 
Edison Company for its Big Creek 2-A power plant and 
for the motor end of the frequency changer set at 
Farmersville located at an intermediate point on their 
Big Creek transmission system. Maintenance of 
stability is essential not only for long-distance trans- 
mission lines but also for comparatively short systems of 
large capacity and high standard of service. For 
example, in the case of the Conowingo development of 
the Philadelphia Electric Company, it was found that 
the use of generators having special characteristics 
would increase the reliability of the system. 

Quick-response excitation which has been introduced 
commercially during the past year, maintains a high 
average value of voltage in synchronous machines at 
time of changes in circuit or load conditions thus 
improving the stability of operation. In some cases 
it will be desirable to use quick-response excitation in 
addition to special characteristics in the synchronous 
machines. The speed of response of the excitation 
system is obtained by the use of multiple-connected 
field windings in the exciters and separate excitation. 
Motor-driven exciters have been employed instead of 
direct-connected exciters for low-speed generators, 
because quicker response can be obtained with exciters 
of higher rotational speed and smaller air gaps which are 
possible with motor-driven units. To obtain the 
advantages of the quick response excitation system it 
must be controlled by a suitable voltage regulator 
capable of acting promptly and keeping its contacts 
closed until the system voltage has approached normal 
value. In order to secure correct operation of the 
voltage regulator under all conditions of operation, two 
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potential transformers with a positive phase sequence 
network are employed instead of the single potential 
transformers normally used. Quick-response excitation 
systems have been ordered for each of the plants 
described above, and in addition for the Lock 18 and 
Tallassee plants of the Alabama Power Company. 

In last year’s report mention was made of the theory 
of artificial stability which had been previously ad- 
vanced and which had been substantiated by actual 
calculations and to some extent by experimental tests. 
Further experimental data not only confirms the 
laboratory data previously obtained but establishes the 
fact that artificial stability can be obtained on com- 
mercial power systems. While it is not expected that 
systems would normally be operated in the range of 
artificial stability it is undoubtedly desirable to take 
advantage of this increased limit as a margin. It 
should of course be appreciated that the real advantages 
of quick response excitation systems lie in the increased 
power limits under transient conditions. 

Going further in the development of voltage sus- 


taining devices, successful experiments with a small. 


inherently compensated synchronous condenser have 
been carried out. The compensating current responds 
not only to a change in the magnitude of the load 
current but also to a change of the load power factor. 
It is necessary to keep in mind that this response to 
change of angle is quite important during transient 
conditions. l 

An important development during the past year has 
been the increased interest in the recording of systems 
data useful from the stability standpoint. The most 
suitable instruments for this purpose are of the oscillo- 
graphic type arranged to operate automatically on the 
occurrence of system trouble. For instance, on the 
occurrence of a fault to ground, a ground relay places 
the automatic recording apparatus in operation and 
after the record had keen obtained, auxiliary relays 
automatically disconnect the apparatus and prepare 
it for a subsequent operation. Particular mention 
should be made of the instantaneous watt elements, a 
sample of which was displayed to the Committee during 
the year. Such a watt element is particularly useful 
in stability studies. 

These instruments should be very valuable to 
enable operating engineers to obtain data on the 
performance of their systems during transients. This 
data will be useful also in planning future extensions, 
ties, and interconnections. 

Another point, mentioned in last year’s report as 
being incomplete, is the matter of fault resistance. 
The effective value of the fault resistance at the time 
of a flashover cannot in general be measured directly. 
A new indirect method has been used successfully 
which consists in making a chart of calculated values 
of ground currents for various fault locations and for 
arbitrary values of fault resistance. Lines of constant 
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resistance on this chart are used as parameters of 
reference and the actual fault current, as measured by 
the above mentioned oscillographic recording device, 
is plotted on this chart; its position with reference to the 
constant-resistance lines gives the actual fault re- 
sistance. In this way fault resistance, when comparable 
to the reactance of the system, can be obtained with a 
fair degree of accuracy, and since only the order of 
magnitude of fault resistance is important, this accuracy 
is adequate. 

During the past year progress has been made in 
increasing our technical knowledge on the subject of 
transmission stability. One paper on this subject was 
presented by Mr. O. E. Shirley and another by Mr. 
H. V. Putman. Mention should also be made of the 
paper by Messrs. Doherty and Nickle on the Theory of 
Synchronous Machine, which gave consideration to the 
stability characteristics of machines. Noteworthy 
progress in the general understanding of the stability 
problem has been facilitated to a considerable degree by 
the use of the mechanical analogy due to Mr. S. B. 
Griscom, and presented before the Transmission 
Committee and several Section meetings. 


UNDERGROUND CABLES 


A pronounced drift toward the use of single-con- 
ductor cables and three-conductor metal-sheathed 
unbelted cables is making itself felt. More data are 
being secured as to the relative merits of these two types 
of cables as well as the ordinary belted three-conductor 
cable. Aside from any difference in dielectric strength 
the belted three-conductor cable is at a disadvantage 
due to the fact that faults frequently are from phase to 
phase instead of being confined to ground as is usually 
the case with the single-conductor or metal-sheathed 
three-conductor cables. 

Where the duct size permits, three single-conductor 
cables may be installed in one duct thereby avoiding 
the necessity of having an individual duct for each 
cable which in many cases would make the subway cost 
prohibitive. This practise is being followed to a large 
extent on the system of the New York Edison-United 
Companies with very satisfactory results. 

Progress is continually being made in the develop- 
ment of super-voltage cables. The 66-kv. Cleveland 
cable has been in service for about three years and the 
Philadelphia cable which was rated at 75 kv. but 
operated at 66 kv. has been in service for about one 
year. While some failures have occurred the operation 
in general has been satisfactory. 

The Commonwealth Edison Company has in service 
two 75-kv. lines each consisting of three single con- 
ductor 750,000-cir. mil cables with 24,'/32-in. insulation 
and is installing additional circuits of this size and 
insulation which will go into service this Fall. 

One of the encouraging features has been the highly 
successful operation of the oil-filled joints. 
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While short time tests indicate that the 24/32-in. 
insulation is liberal and that the cables might have a 
somewhat higher voltage rating, the deterioration rate 
of insulation stressed on this basis is not yet accurately 
determined. 

Trial installations are being made on 66-kv. cables 
of joints which incorporate a means of insulating the 
intervening section of sheath. By suitably connecting 
the insulated sections the sheath currents may be 
minimized and the carrying capacity of the cables 
thereby increased. or: 

The past year has seen considerable development in 
the use of oil reservoirs of various types on high-tension 
cable splices. The oil supplied by these reservoirs no 
doubt reduces or possibly eliminates voids, especially 
near the joints. This is of considerable importance as 
it has been found that the cable itself absorbs large 
quantities of oil for weeks or even months after installa- 
tion. The indications are that the oil absorption by the 
line bears a direct relation to the temperature range 
through which the line is worked, the greater the 
temperature range the greater the oil absorption. 
Considerable attention should be given to the volume 
capacity of the oil reservoirs as the temperature changes 
also produce appreciable variations in the volume of the 
insulation for which it is desirable to compensate. 

A clear distinction should be made between this type 
of cable and the 132-kv. cable now being installed in 
New York and Chicago. The latter has a hollow core 
filled with an oil which is fluid at all operating tempera- 
tures and this central space is connected at suitable 
intervals with large oil reservoirs capable of com- 
pensating for volumetric changes in both oil and cable 
whether due to temperature changes or other causes. 
No experience has yet been had with these 132-kv. 
installations but it is expected that their operating 
record during the next few years plus the further 
experience with the lines operating at 66 kv. will 
indicate whether or not the usual type of cable can be 
made to operate satisfactorily at over 75 kv. and also 
show whether the hollow core, oil filled type and its 
several accessories are good for 132 kv. or possibly 
more. ) 

Voltage Surges on Underground Cable Systems. In 
the course of the studies which have been made of high 
voltage transients on underground cable systems 
klydonographs have been installed on 16 cable systems 
for the purpose of obtaining operating records of 
transients on these systems. The highest voltage 
recorded was 4.6 times normal. Nearly 99 per cent of 
all the surges recorded were under three times normal 
and 92 per cent of the total were unidirectional and 
therefore of brief duration. As the highest surges are 
of the same order as the commonly specified test 
voltage of the cable, but last only a small fraction of a 
second, it is probable that they have no effect on the 
cable insuJation. 


TRANSMISSION AND DISTRIBUTION 


789 


USE OF TEMPERATURE INDICATORS ON DISTRIBUTION 
TRANSFORMERS 


Experience which has been obtained from the use of 
temperature indicators on distribution transformers 
in Boston has indicated that material savings may be 
accomplished due to a better loading of the trans- 
formers. Some operating companies, however, feel 
that temperature indicators are not a satisfactory 
substitute for load tests but in any case it is probable 
that under cool weather conditions where the ambient 
temperature is materially below 40 deg. cent. which 
usually corresponds to the peak-load season in Northern 
cities the transformers can be safely loaded to values 
considerably in excess of their rating. An important 
reduction in transformer investment may ‘thereby 
result. 

PHILIP TORCHIO, Chairman. 


Discussion 


D. W. Roper: This report calls attention to some of the 
lightning arresters and distribution circuits in Chicago. For 
fear that the readers might get a wrong impression, I want to 
add a little to what appears in the report. The lightning- 
arrester records of the several types appeared to indicate that the 
results obtained were not quite what were expected. Further 
investigation of that point has brought out an interesting feature, 
somewhat unlooked for, in that some of these burn-outs which 
have been recorded and which have affected our results were due 
to lightning entering via the secondary circuits. The lightning 
arresters we have are on the primary circuits. The primary 
distribution, in general, occupies the top arm and the secondary 
ordinarily the next lower arm. Sometimes it is on the same arm 
with the primary circuits. As the lightning potentials which 
appear on the line are in proportion to the height from the 
ground, it is seen that the secondary circuits have been getting 
almost the same lightning effects as the primary. 

We have examined a few transformers—not very many—but 
as nearly as we can determine from the few which we have 
examined, something like one-third of our transformer burn-outs 
have been due to lightning which entered the secondary winding. 
We can hardly blame the lightning arresters which are connected 
to the primary circuits if some transformers burn out due to 
lightning entering on the secondary circuits. 

S. J. Rosch: The report under the paragraph on Under- 
ground Cables, says, ‘‘There is a pronounced drift toward the 
use of single-conductor cables and three-conductor metal- 
sheathed unbelted cables.” I believe it would be highly advis- 
able in view of its importance, to include in this report some 
figures indicating the quantity of the latter type of cable now in 
use in this country. Undoubtedly, many operating engineers 
in making up their 1928 budget, will naturally look to this and 
similar reports, for an indication of what type of cable to purchase 
for their three-phase circuits, whether to use three-single con- 
ductors, the regular belted three-conductor cable, or the metal- 
sheathed unbelted type. It would also be of value to have some 
figures on the probable use in the near future, of the latter type 
of cable. 

Alfred Herz: I have one question in mind in regard to the 
inter-bonding or grounding of cable sheaths. We all realize 
that considerable longitudinal voltage makes its appearance in 
these sheaths, especially in a sheath surrounding a single-conduc- 
tor cable. What is the practise in taking care of, or rather in 
avoiding detrimental effect when you bond or ground such cable 
sheaths? 
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Philip Torchio: Answering Mr. Rosch’s inquiry as to 
what per cent of three-conductor cable is now of the metal- 
sheathed unbelted type, I think there is a very small amount in 
use at the present time but several manufacturers are ready to 
make it and a considerable demand for it is anticipated. 

Regarding the surge voltages on underground cables as 
indicated in the report the maximum recorded was 4.6 times 
normal. Now a cable which is operated at 40 to 50 volts per 
mil is tested at about 165 volts per mil so that the normal 5- 
min. test voltage is about four times the normal operating volt- 
age. There remains still a large margin above the test voltage 
before actual breakdown is reached so that a surge of 4.6 times 
normal especially in view of its brief duration should not give 
deterioration. This is in further explanation of the Committee's 
intent in giving that view. 

Replying to Mr. Herz’s question about taking care of the 
induced voltages and currents in the sheaths of single-conductor 
eables, that can be done by providing insulating joints in the 
sheaths and cross connecting the insulated sheath sections in 
such a manner that the induced voltages are counterbalanced. 
As an alternative the insulated sheath sections may be grounded 
at one end giving a voltage normally of a few volts at the other 
end of the section which may under short-circuit conditions reach 
values of the order of 100 volts. 


Herman Halperin: (communicated after adjournment) 
In the last part of the report, there is a discussion regarding the 
migration of oil from oil-filled joints into cable, and it is stated 
that the oil ‘‘no doubt reduces or possibly eliminates voids, 
especially near the joints.” Then, at the end of the same para- 
graph is the following: “The use of such oil-filled joints makes it 
possible that satisfactory single-conductor cables of the usual 
type of construction may be obtained for operation at 110-kv., 
3-phase.”’ 


Up to a few years ago. joints were the limiting feature for 
underground cables in going to higher voltages, but with the 
recent development in joints, this limit has been removed. In 
connection with the last quotation, if the cable as it leaves the 
factory is not of a quality to give satisfactory operation at 
110-kv., 3-phase, then, according to experience with cable made 
in the past year, the addition of oil-filled joints will not make 
the cable operate satisfactorily. Apparently, this was not the 
intent of the quoted statement, but one might infer it from 
reading the report. Operating and laboratory data indicate that 
the principal factors necessary to obtain satisfactory 110-kv. 
cable are either to’ improve the quality of cable insulation 
furnished in cables of ordinary construction, or change the cable 
construction, or both. 

In Chicago, No. 10 transformer oil has been used for filling 
about 150 three-conductor, 33-kv. Joints and 750 single-con- 
ductor, 75-kv. joints. There have been oceasions to examine 
the joints and cable adjacent in connection with cable failures, 
and the insulation next to the joint has been usually found well 
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impregnated, partly due to the migration of oil from the joint 
into the cable insulation. However, considerable deterioration 
has been found in the cable insulation as close as 2 ft. from the 
joint. 

In connection with laboratory tests on 75-ft. lengths of single- 
conductor, 75-kv. cable and also with lengths that had been in 
service several months, dissection has shown that the distance 
the oil traveled from potheads or joints, varied from a few feet 
next to the sheath to a maximum of about 50 ft. along the strands 
of the conductor, depending on the kind of impregnating com- 
pound in the cable insulation. The penetration of the oil 
readily into the insulation was for only a few layers, except for 
the few feet of cable mmediately adjacent to the potheads or 
joints. 

Operating experiences with underground lines and tests on 
cable samples have indicated great variations in the quality of 
insulation along the length of ‘cable. 

Apparently the effectiveness of oil in improving the quality 
of the insulation is practically limited to only a few feet, which is 
very short in comparison to the length of a section of cable be- 
tween manholes that may be 400 to 700 ft. long. 

W. A. Del Mar: (communicated after adjournment) The 
maintenance of impregnation is now recognized as an essential 
element of success in the operation of high-tension cables, and 
the report clearly calls attention to the distinction between the 
use of oil-filled joints with reservoirs and the hollow-core type 
used on the 132-kv. circuits at Chicago and New York. 

Another distinction which might be made is between two va- 
riants of the former type, namely, cables in which the reservoirs 
are used merely to maintain the impregnation and those in which 
they are used to maintain a definite pressure within the cable. 
The former type is subject to limitations, especially where the 
cable is impregnated with a jelly compound, as the reservoir 
oil penetrates very slowly, and there is a tendency for the residual 
air to accumulate near the center of the section of cable. The 
latter type, i. e., where the system is designed for pressure main- 
tenance rather than penetration, assumes that air will be present 
and provides means for making it harmless. This is done sub- 
jecting the air to such pressure that it will not ionize at the 
existing dielectric stress. 

An experimental installation of this kind has been made in 
Detroit, bellows reservoirs being used, which are kept under a 
pressure of approximately 0.4 atmosphere above normal by 
means of weighted lever. The desired pressure was prede- 
termined as indicated in the discussion of my paper on The 
Effect of Internal Vacua, JouRNAL A. I. E. E., Oct. 1926, p. 1012, 
i. e., the maximum dielectric stress in the cable was calculated 
and the air pressure determined at which thin air films begin to 
ionize at this stress. The reservoir pressure was set slightly 
above this point. 

It is obvious that the success of this pressure system depends 
to some extent on the use of cable impregnating compound which 
is fairly soft or fluid at operating temperatures. 
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Protective Devices 
Annual Report of Committee on Protective Devices’ 


To the Board of Directors: 


This committee in its report last year gave a rather 
complete survey of the present state of the art in the 
field of protective devices for power systems. As 
many of the principal features of that report still 
describe the present practise in these various lines, the 
committee will report at this time more especially its 
activities during the past year. 

The principal work of the committee this year has 
been, first, in the arranging for and the actual prepara- 
tion of papers for presentation at meetings of the 
Institute, of which about 15 have been presented as 
listed in the reports of the subcommittees following, and 
second, in the work of standardization in connection 
with which during the year there were issued two 
reports on standards, one for lightning arresters and one 
for automatic stations. 


The work of the committee has been carried on by 
subcommittees, each under the direction of its own 
chairman, and after the first organization meeting of the 
main committee, held at Chicago in October, the 
further meetings have been held by the subcommittees 
individually. The subjects covered and the chairmen 
in charge of the subcommittees are as follows: 

Automatic Stations, W. H. Millan, Union Electric 
Light & Power Co., St. Louis, Mo. 

Current Limiting Reactors, E. A. Hester, Duquesne 
Light Co., Pittsburgh, Pa. 

Lightning Arresters, J. A. Johnson, Niagara Falls 
Power Co., Niagara Falls, N. Y. 

Oil Circuit Breakers, J. M. Oliver, Alabama Power 
Co., Birmingham, Ala. 

Protective Relays, H. P. Sleeper, Public Service 
Electric & Gas Co., Newark, N. J. 

Reports of the individual subcommittees follow. 


SUBCOMMITTEE ON AUTOMATIC STATIONS 


Four papers have been arranged for by this subcom- 
mittee during the year: 

Carrier-Current Selector Supervisory Equipment, by 
C. E. Stewart and C. F. Whitney. 

Testing, Inspection, and Maintenance of Automatic 
Stations, by Chester Lichtenberg. 

Automatic Substations, by D. W. Ellyson. 


*Committee on Protective Devices: 


F. L. Hunt, Chairman 
H. R. Summerhayes, Vice-Chairman 
E. A. Hester, Secretary 


Raymond Bailey, H. C. Louis, J. M. Oliver, 

W. S. Edsall, W. B. Kirke, E. J. Rutan, 

H. Halperin, K. B. McEachron, H. P. Sleeper, 

F. C. Hanker, Ww. H. Millan, E. C. Stone, 

J. Allen Johnson, L. J. Moore, A. H. Sweetnam, 
M. G. Lloyd, A. Royal Wood. 


Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 
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Development of Automatic Switching Equipments in 
United States and Europe, by A. H. de Goede. 


In the matter of standardization, this subcommittee 
has prepared and circulated Report No. 26 on Standards 
for Automatic Stations. Criticism of this report is 
invited and it is hoped that many engineers to whom the 
report will be sent will respond with such suggestions 
as will permit adjustment of the substance of the 
report into a final set of standards. 


In the matter of research work it has been suggested 
that the application of automatic control has a direct 
influence on the degree of service actually rendered, 
and that a study should be made of the subject, with a 
view to determining to what extent, if any, automatic 
control of station equipment has improved service. 


SUBCOMMITTEE ON CURRENT LIMITING REACTORS 


Since there has been no marked progress in design, 
and since no very unusual installations have been called 
to the attention of the subcommittee, the subject of 
development will be passed with just a word. The fact 
that practically all new reactors now being installed 
are of the insulated conductor type shows that it is to be 
preferred over the older type with bare conductors. 
The superiority of insulated conductors has also been 
rather definitely proved by exhaustive tests. There 
seems to be some hesitancy on the part of operating 
engineers to go to the use of reactors of a higher voltage 
than 33,000 volts, although there are some successful 
installations of higher voltages, and manufacturers 
express their confidence in being able to produce satis- 
factory high-voltage equipment. 


In last year’s report, certain recommendations were 
made covering subjects to be studied this year. These 
were for the most part problems which have been 
considered by previous subcommittees and to which no 
solution has yet been discovered. Chief among these 
is the question of the value of resistance shunted 
reactors. It was hoped that the extended use of the 
klydonograph and Dufour oscillograph would shed some 
light on this much mooted question, but nothing 
conclusive has been obtained. 


Another suggestion was that some work be done in 
an effort to reduce the variety of reactors with respect 
to voltage, current, and reactance values. The idea 
was that they might be standardized, with respect to 
their various characteristics, in steps In much the same 
way as has been done on oil circuit breakers. This was 
discussed at one of the Main Committee meetings and a 
decision handed down that this problem properly 
belongs to the N. E. L. A. rather than to the A. I. E. E. 

Further study of possible standardization for reactors 
is now under way. 
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SUBCOMMITTEE ON LIGHTNING ARRESTERS 
March 24, 1927 


Papers and Research. Last year’s report described in 
considerable detail two new tools which have become 
available for the study of lightning and other transient 
electric phenomena; namely, the klydonograph and the 
Dufour cathode ray oscillograph. That report also 
suggested three items of further work to be done; namely: 

1. Standardization of technique for using lightning 
generators for testing lightning arresters, 


2. Determination of voltage time characteristics of 


lightning arresters including rate of discharge, and the 


dielectric spark lag, 


3. Statistical data of operating experience on high- 
voltage lines. 


During the past year, substantial progress has been 
made along these lines by the use of the two devices 
above mentioned. This progress is recorded in the 
following papers presented before the Institute during 
the past year: 


1. Lnghtning and Other Experiences with 182-Kv. 
Steel Tower Transmission Lines, by M. L. Sindeband 
and P. Sporn, JOURNAL, Vol. XLV, No. 7, p. 641. 

2. Measurement of Transients by the Lichtenberg 
Figures, by K. B. McEachron, JOURNAL, Vol. XLV, 
No. 10, p. 934. 

3. Lnghtning—A Study of Lightning Rods and Cages 
with Special Reference to the Protection of Oil Tanks, by 
F. W. Peek, jr., JOURNAL, Vol. XLV, No. 12, p. 1246. 

4, Measurement of Surge Voltages on Transmission 
Innes Due to Lightning, by Everett S. Lee and C. M. 
Foust, JOURNAL, Vol. XLVI, No. 2, p. 149. 

5. Transmission Line Voltage Surges, by J. H. Cox, 
JOURNAL, Vol. XLVI, No. 3, p. 263. 

6. Klydonograph Surge Investigation, by J. H. Cox, 
P. H. McAuley, and L. Gale Huggins, JOURNAL, Vol. 
XLVI, No. 5, p. 459. 

Since the progress in research during the year.in 
general is summed up in the conclusions of these papers, 
it seems worthwhile to restate these conclusions here 
in so far as they throw light on the nature and magni- 
tude of lightning surges and the characteristics of the 
devices being used to investigate them. 

Mr. McEachron’s paper concludes as follows: 

“As a result of this investigation, it can be definitely 
stated that the size and appearance of both positive and 
negative Lichtenberg figures are dependent on the wave 
front as well as on the crest voltage. 

Throughout the range of wave fronts probably found 
in service, the size of the positive figure is not much 
changed by a change in wave front only, except at 
voltages close to the upper limit of potential where a 
decrease in the size of figure is indicated with very 
abrupt fronts. 

The positive figures may be divided into three type 
forms which are partly determined by wave front and 
partly by the value of the crest voltage. It is possible 
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to gain some idea of the steepness of the front from the 
appearance of the positive figure. 

The size and appearance of the negative figures are 
considerably affected by changes in wave front, the 
steepest waves always giving the largest figures. The 
percentage change with a constant crest voltage applied 
is greatest for the lower voltages. The change seems to 
be great enough so that it cannot be neglected. The 
negative figures change in appearance with increasing 
steepness of wave front, but the changes are so indefinite 
that it is only possible to state that a particular negative 
figure probably represents a fast wave or a slow wave.”’ 

The paper by Lee and Foust contains field kly- 
donograph records showing surge voltages on a trans- 
mission line as high as 1500 to 2100 kv. In one case 
this was a highly damped oscillatory surge predomi- 
nantly negative; in another case it was a unidirectional 
surge with positive polarity. 

Practically all figures obtained on transmission lines 
were of the type II class (paper by McEachron) and 
may be placed, therefore, within the wide range of 
wave fronts which vary roughly from that of a slow 
60-cycle wave to a surge which comes to its maximum 
value in a fraction of a microsecond. 

The maximum surge voltages obtained compare 
favorably with the laboratory results of insulator flash- 
over tests; the value 1800 kv. for the lightning spark- 
over of a 14-unit insulator string seems to be close to 
the upper limit of voltages actually measured on the 
line by means of recorders. The authors summarize 
this paper as follows: 

“It has been shown that surge voltage recorders using 
the positive photographie Lichtenberg figures have 
given essentially the same calibration data under a 
variety of conditions; also that the accuracy of such an 
instrument is in the order of 25 per cent, with a some- 
what better value possible for those measurements 
wherein several similar observations may be obtained. 

‘An extension of instrument design has been described 
wherein two recorders are used together, which allows 
the use of the positive figure as a voltage measure of 
all surge voltages, thus insuring greater certainty of 
result. A more comprehensive analysis of the figure 
characteristics is also possible; since both positive and 
negative figures are available. 

“A means of connecting the surge voltage recorder toa 
transmission line of higher than instrument voltage has 
been described which has been proved in service to be 
simple, reliable, and easy to calibrate. Calibration 
data are presented to show that with such connection, 
reasonable* accuracy may be obtained in recording 
voltages up to values in the order of 2000 kv. A speci- 
men record of such voltages obtained in the field is shown. 

“‘Therecords which can be obtained from surge voltage 
recorder instruments connected as desired along a 
transmission line will allow the facts regarding surge 
voltages on transmission lines to be determined with 
reasonable exactness.” 
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Mr. Cox’s paper concludes as follows with respect to 
lightning: 

“1. Positive lightning strokes are frequent but weak. 
They are slow, of the order of 0.01 sec., and hence do 
not induce surges on transmission lines. 

“2. Positive strokes, even though slow, may produce 
surges of importance on isolated low-voltage lines, 
such as communication lines. 

“3. Negative lightning strokes are less frequent but 
more violent. They discharge in about three micro- 
seconds and hence produce high-voltage surges on trans- 
mission lines. 

“4. The field gradient is often as high as60 kv. per ft. 
and may reach 100 kv. per ft. Thus a surge of over 
2000 kv. might be induced upon a line of ordinary height 
with sufficiently high insulation. Eighteen hundred 
kv. has been recorded by the klydonograph. 

“5. The time lag of an insulator flashover is less 
than the time of discharge of a negative stroke and thus 
the impulse flashover voltage of the insulators limits 
the possible potential. 

“6. The stroke of lightning itself is unidirectional. If 
an oscillatory surge due to lightning is recorded, it is a 
line oscillation resulting from a flashover.”’ 

The paper by Cox, McAuley, and Huggins contains 
the following conclusions with respect to lightning: 

“1. Surge voltage due to lightning is unidirectional. 
The clouds which produce surges are of negative 
polarity, resulting in positive induced voltages and neg- 
ative direct-stroke voltages. 

“2. The maximum values, reached by lightning surges 
on transmission lines, are limited by the flashover of 
the insulators. It is believed that the flashover voltage 
of 220-kv. transmission line insulation, at the steepnesses 
of wave front of lightning surges, is comparable to the 
maximum potentials ordinarily induced by lightning. 

‘‘3. The flashover voltage of the average insulation of 
lines up to 140 kv. is about seven times normal for 
lightning impulses. 

“4. Seldom more, and often less than two surges, 
comparable in magnitude to the insulator flashover 
voltage, appear at a given point of a line during a.storm. 

“5. The frequency of occurrence of the higher surges 
does not seem to be greater for low-voltage than for 
high-voltage lines. 

“6. High-voltage surges are damped below the corona 
voltage in traversing a few miles of line. At low magni- 
tudes they may travel long distances. 


“7, The quantitative measurements witk the klydono- 
graph agree with the theories regarding induced volt- 
ages and the protection against these afforded by the 
ground wire. 

* * x * x * * x * * bs a * 


“13. Except for lightning surges and arcing grounds, 
no high-voltage disturbances of particular importance 
to the operating engineer appear on transmission lines. 

* * * * a +% xæ * * x k xæ * 
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“18. In the investigations of the performance of light- 


. ning arresters in actual service, it was found that 


arresters in general give satisfactory operation, that is, 
they relieve all surge voltages above the standard test 
voltages for equipment insulation. Discharge currents 
up to 2500 amperes occur in practise. From these 
tests it is concluded that the field performances of 
arresters confirm predictions hased on laboratory tests. 

“19. Lightning arresters do not protect a line against 
flashovers at distant points.” | 

It is desired to call particular attention to Fig. 12 of 
the paper by Lee and Foust which shows results of 
klydonograph calibrations reported by Messrs. Cox and 
Legg, Mr. McEachron, and Messrs. Lee and Foust. 
“These results show remarkable agreement for the 
work of the different observers in different laboratories, 
with different instruments and circuits, and give added 
weight and certainty to the calibrations of the Lichten- 


berg figures in regard to magnitude of voltage.” 


As for the determination of wave shape from Lich- 
tenberg figures, the following excerpt from the paper by 
Messrs. Lee and Foust is significant: 

“At the present time, the determination of wave 
shape from the Lichtenberg figure characteristics is not 
as definite or as certain as the determination of the 
magnitude from the figure size, and herein there is 
room for added study. Further study along these 
lines tending toward greater exactness in the interpre- 
tation of figure characteristics is desirable.” 

From the foregoing results of the researches of the 
several investigators, the following significant summary 
of present knowledge may be made: 

1. Lightning strokes are unidirectional. 

2. Positively charged clouds discharge in about one 
one-hundredth of a sec.; negatively charged, in about 
three microsec. 

3. Surge voltages due to lightning are usually uni- 
directional. The clouds which produce surges are of 
negative polarity, resulting in positive induced voltages 
and negative direct-stroke voltages. Oscillatory surges 
are the result of flashovers and are highly damped. 

4. The wave front steepness, or time required for a 
lightning surge to reach its crest, lies within the broad 
range between about one one-hundredth of a second and 
one microsec. The steepest waves probably reach their 
crest in a time of the same order as that required for 
the discharge of a negatively charged cloud, namely, 
about three microsec. 

5. The maximum potential of lightning surges agrees 
with theory and laboratory tests and is limited by the 
flashover value of the line insulators. 

6. Lightning arrester performance in service confirms 
laboratory tests. 

With the foregoing facts reasonably well established, 
it would appear that the establishment of standards 
for lightning arresters and lightning arrester test 
apparatus and procedure may now be undertaken upon 
a rational scientific basis. 
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Standards. The progress which has been made 
during the past yeur is bringing nearer the time when 
rational standards for lightning arresters can be for- 
mulated. Since the lightning arrester is a device for 
dealing with transient voltages, the standardization of 
arrester characteristics and testing devices and pro- 
cedure upon a rational basis demands the adoption of 
a standard transient potential or lightning surge. Such 
a standard transient or lightning surge should resemble 
as nearly as laboratory limitations will permit, the most 
destructive surges which natural lightning produces on 
transmission circuits. Sufficient evidence is now avail- 
able to indicate that such natural surges reach their crest 
values in a time on the order of three to four microsec. 
It is believed that the demand of the art at the present 
time for the adoption of a standard transient for light- 
ning arrester testing is sufficient to justify the adoption 
at this time of a tentative standard. Therefore, in the 
formulation of standards for lightning arresters, in 
which work the subcommittee is now actively engaged, 
it is proposed to establish a standard lightning surge 
for laboratory use which it is proposed to defineas:ollows: 

“The standard lightning surge shall be one which 
rises to its crest value in four microsec. and which does 
not decrease more than 2 per cent in the following 10 
microsec.”’ 

For the purposes of lightning arrester standardization, 
it is proposed to fix the maximum value of the standard 
lightning surge at 100 kv. in order to limit the size of 
the necessary laboratory equipment. 

It is felt that the accelerated progress which will 
result from the agreement upon a standard transient is 
sufficient justification for the adoption of such a stand- 
ard at the present time, even though further experience 
may indicate that the exact form of the standard 
adopted may have to be changed. The Institute has a 
standard for cyclic voltages, namely, the sine wave. 
There would seem to be no reason why it should not 
likewise have a standard for transient voltages. ` Pos- 
sibly more than one such standard may be required for 
different purposes. 

Since the entire matter of standardization of test 
procedure for lightning arresters depends upon the 
adoption of a standard transient, the matter is men- 
tioned here in order that the committee may have the 
benefit of open discussion of the matter in the work of 
formulating standards on this most difficult subject. 

It is also desired to point out here that the cathode 
ray oscillograph is rapidly supplanting the use of 
sphere-gaps in determining the voltage and current 
characteristics of Ifghtning arresters, and that conse- 
quently such terms as “equivalent sphere-gap,’’ “‘dis- 
charge rate,” and “dielectric spark lag” are rapidly being 
left behind, and are being replaced by actual voltage 
and current curves obtained with the cathode ray 
oscillograph. Such cathode ray oscillograms can be 
interpreted in terms of actual volts, amperes and times, 
even down to fractions of a microsecond, and conse- 
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quently give far morecomprehensive information regard- 
ing the performance of lightning arresters than ever was 
or ever could be possible from the use of sphere-gaps. 

It is hoped that the standards now under preparation, 
in connection with which a considerable amount of 
research is also under way, may be sufficiently advanced 
for presentation sometime within the next few months. 


SUBCOMMITTEE ON OIL CIRCUIT BREAKERS 


There was presented at the Winter Convention, a 
paper entitled Tests on High- and Low-Voltage Oil 
Circuit Breakers Conducted by the American Gas & 
Electric Company, prepared by Philip Sporn and Harry 
P. St. Clair. This paper may properly be classed as 
research work, since it gives valuable information on 
the subject of rupturing capacity of oil circuit breakers 
and methods which may be used in determining what 
these capacities are. This is the most important 
problem in the matter of oil circuit breaker design, 
and needs much additional research work of this class. 
Several other companies are arranging for similar oil 
circuit tests, and most of these tests are being con- 
ducted according to the recommendation of uniform 
test procedure, which will insure comparative results 
and much valuable data. 

Arrangements have also been made for and work is 
nor progressing on the preparation of a joint paper, 
Rating and Selection of Oil Circuit Breakers, which will 
bring up to date information presented some years ago 
in a paper of the same title by Messrs. Burnham, 
Hewlett, and Mahoney. 

In the matter of standards, certain changes have been 
recommended, and are now under consideration by the 
Standards Committee, in Standards No. 19 and No. 22. 
Further work on standardization is necessary, in the 
opinion of the subcommittee, in connection with the 
temperature rating on switch and circuit breaker con- 
tacts and other parts. This work is being carried on as 
rapidly as possible with other interests that are involved. 

We believe that further work in standardization 
can be accomplished by the study of factors which 
determine the interrupting duty on oil circuit breakers. 
This is recommended for future study. 


SUBCOMMITTEE ON PROTECTIVE RELAYS 


During the past year there have been presented 
under the auspices of this subcommittee, five papers, 
including: 

Automatic Network Relays, by W. K. Bullard, 

A-C. Network Relay Characteristics, by D. K. Blake, 

Erolution of the Automatic Relay Unit, by J. S. Parsons, 

Design and Application of Automatic A-C. Network 
Units, by G. G. Grissinger, 

Ground Relay Protection of Transmission Systems 
by B. M. Jones and G. B. Dodds. 

In studying the question of standardization, there 
has been prepared a report on current and potential 
transformer characteristics. The result of this study 
is presented herewith, and it is recommended that 
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further consideration be given the subject, with a view 
to standardizing the limitations of use of current 
transformers of various characteristics. 
Report of the Subcommittee on Current and Potential 
Transformer Characteristics 
By H. M. RANKIN, CHAIRMAN 

1. The purpose of this subcommittee investigation 
was to determine the effect of very high currents on the 
characteristics of current and potential transformers, 
and to specify the nature and extent of information 
which is necessary to their application to protective 
relaying. It was the opinion of the members of the 
subcommittee that the characteristics of potential 
transformers were not sufficiently affected by high 
current conditions to warrant investigation from a 
relaying standpoint. This report, therefore, deals 
exclusively with current transformers, including both 
the “instrument type” with multiple primary turns and 
the “bushing type” with single turn primary. 

2. Characteristic ratio curves for current trans- 
formers should have a lower limit of one ampere second- 
ary current and an upper limit determined by any one 
of the following three conditions: 

10,000-amperes primary current, 
20 times normal rated current, 
2 times nominal ratio. 

3. Characteristic ratio curves should be furnished 
for both “instrument” and “bushing” type current 
transformers for inductive burdens, power factor 0.5, 
as follows: 

15 Volt-amperes 


25 u “ 
50 u u 
100 “ « 
200 “ « 


All values of volt-amperes given are based on five 
amperes, 60 cycles. The various loads are also to be 
specified in ohms resistance and henries inductance. 

4. Until further experience may demonstrate that 
more narrow limits may be adhered to, the manu- 
facturers should furnish, for each type and ratio of 
current transformer, a characteristic curve which 
shall be correct within the following limits: 

a. + 214 per cent deviation from standard curve up 
to 1.1 times nominal ratio. 

b. + 10 per cent deviation from standard curve at 
2 times nominal ratio. | 

c. The deviations at points between 1.1 and 2 times 
nominal ratio shall be interpolated on a straight line 
basis. ° 

The manufacturers will, in future, keep a cloe checks 
on current transformer tests to determine whether the 
above limits are reasonble or can be decreased. If 
greater accuracy than the above is required, pending the 
result of further investigation on the part of the manu- 
facturers, it should be the subject of special request. 

5. Change in phase angle under high-current con- 
ditions. Some change in phase angle undoubtedly 
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does occur, especially with “bushing” type current 
transformers in connection with large non-inductive 
secondary burden. It is thought that under conditions 
normally met in operation with secondary burdens 
approximating 0.5 power factor, this change in phase 
angle will have no serious effect on relaying. Informa- 
tion is lacking, however, on this point and it is recom- 
mended that more complete tests be made. 

6. Change in wave form under high-current con- 
ditions. The following oscillograms show plainly the 
wave distortion at high currents: 

7. Comparison of relay test methods. Fig. 13, 
shows a comparison of the primary-secondary method 
to the shunt method of testing relays with “bush- 
ing” type current transformers. The curve marked 
“1-Turn Primary” represents, of course, the actual 
operating condition of the “bushing?” type current 
transformer. For the curve marked “Shunt Method,” 
the primary ampere-turns are calculated by multiply- 
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x Fic. 8 Fig. 12 
Secondary burden R. M. S. amperes final 

Oscillogram Current Ohms M. H. 

number transformer resist. induct. Primary Secondary Ratio 
C D-90371 A W-12 6054A 0.5 6,800 220 30.6:1 
C D-90372 A W-12 605A 1.4 . 6,800 145 49.0:1 
C D-90296 B K-48 605A 0.5 6,150 310, 19.8:1 
C D-90297 B K-48 605A 1.4 . 6.150 175 35.1:1 
C D-98179 57-turn bushing type 0.5 3.09 4.050 65 62:3.1 
C D-98180 wS s j 2.5 3.09 4,442 66 67.3:1 
C D-98181 aoe os As os 4.5 3.09 2,760 37 74.6:1 
C D-9S8183 mo ots x s£ 6.5 3.09 4,260 34 125:1 
C D-98189 oo oee 5 0.5 3.09 200 3.25 61.5:1 
C D-98195 * 13-turn bushing type 4.5 3.09 11,000 16.7 660:1 
C D-98196 = ia = “ 2.5 3.09 11,120 29.7 375:1 
C D-98197 oreo oat i sA 0.5 3.09 556 40 13.9:1 


The first four apply to ‘instrument’ transformers and the remainder to “bushing” type transformers. It will be noted that though the distortion 
occurring under conditions of primary currents and secondary burdens within the range of ordinary operation may not be great enough to seriously affect 


relay performance, the imposition of excessive secondary burdens may have a decidedly bad effect. 
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ing the input current by the number of secondary 
turns on the “bushing” transformer. The ‘4-Turn 
Primary” curve shows the discrepancy which may be 
involved when testing with one-fourth of the primary 
current through four turns wound on the core. The 
““bushing” type current transformer chosen in this test 
was one having a very low ratio and with the second- 
ary turns bunched in a small space on the core, in 
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order to exaggerate the errors involved. With a higher 
ratio transformer in which the secondary turns would 
be more evenly distributed around the core, the dis- 
crepancies would probably be much reduced. 

8. Error due to eccentric location of primary con- 
ductor. Fig. 14, which is self-explanatory, shows the 
effect of eccentric location of the primary lead of a 
“bushing” type current transformer, combined with the 
effect of a bunched secondary winding. From a relaying 
standpoint, the discrepancy is so emal as to be 
negligible. 

The attention of the subcommittee for the past 
year has also been given to the matter of relay test 
specifications and standards. It has been found diffi- 
cult to unify the varying practises of the many operating 
companies, as well as the test methods of the various 
manufacturers. It is not considered advisable at this 
time to undertake to offer a final and complete form, but 
the following data are given as the basis of tentative 
recommendations by this subcommittee. 


1. Nameplate Data. 


a. Descriptive name of relay. 

c. Nominal operating current or voltage, or both. 

c. Frequency. 

d. Calibration curve. 

e. Time setting chart. | 

f. Volt-ampere consumption and power factor 
or resistance and reactance of various coils. 

- Manufacturer’s type or model designation. 

. Manufacturer’s name or mark. 

Interrupting capacity of tripping contacts. 

j. Polarity of directional relays. 


°° T R 


2. Allowable Temperature Rise. 
a. Coils. 
b. Contacts. 
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3. Insulation Resistance or Dielectric Strength Test. 
a. Insulation resistance test made with a megger 
of either 500- or 1000-volt rating. 
b. Dielectric strength test voltage, frequency, 
and duration of test. 
4. Permissible Minimum Contact Separation. 
5. Allowable Discrepancy from Nominal Value Given 
on Taps. (Current or voltage or both.) 
6. Zero Torque Test on Zero Power Factor, Current 
Alone, Voltage Alone, Ete. 
7. Chattering Test at High Current. 
8. Vibration Tests. 


It is hoped that the interested members will comment 
to the subcommittee on the above suggestion and that 
by another year, the report may be in the form of a 
recommended standard. The work of this committee 
should continue, therefore, for another 12-month period. 

It is further recommended that the attention of this 
subcommittee be directed toward the establishment of 
other relay standards. This is a subject which deserves 
considerable attention as there are few phases of the art 
in general which are really standardized, and the need 
is great. Other suggested subjects are: Standardiza- 
tion of characteristic curves, standardization of descrip- 
tive nomenclature, standardization of relay symbols for 
single-line diagrams, standardization of relay symbols 
for wiring diagrams, and standardization of relay 
operation nomenclature. | 

It is recommended that a subcommittee be appointed 
on “Relay Handbook Revisions and Amendments.” 
The book has now been published about two years, and 
it is believed that sufficient advances and improvements 
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in the art have occurred to warrant their inclusion in 
the “Relay Handbook.” It is the belief of this sub- 
committee that such action will be justified every two or 
three years. Otherwise, the value of the book will 
disappear in a few years’ time byreason of obsolescence. 
In the matter of future papers, it is reeommended that 
papers be prepared on the following subjects: 
Operating Experience with Impedance Relaying 
Operating Experience with Parallel Line Relay, 
Protection. 
F. L. Hunt, Chairman. 


Discussion 


Alfred Herz: I want to mention a few tnings about the 
klydonograph. This device makes use of photographic emulsion 
coated on a base of celluloid or glass. The essential thing is the 
sensitivity of this emulsion. 

A photographic emulsion after development will appear as a 
collection of grains of practically metallic silver. The size of 
these grains seems to have a direct bearing on the sensitivity of 
the emulsion. In general as the sensitivity is increased, the 
grains also increase in size. These grains appear under the 
miseroscope as separate islands, or clusters of islands with clear 
spaces between. Films usually supplied for cameras are coated 
with an emulsion of a fair degree of sensitivity. I believe such 
films are generally used in the klydonograph. Itis possible to 
obtain emulsions which have practically no grain, such emulsions 
being usually made with albumin and not gelatine. They are 
abnormally slow for ordinary photographie work; but they make 
sensitive surfaces of such a fine grain that they can be used 
for miscroscopie photographs. 

The usual photographic emulsions, made with gelatine, are 
quite hygroscopic, and I really believe that some caution and 
research should be carried on as to the effect of atmospheric 
conditions upon the results obtained with the klydonograph. 
I feel quite confident that some of the results are influenced by 
changes in the atmosphere. Therefore, if you want results that 
are really comparable, it is important first of all to make use of 
the same brand and speed of film or plates for all the tests con- 
templated. Furthermore, the experiments or tests should be 


carried on under some specific and similar conditions of the: 


atmosphere. 

I believe the Lichtenberg figures are produced by minute 
electric discharges between the grains mentioned, which will 
account for the ray-like images we obtain under certain condi- 
tions as well as for some of the figures resembling tree-like growth. 


PROTECTIVE DEVICES 
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J. Allen Johnson: I wish to call attention to the matter 
of lightning-arrester standardization. It appears that by the 
use of the klydonograph (which you may call an approximately 
accurate instrument) and the Dufour oscillograph (which is 
probably a very accurate instrument) the fog which has for so 
many vears surrounded the lightning-arrester question is grad- 
ually being dissipated. The difficulties in the way of the stand- 
ardization of lightning arresters and lightning-arrester tests 
appear to be passing away. However, the lightning arrester is a 
device for dealing with transient voltages, for its protective 
value bears a relation to the transient voltage. not to the eyclie 
voltage which we generate on our lines. It therefore seems 
necessary, in order to standardize lightning-arrester character- 
istics, that we first standardize a transient voltage. That idea 
may sound revolutionary as we have always been accustomed to 
thinking of transient voltages as very uncertain in their nature, 
but the use of the klydonograph is beginning to give us pretty 
good evidence as to the true nature of the surges which occur 
on transmission lines. We find, for instance, that they are 
usually unidirectional, or, if not, highly damped. We are 
beginning to have evidence as to the steepness of their wave 
fronts. 


It seems, therefore, that the time is nearly ripe to standardize a 
lightning surge for comparative tests of lightning arresters. 
This report suggests a definition of a standard surge. 

I wish to announce that the lightning arrester subeom- 
mittee would be very glad to have any ideas on this subject so 
that the committee may have the benefit of them in working out 
this standardization. The committee has prepared a tentative 
form of standards for lightning arresters based upon—that is, 
starting from the basis of the report of the working committee 
in 1926. I have about twenty-five copies of this tentative form 
and I should be glad to give copies to any one sufficiently 
interested. 


Iron and Steel Industry 
Annual Report of Committee on Applications to Iron and 
Steel Production’ 


To the Board of Directors: 


The importance of electricity to the production of iron 
and steel has reached such magnitude that this Com- 
mittee believes that all engineers should be informed as 
to the situation so as to be prepared to apply it success- 
fully in all its fields of application. To this end, the 
Committee would outline the extent to which electricity 
is being applied in this industry. 


LIGHTING 


Perhaps the first application was that to lighting. 
The arcs were replaced by incandescent lamps and now 
illumination is receiving much attention as to the proper 
lighting of various jobs and work spaces. Proper 
illumination is now credited with increase in both 
production and safety. Steel mills, however, are not 
yet lighted as they should be, and increased emphasis 
should be placed on this phase of their work by electrical 
engineers. _ 


HEATING 


The use of electricity for heating has increased with 
the installation during the past year of over 25 melting 
furnaces. These range from 14 ton to 25 tons, and are 
of the arc type. The time of melt has been reduced 
considerably. The increase of production has also been 
greatly influenced by furnace design. The removable 
roof type of furnace appears to be the trend in design. 


Resistor type furnaces are being used for annealing 
and for heat treating of alloy steels. Laboratory fur- 
naces have been used in the steel mills for many years. 


Several years ago electrical heating was applied to 
rolls in sheet and tin mills to increase production during 
the first turn after a shut down ora roll change. This 
use is apparently well grounded since a report by the 
A. I. & S. E. E. states that 168 roll heaters are in use 
in 19 plants. Electrical heating devices have been 
used in crane cabs and offices for many years. 


MAIN ROLL DRIVES 


During 1926 nearly 150 main roll drives were pur- 
chased, all of which were electrically operated. Of 
these only six were a-c., the rest were d-c., ranging from 
230 to 900 volts. Of a special interest is the 8000-hp., 
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700-volt reversing, d-c. motor drive for the 54-in. 
blooming mill in a Pittsburgh mill. Large motors for 
such drives have become common. Individual motor 
drives on tandem strip mills are also of interest because 
of their increased use. While the use of d-c. motors 
has predominated, a few induction motors have been 
installed with speed control; also, a few large syn- 
chronous motors have been applied with apparent 
success on their particular mills. Undoubtedly, the 
use of synchronous motors for mill drive will increase. 

To reduction of labor and the actual improvement in 
the steel produced is due the importance of the electri- 
fication of steel mills. Electric drives in steel mills 
permit the mill designer to produce a mill that will do 
things heretofore impossible. 


AUXILIARY MILL DRIVES 


In connection with the installation of many new main 
mill drives, auxiliary drives have come in for much 
attention, with the idea of giving closer control of these 
auxiliaries with fewer operators. Automatic control 
of screw-downs, tables, transfer cars, and drag-overs, 
together with furnace doors and pit covers, has increased 
with resultant efficiency, the ratio of steel production 
to men employed. 

The A. I. & S. E. E. has completed its specifications 
for auxiliary and mill motors and one motor manu- 
facturer has announced motors built according to these 
new specifications. 

Alternating current is gaining some ground applied to 
auxiliary drives, but direct current is apparently very 
well grounded in the steel mill electrical man’s scheme 
of operations. 


WELDING 


Electric welding can be mentioned briefly because it 
is used extensively for repair work, and indications are 
that in the future building construction will be in- 
fluenced by this process. 

Perhaps the most important application of electric 
welding is its use for the building up of large machines 
by welding plates. These welded structures are to 
replace castings. The ease with which complicated as 
well as simple structures can be made, together with 
their lightness and strength, is making this innovation 
one of importance and one which gives promise of 
rapidly increasing use. 


SAFETY 


Because of the wide-spread use of electricity in mills, 
the various electrical departments appear to be leaders 
in safety programs and the elimination of all hazards as 
well as those electrical. This may be because of the 
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peculiar nature of electrical hazards, and the extensive 
steps taken by power companies and electricity users to 
eliminate these hazards and to take care of unfortunate 
victims. The prominent place of steel mill electrical 
men in the promotion of safety should be recognized. 


MEASUREMENTS AND INSTRUMENTS 


The metering of electric power has been practised 
from the first, and its convenience has caused its more 
extensive use in the mills in order to determine not only 
the total power costs, but also the detailed operating 
costs down to Individual machines and drives. Even 
auxiliary drive controllers are being specified to include 
permanent shunts for convenient metering. This 
permits proper distribution of costs for different 
processes. 

Electricity also plays an important part in other than 
power measurements, such as tachometers and pyrom- 
eters for speed and temperature determinations. The 
metering of gases is done also readily with great con- 
venience by electrical means. 

By the increased use of electrical power measurements 
attention has been called to economies that are possible. 
These economies are watched by all departments and 
stimulate effort by department heads to make savings 


IRON AND STEEL INDUSTRY 
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heretofore uncontemplated. Furthermore, these mea- 
surements and economies stimulate improvement of 
design to affect even greater economies. 


CONCLUSION 


In conclusion, it may be noted that there is con- 
siderable activity in the rebuilding of steel mills so as 
to produce more steel at a lower cost. The old steam 
drives are replaced by electric drives, most of which are 
for direct current. 3 

The transmission of electric power at high voltages, 
together with the ease with which it can be converted 
for convenient application, has caused the use of 
electricity to drive out steam. Its use is now amply 
safeguarded and engineers and operators are more 
skilled in its application and use. The ease with which 
a few mill operators can control a large number of 
motors through remote-control devices further demon- 
strates the superiority’ of the electric drive This 
rapidly increasing use of electric power demands the 
closest attention of electrical engineers. 

The improvement in engineering that is apparent 
today gives a certainty of predetermination of results 
which is not only gratifying to the engineer, but of 
greatest value to the executive. 


3 


Economic Aspects of Electricity in Mining Work 
Annual Report of Committee on Applications to Mining’ 


To the Board of Directors: 

The applications of electricity in the mining in- 
dustry, especially in coal mining, have shown a marked 
increase during the past year, due principally to the fact 
that its use is an important element in the solution of 
the problem of high mining costs. These adverse 
economic conditions have forcibly brought to the 
attention of mine managers the necessity of replacing 
expensive labor by electrically operated mechanical 
devices. 

Coal loading machinery operated by electricity has 
demonstrated its entire practicability and has shown a 
saving of 25 to 35 cents per ton in mining costs. Much 
study still remains to be made concerning the question 
of coordinating machine loading and mining methods. 
This new and concentrated use of power in a certain 
section of a mine means a complete reconstruction of 
the power system, in order to obtain a good voltage 
regulation for not only the new equipment but for the 
old as well. 

An armoured cable capable of delivering 3000 kw. 
of power at 4000 volts and 80 per cent power factor 
has been recently installed in a metal mine shaft 5000 
ft. deep. The lowering of a cable of this size into a 
vertical shaft and its proper clamping to the supporting 
timbers were problems solved in delivering a big block 
of power to the bottom of a deep shaft. 

In gaseous coal mines where ventilating fans are 
electrically operated by power obtained from extensive 
high-tension systems, it is necessary to provide an 
emergency source of power to operate the fan in case of 
the failure of the normal power supply. A successful 
installation of this type was placed in service during the 
past year, and it consists of a gasoline-engine-driven 
generator set which will supply power to the emergency 
motor connected to the double extending fan shaft. 
After a failure of the normal source of power, 30 sec. 
are required to automatically start the gas engine set 
and restore normal fan service. 

The use of storage battery power trucks with a capac- 
ity of about 150 kw-hr. for operating coal cutting 
machinery is increasing. Installations of this type 
result in an increase in the number of places cut and 
an improved load factor of the power system, providing 
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good judgment is exercised in selecting the time at 
which the battery is charged. In gaseous mines, the 
use of battery power not only for cutting, but for 
pumping and hauling as well, introduces an element of 
safety heretofore unobtainable. 


Automatic starting equipment has been successfully 
applied to pumping plants, converting apparatus and 
fans, and lately, air compressors have been operated 
without attendants. Successful applications of auto- 
matic starting equipment have been made to two- 
and three-speed induction motors, notwithstanding 
the complicated electrical layout which an installation 
of this type involves. 


Improvements in the haulage systems are being 
effected by the use of gathering locomotives designed to 
operate at a slower speed than during the past. The 
converting equipment required for haulage locomotives 
is being placed nearer to the load centers, thereby 
improving the voltage regulation. In mines where a 
very large tonnage must be transported through a 
single outlet, belt conveyors have been installed which 
have demonstrated their value under the above men- 
tioned special conditions. 


Many installations of electrical shovels have been 
made in the metal mining industry, and more recently, 
the coal mining industry is using this type of shovel. 
The Ward Leonard control on the large shovels and a 
motor-generator set with d-c. motors on the smaller 
shovels show the trend in the electrical apparatus used 
on shovels. 

The work of the United States Bureau of Mines in 
listing the permissible electrical equipment for use in 
gaseous mines is one which deserves the commendation 
and support of all those interested in the safe operation 
of coal mines. The list is growing rapidly and at the 
present time it is so complete that a mine manager may 
select permissible equipment for practically every 
application in mining. The equipment shows good 
design and a low maintenance cost. The fact that the 
Bureau of Mines has approved as much equipment 
during the past two years as was approved during the 
previous 10 years is proof sufficient that its work is 
being valued by the mining industry. 

That electricity is being applied in the development 
of mine safety appliances is shown in the recently 
developed methane-detecting device. Briefly, it con- 
sists of a platinum filament mounted on the end of a 
stick, a battery, and an indicator carried on the in- 
spector’s belt. Current from the battery is passed 
through the filament and it is heated to a constant 
temperature. The presence of methane or other hydro- 
carbon gas around the filament increases its temperature 
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and this is indicated on a dial graduated to show the 
amount of methane in the air. Indicators may be 
permanently located in an airway and can be wired to 
a device in the mine office which will ring a bell when the 
methane rises above the point which is considered safe. 
Explosions are prevented by protecting the coil by 
gauze bonnets such as are used in the Davy safety lamp. 
The results obtained from this apparatus are very 
satisfactory. 

Further development of the miner’s cap lamp has 
doubled the light available. Judging from the in- 
creased efficiency obtained from factory workers when 
the illumination is increased, there is no doubt that the 
increase in light furnished to the workers in the “darkest 
factory” in the world will result in an increase in safety, 
and efficiency as well. 

When one considers that 80 per cent of the American 
mines are electrified, it seems reasonable to conclude 
that this accomplishment has been helpful in reducing 
operating costs. 

Such a general adoption of electrical power by mines 
where the equipment is subjected to damp and gaseous 
mine air shows that the manufacturers have done their 
part in designing equipment to meet the conditions. 
The commercial power companies have also helped in 
that they are usually in a position to serve a mine with 
power even if it is located in an isolated section. 

W. H. LESSER, Chairman. 
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Discussion 


A. M. MacCutcheon: I should like to ask the committee 
if they can give us any more detail on the progress in getting 
apparatus approved with an unqualified approval of the Bureau 
of Mines. As I understand it, they give limited approval to 
certain types of apparatus. I have not yet learned that they 
give unqualified approval of types for use in gaseous mines. In 
talking to the people of the Bureau of Mines at Pittsburgh about 
two years ago, my conception was that they are approving 
apparatus because it is the best there is, but it is not thoroughly 
satisfactory. They said that if they used tests that they would 
be satisfied with, there was nothing on the market that would 
stand them. They said, “We are not giving unqualified ap- 
proval. When we get the right kind of apparatus, we will give 
unqualified approval.” I was wondering if apparatus now gets 
unqualified approval. 


E. J. Gealy: Under the subject of permissible equipment, 
the industry is today getting much equipment which it has needed 
for a long time. Every piece of permissible equipment is given 
what the Bureau calls a ‘‘permissible approval plate.” That is, 
it is approved only as long as it is kept in the condition in which 
the Bureau had it when it was inspected, so it is what you might 
call “limited.” 


Aside from that, there is being developed other equipment 
which is not strictly permissible, but is of a better type for 
mining service. That will probably result in what we might 
call “a semi-permissible type of apparatus.” 


W. H. Lesser: The only question to be answered was Mr. 
MacCutcheon’s question, and Mr. Gealy answered that. I 
don’t know now whether the Bureau of Mines will issue a plate 
showing unqualified approval. 


Marine Work 


Annual Report of Committee on Applications to Marine Work’ 


To the Board of Directors: 
The committee in making its report this year does so 


with a feeling that its efforts to raise the standards of 


marine electrical installations and increase the utiliza- 
tion of this most efficient, flexible, and safe form of 
energy, appear more assured than at any time before. 

The untiring efforts of the committee as a whole, 
and individually of the members, with the section of the 
industry they represent, have, by the dissemination of 
information, removed to a large extent the opposition 
and indifference to electric drives, which has been due 
to a lack of information, and experience in the past, 
on the part of the owners and operators. 


An equally deciding factor, and one for which the 
committee hereby desires to acknowledge its apprecia- 
tion, has been the recognition accorded by various 
bodies covering inspection, classification, and insurance; 
viz., United States Government Departments, American 
- Bureau of Shipping, National Board of Fire Under- 
writers, National Fire Protection Association, and 
similar associations, thus establishing complete 
_ harmony in the endeavor to increase the usefulness of 
. electricity, surrounded by the necessary safeguards. 

Electric drive is not only gaining headway in its 
application to deck machinery, engine room auxiliaries, 
and cargo pumps, but also as a means of propulsion 
for tugboats, ferryboats, and all classes of vessels where 
frequent starting and stopping is necessary, and where 
large torques are required at minimum speeds. This 
headway has been due to a careful study of the par- 
ticular application by the designing and operating 
engineers and to the hearty cooperation of the electrical 
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manufacturers to build special apparatus, where 
standards were not the most suitable and advantageous, 
and there is every evidence of a continuance of this 
spirit. 

It will be recalled that in 1920, the Institute issued a 
volume, Recommended Practise for Electrical Installations 
on Shipboard, which was accepted and used by a great 
majority of the naval architects, marine engineers, ship 
owners and shipbuilders, and recognized by the Insur- 
ance and Classification Societies as having filled a 
long-felt want. The committee takes pleasure in 
announcing that after three years of close application 
to the study of revision, the Institute will at an early 
date issue the revised edition which represents the 
combined efforts of representatives from United ‘States 
Navy Department, Classification and Insurance 
Societies, electrical manufacturers, and shipbuilders, 
for which sincere appreciation, by the Institute and the 
committee, is hereby acknowledged. 

Arrangements are being made to give this edition 
wide circulation; first, that it may add to the simplifica- 
tion and standardization movement which is being so 
urgently advocated by the United States Government 
Department of Commerce, and ‘secondly, that the 
Institute’s standards may be universally adopted, 
which ultimately will result in better products of 
uniform manufacture at lower first costs and 
maintenance. 

The economic feature of shipbuilding is at a low ebb 
and has not materially changed since the war; further- 
more, there is little hope of any relief until some 
changes are made in our shipping laws. 

Shipbuilders and owners of the United States cannot 
hope to compete with those of any other country, 
owing to material and labor prices. Our shipping laws 
provide protection only in the coastwise trade, and 
necessarily the advantages of electric drives which 
originated, and have been highly developed in this 
country, have opportunity for demonstration only in 
that class of vessels. 


G. A. PIERCE, Chairman. 


Electrical ‘Transportation 
Annual Report of Committee on Transportation’ 


Tathe Board of Directors: 

During the past year the application of electrical 
means to the various branches of transportation con- 
tinued at an accelerated pace. The major division of 
the transportation industry, namely, steam railroads, 
added to its electrified lines and, although the mileage 
electrified is still a small percentage of the total, it is 
steadily increasing and is rapidly becoming an im- 
portant factor in railroad operation. Into the field of 
city and suburban railways, improvements are con- 
stantly being introduced. On the water, electric 
drives are being adopted more and more, with either 
steam turbines or oil engines as prime movers. Bus 
transportation is adopting, extensively, gas-electric 
propulsion. The oil-electric locomotive and the gas- 
electric motor rail car are being introduced in certain 
phases of railroad operation. 


STEAM RAILROAD ELECTRIFICATION 


The year 1926 has seen the completion of two major 
electrification projects, that of the suburban lines of the 
Illinois Central Railroad out of Chicago and the line of 
the Virginian Railway between Mullens, West Virginia, 
and Roanoke, Virginia. The Detroit & Ironton 
Railroad completed 17 mi. of electrification between 
Fordson and Flat Rock, Michigan. 


The New York Central opened a new electrified 
section between High Bridge and Yonkers, New York. 

Of the principal uncompleted projects, the Great 
Northern Railway is electrifying 80 continuous mi. of 
its line between Wenatchee and Skykomish, Washing- 
ton. The Pennsylvania Railroad is extending electric 
suburban operation on its main line between Phila- 
delphia and Wilmington, and also from Philadelphia to 
West Chester. The New York, Westchester, & Boston 
Railway is continuing its extension of electrified line 
between Larchmont and Port Chester, New York. 
The Long Island Railroad is installing freight electrifica- 
tion on its Bay Ridge division. 

Illinois Central Railroad. The first step in the elec- 
trification of the Illinois Central out of Chicago was 
completed during July of last year when the suburban 
service was placed in electric operation over 28 mi. 
of the main line and 8.9 mi. on two branch lines. The 
ordinance under which this project was carried out 
calls for electrification of freight service within the city 
limits by 1935 and electrification of through-passenger 


*Committee on Transportation: 
J. V. B. Duer, Chairman 


E. R. Hil, H. A. Kidder, N. W. Storer, 

W. K. Howe, John Murphy, W. M. Vandersluis, 

D. C. Jackson, W. S. Murray, Richard H. Wheeler. 
W. B. Potter, 


Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927 


service on both the Illinois Central and Michigan 
Central by 1940, provided a certain portion of the 
tenant roads then using the passenger station on East 
Roosevelt Boulevard are electrically operated at the 
time. 

The 1500-volt, d-e. system with overhead contact 
wire was chosen since there is no immediate prospect 
for extension over main line divisions. 

Power supply is secured at the railroad’s dohtotwad 
from substations owned and operated by outside power 
companies. The conversion from 60-cycle power to 
1500-volt direct current is accomplished by means of 
synchronous converters and mercury arc rectifiers. 
One of the reasons for purchasing power rather than 
building a generating plant was the fact that the power 
companies can supply power from several plants over 
various routes and thus aid in securing continuity of 
service. 

The distribution system of the railroad is so laid out 
that the wires over each track are separate electrically 
and can be sectionalized at substations and inter- 
locking plants by automatic high-speed circuit breakers. 
Normally, the wires are tied together over all tracks. 
No feeders are required external to the catenary 
system. Trolley feeder switches in all substations and 
tie stations are operated from the railroad company’s 
power supervisor’s office by supervisory control. The 
power supervisor has electrical indication from each 
substation and tie station and, in case of trouble, he 
can cooperate with the train dispatcher who occupies 
a joint office. 

The catenary system, which provides the entire 
current-carrying capacity, has an average conductivity 
over each track of about 790,000 cir. mils, copper equi- 
valent. This figure takes into consideration average 
wear on the contact wire. The catenary system is 
completely non-ferrous, with a double contact wire. 
Chord construction is used on curves with the aid of 
shortened pole spacing. The rail bond, adopted as a 
final standard, is a U-type gas-weld bond consisting of 
two No. 1A. w. g. flexible conductors. 

The 260 multiple-unit cars for this service are built 
in two-car units. Two pantographs and four 250-hp. 
nominal-rating, self-ventilated, series railway motors 
are located on each motor car to which a trailer car is 
semi-permanently attached. Normally, only one pan- 
tograph on each motor car is in operation. Each 
pantograph exerts a pressure of about 20 lb. against 
the contact wires. Automatic couplers couple the cars 
together mechanically, electrically, and pneumatically 
with full automatic operation between the two-car 
units. 

Virginian Railway. Heavy electric freight operation 
over the entire electrified zone of the Virginian Railway 
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started in September, 1926. The electrification is 
now complete from Mullens, West Virginia, to Roanoke, 
‘Virginia, a route of 133 mi. 

An 11,000-volt, 25-cycle, single-phase, a-c. system is 
installed. The problem of taking a heavy tonnage 
train down a long grade was a large factor in deciding 
upon the a-c. system in order to use split-phase locomo- 
tives for regenerative braking. 


The power plant, owned and operated by the B 
contains four 12,500-kv-a., 25-cycle, single-phase turbo 
generators and five water tube boilers each rated at 
1521 b. hp. Pulverized fuel is used and has been 
found to be peculiarly well adapted to the rapidly 
fluctuating power load. 


Electric power is transmitted from the plant at 88,000 
volts over twin transmission lines. There are seven 
transformer substations along the right-of-way. They 
contain three-coil transformers in which the low-voltage 
winding is divided into two parts. One part of the 
winding supplies 11,000 volts between the trolley and 
rail, while the other part supplies 22,000 volts between 
a feeder and the rail. This gives a potential between 
trolley and feeder of 33,000 volts. Transformer wind- 
ings are so constructed that reconnection for 22,000 
volts from trolley to ground can be made when traffic 
demands require this to be done. Balancer stations 
containing auto-transformers are located between the 
main transformer stations in order to connect the feeder 
circuit to the trolley and rail. 


_ The catenary system is completely non-ferrous with a 
copper and bronze composite messenger and a bronze 
contact wire. Inclined catenary is used in general, 
but on account of the great number and high degree 
of curves, pull-offs have also been employed. 


The 12 road locomotives are each built in three units 
which are electrically identical. They receive power 
from the single-phase trolley through a transformer and 
phase converter, and are driven by three-phase traction 
motors at running speeds of 14 and 28 mi. per hr. Each 
complete locomotive weighs 637 tons. 


Detroit & Ironton Railway. During 1926, the 
Detroit and Ironton Railway started electric operation 
on 17 mi. of line from Fordson to Flat Rock, Michigan. 

Power is supplied at 44,000 volts, 25-cycle, single- 
phase, between feeder and contact wire, with 22,000 
volts between contact wire and ground. 

The catenary system is non-ferrous, composed of 
4/0 bronze contact wire and a 14-in., seven-stand bronze 
messenger wire. The supports for the catenary are 
unique in that they are pre-cast reinforced concrete 
arches bolted together and placed on concrete founda- 
tions. Inclined catenary is used on curves. A 15-in. 
stranded copper feeder, together with auto-trans- 
formers, is used to secure three-wire feed. 

The locomotives, two in number, are of the motor- 
generator type. In these locomotives, alternating 
current is stepped down to 1240 volts to drive a syn- 
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chronous motor which, in turn, drives a 600-volt d-c. 
generator. Eight traction motors, of the d-e. type, 
rated at 225 hp., are mounted on each power unit 
which is articulated into two wheel bases of four axles 
each. The complete locomotive consists of the two 
power units. It has 32 driving wheels on which the 
total weight of 372 tons is carried. 

Great Northern Railway.. The line of the Great 
Northern Railway between Wenatchee and Skykomish, 
Washington, involving about 80 mi. of route, is be- 
ing electrified with 11,000-volt, single-phase, alter- 
nating current. Twenty-six miles of the old line 
(from Cascade to Skykomish) is now in operation. 
A new tunnel 734 mi. long is being constructed to im- 
prove the route and to replace the old Cascade tunnel 
which was electrified in 1909 with 6600 volts, three- 
phase. 

Two motor-generator type locomotives with two cabs 
each have been placed in service, which convert the 
25-cycle power into 600-volt direct current to operate 
the traction motors. These two locomotives have a 
continuous rating of 3660 hp. at 1514 mi. per hr. with 
a tractive force of 88,500 Ib. 

Two single cab motor-generator type locomotives 
are now being built. They will convert the 25-cycle 
power to 1500-volt direct current to operate the motors 
with two motors in series. These locomotives will 
have a continuous rating of 3000 hp. at 18.6 mi. per hr. 
with a tractive force of 60,500 Ib. 

Pennsylvania Railroad. The Pennsylvania Railroad 
has under way the electrification of its main line for 
suburban service between Philadelphia and Wilmington, 
a distance of 27 mi. After this is completed, the 
suburban line between Philadelphia and West Chester 
will also be electrified. The design is laid out with due 
regard to the possibility of future extensions. 

Electric power will be purchased, stepped up, and 
transmitted along the right-of-way at 132,000 volts, 
25-cycle, single-phase, 66,000 volts to ground, over 
duplicate transmission lines to the transformer sub- 
stations where it will be converted to 11,000 volts for 
the trolleys. 

The catenary system will be completely non-ferrous. 
A bronze messenger wire with copper auxiliary wire and 
a single bronze contact wire will be used. The inclined 
type of catenary is to be installed on curves. The 
eatenary supports are principally back guyed tubular 
poles with cross-span catenary to support the main 
catenary. 

Multiple-unit cars of the type in the existing suburban 
electrification to Paoli and Chestnut Hill will be used. 

New York, Westchester, & Boston Railway. The 
New York, Westchester, and Boston Railway has built 
an extension of its line to Harrison, New York, and will 
continue on to Port Chester.. Much of this extension 
adjoins the trackage of the New York, New Haven, and 
Hartford Railroad. Multiple-unit suburban service is 
operated with an 11,000-volt, single-phase system. 
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Long Island Railroad. The Long Island Railroad is 
electrifying its freight line to Bay Ridge for 11,000 volts, 
single-phase, with overhead catenary construction. 
This involves about 100 mi. of trackage. Seven 150-ton 
locomotives for operation on this line have been 
- delivered. 

The extension of the third rail d-c. electrification 
over the West Hempstead passenger branch was 
completed last October. 

New York Central Railroad. During 1926, the 
New York Central opened electric operation for multi- 
ple-unit service on the Putnam division, extending 
from Sedgwick Avenue Station, New York City, to 
Yonkers, New York, a distance of seven mi. 


CITY AND SUBURBAN RAILWAYS 


New car equipment being placed in service on electric 
railways is now confined, in most cases, to the light- 
weight type of car, in order to secure reduced operating 
costs. 

Articulated train units are now in operation in 
street-car and subway service. Three-car articulated 
units for heavy subway and elevated service have been 
installed by the Brooklyn-Manhattan Transit Corpora- 
tion. These units consist of three-car-bodies mounted 
on four trucks. 

The most radical development is a car on which 
high-speed motors, entirely spring-supported, drive 
the axles through worm gears and a differential. Light 
weight and absence of noise are the outstanding charac- 
teristics of this car. 


MARINE PROPULSION 


Diesel-electric drive has been introduced on large 
tankers, suction and dipper dredges, ferries, and tug- 
boats. Double-end operation has been successfully 
introduced on tug-boats as well as on ferries. 

Turbo-electric drive has been used on ferries in ad- 
dition to its past application to large boats. 


Bus TRANSPORTATION 


Simplicity, ease of control, and durability are among 
the advantages which are causing the rapid introduction 
of gas-electric drive on buses. 


RECENT DEVELOPMENTS 


Diesel Electric Locomotive. The Diesel engine prime 
mover with electric drive is finding an increasing field 
in moderate sized locomotives up to 1000 hp., on 
account of its high efficiency, ease and flexibility of 
operation, and the absence of stand-by losses. 

Gas-Electric Cars. Many of the gasoline-propelled 
rail cars now being placed in operation are equipped 
with electric drive. 

Automatic Substations and Supervisory Control. The 
automatic substation is now finding its way into the 
electric railway field. The New York Central Railroad 
is installing three such substations to supply additional 
power for its New York Terminal electrification. 
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Supervisory control has been introduced by several of 
the recently completed railway electrifications, notably 
the suburban electrification of the Illinois Central, out 
of Chicago. 

High-Speed D-C. Circuit Breaker. The high-speed 
d-c. circuit breaker, on account of the fact that it is 
opened by the rate of increase of the current rather than 
by the current value, has two distinct advantages in 
railroad electrification. First, the breaker will open 
before the current has reached a damaging value in 
any abnormal condition, such as motor flashovers, severe 
wheel sliping, or slight grounds. Second, the rapid rate 
of rise of current in a short circuit of any value makes the 
breaker more susceptible to short circuits than to heavy 
power loads and thus aids in securing selectivity be- 
tween these two conditions. 


Mercury Arc Rectifiers. The installation of mercury 
arc rectifiers for the Illinois Central is one of the first 


Instances in which these rectifiers have been used in this 


country for a steam railroad electrification. 

Motor-Generator Locomotives: Motor-generator loco- 
motives are being placed in service by the Detroit and 
Ironton, Great Northern, and New York, New Haven, & 
Hartford Railroads. This type of locomotive can be 
built to give regenerative braking down to a very low 
speed. Speed control is flexible and the a-c. synchro- 
nous motor operates at a high power factor while the 
d-c. traction motors are developed to a high degree of 
efficiency. 

Test Plant for Single-Phase Locomotives and Cars. 
In order to test electric locomotives and multiple-unit 
cars, the Pennsylvania Railroad, during 1925, equipped 
its Locomotive Test Plant at Altoona with a motor- 
generator set to convert 11,000-volt, three-phase, 60- 
cycle power into 11,000-volt, 25-cycle, single-phase 
power. A 204-ton freight and passenger locomotive 
was tested in 1925. During the year 1926, a complete 
test was made with a multiple-unit car. 


New Single-Phase Induction Motor. A single-phase 
traction motor without a commutator has been built 
in Germany. It consists of two rotors on the same 
axis, one inside the other. The outer rotor is synchro- 
nous, excited by direct current. The inner rotor is a 
slip-ring motor which drives the shaft. According to 
the builders, power factor can be maintained at unity 
with this motor, and it is their hope that the motor will 
compete successfully with the a-c. commutator motor. 


TECHNICAL PAPERS 


The committee has been fortunate in securing some 
excellent papers for presentation at the Summer 
Convention in Detroit. They are as follows: 

Current Collection from an Overhead Contact System 
Applied to Railroad Operation, S. M. Viele, Pennsyl- 
vania Railroad. 

Catenary Design for Overhead Contact Systems, H. F. 
Brown, N.Y.. N. H.& H.R. R. 
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Catenary Construction for Chicago Terminal Electrifi- 
cation of Illinois Central Railroad, J. S. Thorp, Illinois 
Central Railroad Co. 

Collection of Current from Overhead Contact Wires, 
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R. E. Wade and J. J. Linebaugh, General Electric Co. 
Railway Inclined-Catenary Standardized Design, O. M. 

Jorstad, Westinghouse Electric & Manufacturing Co. 
J. V. B. DUER, Chairman. 


Electric Welding 
Report of the Committee on Electric Welding” 


To the Board of Directors: 


It is the object of this report to give to the members 
of the Institute an idea of the commercial importance of 
Electric Arc Welding. 

In such a report as this, the subject falls into two 
main divisions: Electric Arc Welding, in which the heat 
for doing the work comes from an arc drawn between the 
work and an electrode; and Resistance Welding, in 
which the heat comes from the electric resistance to the 
passage of a large alternating current across the abutting 
edges of the parts to be joined. 

Electric Arc Welding is done by the carbon arc process 
and the metallic arc process. Inthe carbon are process 
direct current is used and the arc is drawn from the work 
to a carbon electrode. In the metallic are process either 
direct or alternating current may be used, but direct 
current is generally preferred and the arc is drawn 
between the work and a metallic rod, which melts 
into the work. 

The carbon arc process was first used, on a commercial 
scale, fifteen or twenty years ago for the repair of steel 
castings. It has come to be accepted as the standard 
method of repair for minor defects in such castings. 
Practically all the steel foundries use this process and 
most of the 600,000 tons of steel castings made in this 
country each year have minor defects repaired by the 
carbon arc welding process. 


LOCOMOTIVE BOILER REPAIRS 


The metallic are first came into commercial impor- 
tance in 1914 in the repair of marine engine parts on 
some interned German ships. Since that time, this 
process has been used by the railroads to an increasing 
extent for the repair of machinery of all sorts. 

At the present time, it is safe to say that the locomo- 
tive which drew the train that brought you to this 
Convention had all the flues welded in the works that 
built the locomotive in the first place, and that the 
boiler has had some repairs by the metallic welding 
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process made on it in the repair shops of the road 
owning the engine. The fact that locomotive boiler 
repairs are so frequently made is very striking evidence 
of just what the process can do, for electric welds will 
stand up in a boiler of a locomotive carrying 200 to 250 
Ib. of steam and traveling over the rails at 60 mi. or 
more per hour. Electric welding is used for the repair 
of many parts of the locomotive beside the boiler. It 
is used for building up worn treads on driving wheels, 
worn guide bars, repairing broken frames, and for the 
repair of many other parts of the locomotive. 

Mr. Wanamaker, one of the members of your Electric 
Welding Committee and Director of Welding for the 


` Rock Island Systems has stated that the use of welding 


has enabled them to make repairs so much more 
promptly that they are able to get the same service 
with 20 locomotives less than would have been neces- 
sary with the old methods of repair. 

To put it another way, welding has enabled the Rock 
Island System to reduce the investment in locomotives 
by over $1,000,000 without decreasing the number 
of engines available for service. This is in addition to 
the savings effected by the use of welding over the 
older methods of making the same repairs. 

I quote from a letter from Mr. Wanamaker; 

“The latest estimate states that the railroads of 
this country now have invested approximately 
$4,000,000 in arc welding equipment, covering 
some 3500 welding equipments which are saving 
the railroads approximately $1,000,000 per month, 
or $12,000,000 per year. It is possible that the 
indirect savings will be greatly in excess of this 
figure. However, it is not the policy of railroads 
to assign a value to the indirect savings. 

“The use of electric arc welders for battered 
rail ends and special work rail is just now be- 
ginning to take strong root. I, personally, feel 
that the intelligent use of the electric are welder 
has paid probably the greatest net return ever 
secured from any investment made in railway 
equipment, and I am somewhat at a loss as to why 
its use has not been more strongly furthered and 
fostered by the A. I. E. E.” 

Mr. Churchward, another member of your Com- 
mittee, has a number of photographs showing: the 
repair of an 8000-lb. bronze propeller by the addition 
of about 1000 lb. of bronze at a great saving in cost; he 
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also has some photographs of the building up of the 
copper collector rings of a 1000-kw. rotary. 


As important in repair and replacement work as is 
the use of electric welding, recent experience shows that 
its greatest field is as a new method of manufacture of 
new products. 


It is clear that if a welded joint in steel can be 
made equal in strength to the plates to be joined, 
great economies in production can be obtained. 

Following will be found a number of examples of 
construction on a large scale, in which welding has 
replaced riveting and the older methods of joining 
steel plates. 


SHIPBUILDING 


So far as we know, the first all-welded vessel was 
built in Ashtabula, Ohio, about 1914, for use on the 
Lakes. This was a boat 40 or 50 ft. long, used as a 
fishing boat. It has been in satisfactory service ever 
since it was built. On one occasion, a year or so after 
it was built, the plates near the waterline were bent by 
smashing through ice on the Lake, but no joint opened 
up. 

Mr. James W. Owens, one of the members of your 
Committee and who, until his association with the 
Newport News shipbuilding & Dry Dock Company 
as its Director of Welding, was in charge of Welding 
Research and development for the U. S. Navy, says: 


“The Navy’s investigations of welding at the 
Norfolk Yard have resulted in increased confi- 
dence of the Department in welding, with 
the result that it is now being used ex- 
tensively in new construction and repair of 
naval ships. Its battle towing targets, which are 
45-ton structures and of 3¢-in., 14-in. and l-in. 
plate material, are now completely metal arc 
welded, 15 such targets being constructed to date. 
The shell deck and two water-tight bulk-heads 
of a pontoon for a 100-ton derrick have been 
completely welded. It is being extensively used 
in the construction of the light cruisers recently 
authorized by Congress, and an estimated saving 
of $250,000 is being secured by its use in the 
modernization of its capital ships. 


“The Coast Guard Cutter Northern which was 
recently launched at the Newport News shipyard, 
has its deck and superstructure very largely metal 
are welded. Its rudder is completely welded and 
four seams at the waterline are welded in addition 
to being riveted in the usual manner, so as to 
enable the hull to more effectively resist ice pres- 
sure in Arctic service. Practically all oil, gas, and 
fresh and salt water tanks of ships being built at 
this yard, together with their piping systems, are 
being welded, and steps have been taken to com- 
pletely weld all of the ventilating system ducts. 
During 1926 a total of 165 welded tanks was built 
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and it is becoming standard practise to weld deck 
beams directly to bulkheads with or without the 
use of plate collars. Two completely welded 
condenser shells for merchant ships have recently 
been completed, together with the exhaust pipes 
for several ships.” 

WELDING STRUCTURAL STEEL FOR BUILDINGS 

The steel frames for a number of buildings have 
been made by the arc welding process. In 1925 a 
three-story garage building, having a ground area of 
about 75 by 150 ft., was erected by the Wellman- 
Seaver-Morgan Company of Cleveland in Canton, Ohio. 
Although this was the first building are welded by this 
firm, no difficulty was experienced in the erection, and 
they report a saving of 25 per centin cost of erection, as 
compared with the cost of the same building riveted. 

The largest building erected by arc welding to date 
has been that erected by the Westinghouse Electric & 
Manufacturing Company of Sharon, Pa. Mr. A. M. 
Candy, a member of your Welding Committee, was in 
general charge of the work and has written a very com- 
plete and valuable paper deseribing the work. 

The building at the Sharon, Pa., Works of the 
Westinghouse Electric & Manufacturing Company is 70 
by 220ft., by 80ft. high and required 790 tons of metal. 

The following are some extracts from his paper: 

“That arc welded joints can be constructed in’ 
such manner as to develop fully the ultimate 
strength of the structural members connected. 

“That a steel I-beam of given section and length 
will sustain a far greater load if fixed at its ends by 
a suitably designed arc welded joint than if sup- 
ported by standard riveted connections consisting 
of top and bottom angles. A 9-in. standard 
I-beam framed between rigid upright columns 8 ft. 
apart by means of specially designed welded con- 
nections sustained a load 25 per cent greater than 
a beam of the same size and length framed between 
columns by means of riveted top and bottom 
angles 14 in. thick. 

“A plate girder, assembled by welding and con- 
sisting of nothing but sheared plates has a far 
greater strength than a riveted plate and angle 
girder of the same weight, due to the better distn- 

_ bution of the steel in the cross section. A 15-in. 
plate girder, assembled by welding and simply 
supported on a 14-ft. span, developed more than 
50 per cent greater strength than a riveted plate and 
angle girder of thesamedepthand thesame weight. 

“The prevailing impression among the witnesses 
was that these tests demonstrated the superiority of 
welded connections to riveted connections in every 
case where direct comparisons were made, and 
brought out two general facts: 

“1. That complete continuity of lines of beams 
can be obtained in welded construction, whereas 
it is well known that this cannot be done in riveted 
construction. 
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“2. That ina welded building it will be possible 
to make every joint develop full strength of the 
main members, whereas in a riveted building many 
joints are weaker than the members due to the 
weakening effects of the rivet holes and the weak- 
ness of steel angles which have to be used for 
transmitting tension between two members at 
right angles to each other: 

“It was proved that a welded plate girder was 
50 per cent stronger than the riveted girder of 
relative depth, length, and weight. 

“An Olsen testing machine, capable of applying 
40,000 lb., was used.” 

In 1924 near Toronto, Canada, a highway bridge 
nearly 700 ft. long was erected by arc welding. 

The American Welding Society has an active com- 
mittee on Structural Steel Welding, the chairman of 
which is Mr. James H. Edwards, of the American 
Bridge Company. This committee is collecting data 
and making extensive tests to provide structural 
engineers with the fundamental information necessary 
to properly design an arc welded structure. The work 
of this committee is to provide the structural engineers 
with the information as to how long a weld and how 
thick a weld to use to give a strength of joint equal to 
the strength of the members being joined. 


PIPE LINES 
The carbon arc has been used for the manufacture of 
almost 90 mi. of pipe nearly six feet in diameter, for 
supplying water to Oakland, California, and the other 
Bay Cities in the vicinity. 
Following are some quotations from a paper read by 
J. F. Lincoln, March 17th, 1927: 

“As an illustration, The Mokelumne River pipe 
line which was made arc welded, is 90 mi. long and 
contains 78,000 tons of steel. If this same pipe 
line with the same strength of joint and the same 
ability to carry water had been made riveted, it 
would have required 128,000 tons of steel to accom- 
plish the purpose, and the cost would be at least 
$3,000,000 more. 

“The best illustration of the economic advan- 
tages of the above ideas are shown in the Moke- 
lumne River Pipe Line, which brings the water 
supply a distance of 90 mi. to the East Bay Munici- 
pal Utility District in California. This line runs 
from the Mokelumne River to Oakland and supplies 
the water for all of the Bay Cities, with the excep- 
tion of San Francisco. This job required, for the 
manufacture of the pipe, 78,000 tons of steel, 
the thickness of this steel being 34 in., 7¢ in., 
4 in., 9g in., and 5g in., depending upon the 
part of the line i in which the pipe was to be placed. 
It was manufactured in two lines—the first running 
from the San Juaquin River to Oakland and the 
second, from the Mokelumne River to the San 
Juaquin River. 

“The first section of this, running from the 
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San Juaquin River to Oakland, is at the present 
time completed and has been under pressure now 
for a considerable period. Because of the newness 
of arc welding, the engineers determined not to 
proceed with the second section of this pipe line 
until after the first section had been completed. 
They have, within the last sixty days, let the 
contracts for the second section, the specifications 
remaining identical in every particular with those 
of the first, thus showing the complete success of 
this method of construction. 

“It is also interesting to note that, in spite of the 
fact that no such work as this had ever before been 
attempted, in so far as thickness of plate, diameter 
of pipe, etc., were concerned, the first 40 mi. were 
completed more than one month ahead of time, 
and this in the face of the fact that the building 
for the manufacture of this pipe had to be con- 
structed, machines designed and built, and the 
whole plant put into operation. 


“The second section of this line, which is to be 
done in the same time as the first, will undoubtedly 


-beat its schedule by many months. 


“The description of this line and of the problems 
involved, as concerns welding, can probably best 
be explained from the specifications which were 
drawn for it and under which the pipe was manu- 
factured. The specifications covering the welding 
machines provided that the welding shall be done 
with an automatic electric welding machine, 
designed specifically for the work covered by those 
specifications. This machine comprised among 
other necessary parts, a traveling carriage for 
carrying the carbon electrode, arranged to move, 
at a controlled rate, along a tract located inside 
of the pipe above the bottom seam, and water- 
cooled mandrels located on the outside and inside 
of the pipe and extending along this seam through- 
out its length. 

“Next, the method of testing was specified as 
follows: 

“Hydrostatic Test of Pipe. Specimens. After 
each section of the pipe has been welded, it shall be 
subjected to a hydrostatic test under internal 
pressure sufficient to develop a tensile stress of 
20,250 lb. per sq. in. of plate, and while under this 
stress, shall be hammered vigorously on both sides 
of the weld with a 10-lb. hammer not more than 
once in every foot of pipe section. The pressure 
shall then be increased sufficiently to produce a 
tensile stress of 23,000 lb. per sq. in. of plate and 
so held until the efficiency of the seams can be 
determined by inspection. In the event of failure 
of the pipe section under this test, the contractor 
shall have the right to re-weld the pipe if prac- 
ticable and re-submit it for test. 

“Rejection. Any section of pipe that does not 
conform to these specifications may be rejected. 
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“It is claimed, in connection with this, that it is 
probably the most severe test that was ever put 
on any pipe made by any process, and it is only 
necessary to say that possibly no other method 
of manufacturing large pipe now known could pass 
the specifications for test as outlined in these 
specifications. As a matter of fact, there are a 
number of cases where the test pressures were 
carried up so high and so far beyond the statement 
in the specifications, that a permanent set was 
actually put in the steel of the pipe. In one case 
that came to the author’s attention the diameter 
was increased by more than three inches because 
the pressure that was used in testing went con- 
siderably beyond the elastic limit of the steel.” 


USE OF WELDING TO REPLACE CASTINGS 


Due to the fact that rolled steel has three or four 
times the tensile strength of cast iron, and at the same 
time costs from one-third to one-fourth as much per 
pound, it is possible to make many structures from 
rolled steel shapes by are welding to replace cast iron 
at avery great saving in cost. 

For instance, a certain cast iron bed plate weighed 
560 lb., and at 5.5 cents per lb., cost $30.80. The 
cost of machining this was 90 cents, making a total 
cost of $31.70. . 

The corresponding base of angle iron welded up 
(with bosses welded in) weighed 233 lb., cost $6.38 
for material and $1.07 for cutting off, welding, and 
drilling, or a total of $7.45. In addition, the welded 
base will stand any abuse that can be given to it, while 
cast iron bases break if not carefully handled 

One of the first welded products we happened to 
know about was a compensator can. This can was 
formerly made of cast iron, very heavy, very expensive, 
and liable to leaks which made it necessary to reject 
part of those the foundry delivered. The arc welded 
can, for the same purpose, looked better, weighed less 
than 20 per cent of the old cast iron can, and cost less 
than 10 per cent. | 

The General Electric and Westinghouse Companies 
are using arc welding to an increasing extent in the 
manufacture of their product, though the process can 
be and no doubt will be used to a much greater extent 
in the future. 

A paper by Mr. Warner, in the March issue of the 
American Welding Society Journal, gives an account 
of some of the work being done by the General Electric 
Company at the present time. 

The Company with which your Chairman is con- 
nected has brought out a book “‘Are-Welding, the New 
Age in Iron and Steel,” in which there are hundreds of 
illustrations of structure of all kinds built by Electric 
Arc Welding. 

This process makes possible the manufacture of 
many structures that are both better and cheaper than 
the same structures were when made of cast iron. 
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RESISTANCE WELDING 


This process was invented by Elihu Thompson, in 
the early days of electric development, and at the 
present time is used for the production of some millions 
of feet of tubing every month. Practically all of the 
tubing used in automobiles and in the construction of 
bedsteads, is made by this process. 

As you all known, a million dollars is a small sum 
when talking about automobile products, and as this 
process is used to a greater or less extent in the con- 
struction of all cars, we can be sure that the cost of the 
car you drive would be noticeably greater if it were not 
for the saving in-cost of construction made possible by 
this process. The all-steel automobile body is coming 
into use and thousands of these bodies are made every 
year in which the seams are welded by this process. 

The following is quoted from a letter from Mr. H. W. 
Tobey, one of the members of your Committee and in 
charge of work of this kind at the Pittsfield Works of the 
General Electric Company: 

“Our large spot welders are used in regular pro- 
duction for thicknesses of steel ranging from two 
pieces of 14 in., two pieces of 3 in., up to two 
pieces of 14 in., making a maximum total thickness 
of lin. This method has replaced to a very large 
degree the former practise of riveting. 

“Spot welding is also used throughout the plant 
for a variety of purposes where it is desired to join 
various parts of equipment together in a strong 
and effective manner at a reasonable cost. 

“Resistance line welding has been found to be of 
especial value wherever it can be applied in mass 
production to structures composed of sheet material 
of suitable shape and in thicknesses up to and in- 
cluding two pieces of 1% in. stock. 

“All factors entering into the several types of 
resistance welding, including butt welding, spot 
welding, and line welding, are under perfect control 
so that after correct settings have been obtained for 
current, pressure, speed, etc., the results can be 
duplicated with unerring regularity as long as the 
characteristics of metal remain the same. The 
material is brought to precisely the right tempera- 
ture and strong, reliable welds uniform in character 
and appearance are assumed. The fact that no 
hood or eye protection through the use of colored 
glass is required, is also a distinct advantage.” 

J. C. LINCOLN, Chairman. 


Discussion 


J.D. Noyes: I should like to ask Mr. Lincoln if the committee 


has come to a conclusion as to the comparison or disadvantages 


between alternating current and direct current. 

E. C. Crittenden: Recently there has come to my attention 
a field in which it appears that some companies are finding 
other methods better than electric welding. Mr. Wanamaker 
in the report, says, with regard to railroad practise, “The use 
of electric arc welders for battered rail ends and special work 
rail is just now beginning to take strong root.” I understand 
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also that the street railways are using arc welders in putting 
up crossings and other special work, but for the regular rails, 
the straight-away welding, they are finding other methods 
better. 

It appears to me that probably the difficulty arises from the 
fact that they are using the old method of connecting rails 
with only a slight modification for welding. Two rails abutting, 
end to end, are held together by two fish-plates. The two 
plates are clamped on the sides of the rails and then welded 
around the edges. This method has the effect of stiffening 
that part of the railand in service, the rails often break at the 
end of the welded and stiffened portion, presumably because 
the stresses are localized there. I believe some companies have 
abandoned arc welding of rails because they get such breakage. 
Is there available any electrical welding method which will 
avoid this difficulty? 

F. W. Funk: Mention has been made in the report of 
several buildings that have been electrically welded. We have 
in Youngstown a welding company which erected a steel-frame 
building which was entirely welded; that is, there were no holes 
punched or drilled—no bolts used in temporary construction. 
It was a 100 per cent welded building. I think that is quite 
an advance because if we have to punch structural shapes, it 
offsets the saving. 

Electric welding is coming into use for very heavy plate work 
and tank work. One concern which manufactures very large 
oil tanks for use in the oil fields is going into the electrical 
welding of heavy plate tanks. It is probable that the process 
will be an automatice welding process. 

Another company is producing thousands of tons of complicated 
rolled shapes each year which are either seam- or lamp-welded, 
used principally, I think, in floor beams and roof members. 
I mention this concern particularly because it has done a great 
deal in the development of automatic welding machines. 

I think Mr. Lincoln is entirely correct in saving that in new 
construction lies the greatest field for electric welding. 

J. J. Shoemaker: I should like to ask Mr. Lincoln if this 
method of welding is approved by the insurance companies for 
boiler repairs? 

J. V. B. Duer: I think some of these questions that have 
been discussed are important. The question of workmanship 
enters into electric welding more than most of us realize. I 
think if we could be assured that the workmanship on an electric 
weld was perfect, it would be a more generally accepted practise 
than it is at the present time. 


I am also much interested in the question of the relative 
values of a-c. versus d-c. welding. I made a rather superficial 
investigation of the subject a few years ago and came to the 
general conclusion at that time that the principal objection to 
a-c. welding was that it involved a low power factor on the 
circuits to which the welders were connected. That was espe- 
cially true of 60 cycles rather than 25 cycles. In a place where 
the welding load amounted to a large proportion of the total, 
such as it might in a roundhouse on a railroad or some place of 
that kind, the use of an a-c. welder might be objectionable 
whereas if a d-e. welder were used the high power factor due to 
the use of the welding might be obtained and some correction 
made for low power factor on the other circuits. 


J. C. Lincoln: I may he prejudiced in favor of the direct 
current. It happens that the concern with which I am con- 
nected, manufactures d-c. apparatus. That fact has to be 
taken into consideration in weighing my reply. I believe myself 
that experience will show that it is easier to make a good weld 
with a good d-e. machine than it is with an a-c. machine. We 
feel this way about it; that the art would be advanced more 
rapidly by doing only good work. Therefore, only the best 
apparatus should be used. I believe, on the average, for me- 
talic are welding better work can be done with the direct cur- 
rent than with alternating current. 
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I think it is true that in some cases railroads which have 
formerly used the electric-arc method for joining their rails are 
using other methods at the present time. I have been very 
much interested in that particular part of the electric-welding 
art for a good many years. Notwithstanding the fact that 
there have been a number of failures, the amount of success with 
electric-welded joints has been sufficiently great so that they are 
used commercially to a great extent. In my opinion, the failures 
have been due partly to the cause as pointed out by Mr. Crit- 
tenden, but more largely to the fact that the welding methods 
themselves haven’t been as good as we hope they will be some 
time. 

In the electric welding of rails, in some cases at the bottom 
of the crater when the weld is finished there are hair cracks 
due to the contraction of the hot metal. Now, it is afact, . 


` of course, that hot metal occupies a larger volume than the 


same metal when cold. Metal, when melted, occupies 107 per 
cent of the volume it does when cold. When the metal cools, 
one of two things happens—either the metal must stretch 
according to the amount of decrease in volume or hair cracks 
appear. If the metal is brittle enough, hair cracks appear. 
If the metal is of the proper quality, it will stretch and take up 
this decrease in volume. 

It is my belief that most of the difficulty in the welding of 
rails has been due to the fact that the methods in use at the 
present time produce welds which are brittle so that these hair 
cracks appear. 


Now, a hair crack at the end of the rail will start an incipient 
break. Take, for instance, a piece of glass. You know that if 
you start a crack in a piece of glass, the wind strains will finally 
work that crack further and further through the glass. If you 
will drill a hole at the end of the crack, you won't find any further 
trouble. The incipient crack doesn’t progress. Something 
of the same nature occurs in the electric welding where the hair 
cracks appear. The remedy for that condition is to improve 
the quality of metal in the weld. 


It is a fact that in welding of rails, processes are in use at the 
present time where these hair cracks are easily eliminated. If 
the work is properly done, satisfactory results are obtained. 
If it is not done properly, trouble results. 


I believe experience will show that although, as pointed out, 
you have a weak spot at the welded point in the rail, when the 
welding is properly done, the weakness is not so great as to 
develop trouble. 


The American Society of Mechanical Engineers has prepared 
a Boiler Code and this Boiler Code does not permit the use of 
electric welding to so great an extent as we who are interested 
in pushing electric welding would like. Electric welding is per- 
mitted on some types of pressure vessels but at the present time 
electric welding is not used on pressure vessels used in boilers. 


The American Welding Society has a committee making 
extensive preparations to test a large number of pressure vessels 
at the Bureau of Standards to get complete information so that 
the Boiler Code Committee can feel justified in giving more 
liberal allowances for electrie welding. 


At the present time steam boilers are not allowed to be welded 
by the electric welding process. The queer part of it is that the 
railroads have been repairing locomotive boilers for vears and 
these boiler repairs made on locomotives are on pressures of 
200 to 250 lb. Years of experience in locomotive boilers have 
shown that method must be used. If you please, from a com- 
mercial standpoint, the railroads can’t get along without it. 


While there has been some trouble from improperly made 
welds on electric locomotives, the process is in use quite generally 
and I don’t think there is any doubt that it will be used more 
generally in the future. But to answer the question specifically 
at the present time, pressure vessels—fired pressure vessels—are 
not allowed to be electrically welded. 


Electrochemistry and Electrometallurgy 


Annual Report of the Committee on Electrochemistry and 
Electrometallurgy’ 


To the Board of Directors: 


The Committee on Electrochemistry and Electro- 
metallurgy makes its annual report as follows: 

About two years ago, this committee brought to the 
attention of the Standards Committee the desirability 
of revising the Institute Standards for storage batteries. 
A special working committee was then appointed to 
undertake this task and a tentative standard has been 
formulated defining the terms and conditions which 
characterize the rating and behavior of storage batteries. 
This report is now in the hands of the Standards 
Committee. It is believed that the work accomplished 
at the suggestion of this committee will be of value to 
the storage battery industry, which is an important 
unit in the electrochemical field. 

Standards for the international electrical units are 
again receiving much attention at the various national 
standardizing laboratories. These fundamental stand- 
ards which furnish a basis of measurement for 
both the physicist and the electrical engineer fall within 
the field of electrochemistry. Seventeen years have 
elapsed since the International Technical Committee 
met in Washington to carry out a joint investigation 
on the silver voltammeter and the standard cell. At the 
conclusion of its work the value 1.0183 international 
volts at 20 deg. cent. was adopted for the Weston 
Normal cell, and by international agreement, this value 
became effective on January 1, 1911. The various 
countries, therefore, started out on this date with identi- 
cal values for the international volt, which, together with 
standards of resistance, served to fix the measurement 
of current, also. Since that time, the basis of reference 
has been carried forward by means of groups of standard 
cells and resistances. It is a matter of importance, 
therefore, that we should determine how accurately 


these standards have been maintained. Several new. 


groups of standard cells have recently been prepared 
at the Bureau of Standards, which indicate a very close 
agreement with the Bureau’s existing basis of reference. 
The results obtained, so far, cannot be considered as 
conclusive but indicate that our standard for voltage 
has been maintained over a long period within a few 
millionths of a volt. Comparisons have also been made 
with the standards of several other countries and reason- 
ably close agreement has been found in most cases. 
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The necessity still remains, however, for checking the 
standard for the international volt by means of the 
silver voltammeter and by the absolute current balance 
for the measurement of current. Progress is being made 
in absolute measurement of resistance. - As pointed out 
in last year’s report, it is apparent that a considerable 
difference exists between the international ohm and 
the absolute ohm. 

In reviewing the progress during any particular year, 
it is always difficult to evaluate the definite advances 
within so limited a period. New methods, when first 
tried, are experimental and it is impossible to say 
whether or not they constitute an advance. Develop- 
ment in electrochemistry and electrometallurgy as well 
as in other lines is necessarily gradual. It is possible, 
however, to mention certain developments which appear 
to distinguish the past year as one of considerable 
progress in this field. 

The introduction of the high-frequency furnace into 
electric steel foundries is a notable step. The high- 
frequency furnace has been regarded in the past as a 
laboratory instrument but now it is rapidly finding favor 
in the industry as a whole. 

Arc furnaces have increased in size and power input 
largely as a result of the development of three-voltage 
switching. The principle of this development is based 
upon the fact that the cold charge within the furnace is 
capable of absorbing heat at a higher rate than after 
the charge has become molten. It is possible, therefore, 
to supply energy very rapidly at the beginning and 
decrease this as the charge is melted. In the final step, 
only enough energy is supplied to meet the furnace 
losses and whatever may be required for chemical 
reactions during the slagging period. It has been stated 
that nearly all of the large electric steel-melting instal- 
lations made during the past year have utilized this 
principle. 

The trend of electric furnace development, however, 
differs somewhat from that during the period of the 
World War. The economic limitations to its applica- 
tion are recognized, and the electric furnace is being 
used now in processes where quality of product is of 
importance. In this respect, it has been largely respon- 
sible for the rapid development in high grade alloys and 
tool steels. American manufacturers are still import- 
ing special steels and pure iron that should be produced 
here. According to recent reports, a great research 
campaign on steel is being instituted by one of the 
large manufacturers. 

The advance in the application of electric furnaces in 
the steel and brass industries has been pointed out in 
papers presented at the 25th Anniversary Meeting of 
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the Electrochemical Society. The electric steel in- 
dustry began in this country about 1909, with a half- 
dozen furnaces producing 13,000 tons. Since then the 
number of furnaces has increased to over 500 and the 
product for 1925 was in excess of 600,000 tons. The 
proportion of electrically melted metal is much greater 
in the brass industry than in the steel industry. About 
625 electric furnaces for brass melting are in use in the 
United States and Canada. It has been estimated that 
they used $3,000,000 worth of electrical energy in 1926. 
A notable saving of fuel compared with that which 
would have been used in fuel-fired furnaces was accom- 
plished. A still greater economy was achieved by 
saving over 13,000 tons of metal valued at $2,500,000, 
which would have been lost in the fuel-fired furnaces. 

Comprehensive studies of electric heating are being 
made by some power companies with a view to analyz- 
ing the load possibilities within surrounding territory. 
In connection with one of these surveys it is interesting 
to note that a rather definite line of demarcation be- 
tween ovens and furnaces is made at the temperature 
of 1000 deg.fahr. Immersion types of electrical heating 
units are being utilized in existing fuel-fired, stereotype 
pots having capacities up to six tons. 

The use of chromium, both as an electrodeposit and in 
certain alloys, again occupies a prominent part in the 
development of electrochemical industry. The pre- 
vious predictions regarding the usefulness of chromium 
plating have been largely verified. At present, chro- 
mium plating is being applied successfully in the auto- 
mobile industry, especially on such parts as radiator 
shells, where its hardness, high luster, and freedom 
from tarnish are advantageous. It is being used on 
gages because of its extreme hardness and resistance 
to abrasion. It is also being applied to plumbing 
supplies and to a great variety of metal products where 
good appearance and durability are desirable. The 
chief obstacle to the more general adoption of chromium 
plating is the poor ‘“‘throwing power” that renders 
difficult the plating of recessed articles. Experience 


and mechanical ingenuity have frequently led, however, . 


to the successful plating of rather irregular shapes. 

A chromium surface affords a valuable protection to 
steel against corrosion as well as furnishing a high 
lustrous finish. It is unique in being particularly 
resistant to the action of sulphur compounds such as 
seriously impair silvered and other polished metal 
articles. Large molds for automobile tires, stills used 
in oil refining, and plates for engraving bank notes are 
all examples of articles whose life has been greatly 
extended by the use of chromium plating. 

A method has been worked out for producing an 
exceedingly smooth chromium plating on mirror sur- 
faces. The reflecting power of chromium is not as high 
as that of silver, but may perhaps be improved by 
plating with other metals. It is probable that a high 
average reflecting power of a chromium surface can be 
maintained over a long period of time, since the chro- 
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mium surface is not subject to tarnish, discoloration, or 
scratching from cleaning operations. From the military 
standpoint, there is considerable advantage in a 
chromium plated mirror for search lights since such a 
mirror is free from shattering, if struck by a bullet, and 
it is better adapted to withstand the high temperature 
of the arc. 

The use of chromium in iron and steel alloys has 
created widespread interest. There isa variety of these 
alloys and the properties depend upon the composition, 
as might readily be supposed. Up to 5 per cent of 
chromium, high strength, ductility, and hardness are 
obtained in the presence of at least one other element 
as, for example, nickel. Higher percentages of chro- 
mium impart notable resistance to oxidation, even at 
high temperatures. Above 20 per cent of chromium, 
the steels have in addition to oxidation resistance a 
marked resistance to the action of nitric acid and 
nitrates. 

There have been few marked developments in the 
process of electrodepositing other metals than chro- 
mium, but there has been an increased interest in the 
theory and mechanism of making such deposits. 
Commercial processes are being conducted more and 
more on a scientific basis and it is interesting to find that 
the application of the hydrogen electrode to the control 
of refining and plating solutions is teaching the workers 
to understand the significance of the pH values of 
their solutions and how these may be used as a guide 
in the control of their product. 

An industrial achievement during the past year has 
been the commercial development of the electro- 
deposition of rubber. Rubber is deposited anodically. 
Rubber deposits can be made quickly in forms corre- 
sponding to the shape of the anode. It is reported that 
wire can be insulated by passing it through the latex 
solution, the wire serving as the anode and the rubber 
being deposited on the wire as it passes through. The 
rubber on the wire then passes through a vulcanizer 
for the completion of the process. 

The development of power devices for use with radio 
sets has been a matter of interest and concern to battery 
manufacturers. It seems probable that the inroads of 
such devices have been more in the field of storage 
batteries than in the field of dry cells. From the 
standpoint of the power company, it is interesting to 
estimate the electrical energy consumed by the use of 
some of these devices. Recent calculations have shown 
that a device operating a radio set of five tubes and 
charging a small storage battery when the set was not 
in use for a period of approximately 18 hr. per day, 
required one kilowatt-hour in each 24 hr. Charges for 
power in this particular case were estimated at $1.80 
per month which, in view of the possible use of a large 
number of such devices, indicate a considerable revenue 
to be derived from them. 

The development of small rectifiers has been stimu- 
lated by the growth of the radio industry. The life 
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and efficiency of the aluminum rectifier has been 
materially increased. The use of tantalum has been 
extended not only to the radio field but to other im- 
portant uses, as in railway signalling. So-called 
electronic rectifiers, including those having elements of 
copper oxide and copper sulphide, have become avail- 
able commercially during the past few months. Such 
rectifiers are, however, subject to the limitation of a 
relatively low voltage across each element. They have 
not been in use for a sufficiently long time to obtain 
definite data as to their life but it seems likely that 
they will become of increasing importance. Alloys 
high in silicon are also being used as valve metals in 
electrolytic rectifiers. 

The development of the Hoopes process for the pre- 
paration of a very pure aluminum, was described two 
years ago. This aluminum, which possesses somewhat 
different physical and chemical properties from those 
associated with the ordinary aluminum, is finding com- 
mercial use in collapsible tubes and also in metallurgical 
work where the aluminum may be studied unhampered 
by the presence of detrimental impurities. Remarkable 
results in heat-treated castings of the pure metal have 
been reported. New uses for this material are still 
being sought. There has been a large increase in the 
consumption of aluminum alloys, particularly that 
known as duralumin. Among the novel uses for these 
alloys may be mentioned the manufacture of aluminum 
furniture. The attractive finishes in browns, reds, and 
greens, together with the light weight, have been im- 
portant factors in promoting the sale of this material. 

In the field of rare metals the electrolytic production 
of pure beryllium may be noted. Some investigation 
has been made of alloys of aluminum and beryllium 
but as yet there is no definite information to show 
whether these will be commercially valuable. Pure 
thorium is also being made by electrolytic methods. 
The use of thorium has arisen from its exceptional 
thermionic properties. Amounts of vanadium suffi- 
ciently large for careful experimental investigation have 
also been produced. 
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The highly sensitive potassium photoelectric cell has 
largely displaced the selenium cell. The potassium ce: 
possesses extreme sensitivity and responds instantly 
to a beam of light. Among the many possible appli- 
cations for such a cell may be mentioned a recently 
developed method for television. 


At the Anniversary Meeting of the American Electro- 
chemical Society, heldin Philadelphia at the close of the 
month of April, a number of interesting papers was 
presented reviewing the progress of electrochemistry 
during the 25 years since the society was founded. 
One session at this meeting was devoted to the electro- 
chemistry of concentrated solutions. A new theory is 
rapidly setting aside the old theory of Arrhenius, and 
Professor Peter Debye, of the University of Zurich, one 
of the chief exponents of this new theory, was present to 
present his views. The interest in this matter is shown 
by the fact that a similar symposium was held at almost 
the same time by the Faraday Society in England. 
Industrial engineers found papers of interest in the 
session devoted to gaseous reduction of ores. Gaseous 
reduction of iron ores, followed by electric melting of 
sponge iron, may open up a further field for 
electrothermics. 


The fall meeting of the Electrochemical Society is 
expected to take the form of a trip through the north- 
western part of the United States with stops at numer- 
ous points of electrochemical and electrometallurgical 
interest. Such a trip should result in a better under- 
standing of the work that is being done in this important 
region and at the same time focus the attention of 
electrochemists and electrical engineers on the power 
requirements and possibilities of this region. 

The committee -wishes to acknowledge with thanks 
the cooperation of Dr. William Blum, Dr. Colin G. 
Fink, and Dr. H. W. Gillett, members of the Electro- 
chemical Society, who have furnished valuable infor- 
mation used in preparing this report. 


GEORGE W. VINAL, Chairman 
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The Holtwood Steam Plant 


Design and Operation in Coordination With Water Power 
BY F. A. ALLNER: 


Member, A. I. E. E. 


Synopsis.—The Holtwood Steam Plant is located in Lancaster 
County, Pa., on the Susquehanna River, about 24 miles above tide- 
water, adjacent to and closely coordinated with the 111,000-kw. hydro- 
electric plant of the Pennsylvania Water & Power Company, and 
through the latter company’s customers, it is a part of a hydro-steam 
system including Baltimore, Md., and Lancaster, York, and Coates- 
ville, Pa., with a total installed generator capacity of about 370,000 
kw. and with high-tension connections to two other large systems. 
It is a pulverized fuel burning station, containing at present two 
10,000-kw. generators and three 1400-hp. boilers. The plant is 
laid out for an ultimate capacity of at least 120,000 kw. 

The station went into operation in July 1925. The paper gives 
the reasons for building a steam plant at Holtwood, some of them 
being general advantages in such a location for a plant, which is 
supplementary to a run-of-river hydroelectric plant, and others 
being the particular advantage, in this instance. In general, during 
the low-flow period, the steam plant carries the base load or belt 
generation, and during high flow, when the hydroelectric plant is 
operated at maximum capacity whenever the load permits, the steam 
plant carries the peaks. This station was especially planned to 
suit such conditions of operation and was designed for mechanical 
sturdiness, reliability of service, quick starting, ability to float in at 
no load, and for maximum coordination with the hydroelectric 
plant rather than for maximum economy or minimum first cost. 
A number of special features incorporated to carry out this aim is 
described in the paper, among them being arrangements to facilitate 
quick starting and floating in, and a special governor so constructed 


BRIEF DESCRIPTION OF SYSTEM 


HE Pennsylvania Water & Power Company is a 
generating and transmission company, selling 
power at wholesale to public utilities. Its system 

consists of a combined hydroelectric and steam power 
development at Holtwood, Pa., on the Susquehanna 
River about 10 miles (16.1 km) above the Pennsyl- 
vania-Maryland state line, with high-tension steel 
tower lines radiating like the spokes of a wheel 
(Fig. 1) to Baltimore, Md. 40 mil. (64.4 km.) distant; 
Lancaster, Pa., 14 mi. (22.5 km.); York, Pa., 23 mi. 
(37.0 km.); and Coatesville, Pa., 30 mi. (48.3 
km.). 

The Holtwood (formerly called the McCalls Ferry) 
hydroelectric development (Fig. 2) is a low-head 
run-of-river plant with a weighted average head under 
present conditions of about 52 ft. (15.8 m.). The first 
unit went into operation in October 1910 and after the 
initial five unit installation the plant was extended in 
several successive steps, reaching its present rated 
generator capacity of 111,000 kw. early in 1924. The 
rated capacity of the waterwheels varies from 13,500 
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that the speed regulation may be changed by remote control while the 
unit is running. A comparative analysis of starting times of hydro- 
electric and steam units at Holtwood is given, showing that in spite 
of special design, the steam unit requires a much longer time than the 
hydroelectric unit. 

The pulverized fuel process was adopted in order to secure better 
sustained efficiency over a wide range of boiler rating, to reduce’ 
banking losses, and because it was desired to burn bituminous coal 
of various grades in the same furnaces with river bottom anthracite 
coal which is dredged from the upper end of the pond formed by the 
Holtwood dam. This has been successfully accomplished, approxi- 
mately one-third of all the coal burned, so far, having been river an- 
thracite. During short periods, anthracite alone has been burned, 
but most of the time the two kinds of coal are mized before being dried 
and pulverized. Maintenance costs at the pulverizing plant when 
burning 100 per cent anthracite are very high. 

Data are presented showing the first cost of the plant, fuel rates, 
costs of. preparing river anthracite, outage time of the generating 
units, and other operating results. A brief summary is given also of 
minor difficulties. : 

On account of the unusual operating requirements as to loading, 
fuel supply, etc., the design and operation of this plant involved a 
number of interesting problems in design and operation, for the 
solution of which only a limited amount of experience was available. 
It is believed that nearly all of the major problems have been solved 
satisfactorily, but there is still need for further experimentation to 
secure the best possible results from the equipment installed. 


hp. for the older type of double-runner turbines to 
20,000 hp. for the latest single-runner type. The first 
eight units are 25-cycle, this frequency having been 
adopted to meet the requirements of Baltimore and 
Lancaster. The last two units installed in 1923-1924 
are 60-cycle to meet the needs of York and Coatesville 
and what is now the larger and rapidly growing part of 
the Lancaster load, which is supplied over a 60-cycle 
line built in 1924. The 25- and 60-cycle systems can 
be tied together by a total capacity of 25,000 kw. in 
seven synchronous frequency changers, of which two 
5000-kw. sets are located at the hydroelectric plant, 
and the balance of 15,000 kw. at Lancaster. The 
latter equipment was formerly used for supplying the 
60-cycle load in that city when only two 25-cycle 
circuits were available from Holtwood. 

The normal full-load discharge of the hydroelectric 
plant is now about 30,000 cubic ft. (850 cu. m.) 
per sec. with a maximum under favorable hy- 
draulic conditions of 31,500 (892 cu. m. per sec.). 
The former flow is available in the average year 41 
per cent of the time. The flow of the Susquehanna is 
unusually variable. The lowest 24 hr. flow recorded 
at Holtwood since the plant went into operation in 1910 


. (from which time more reliable flow measurements 


are available than had theretofore existed) was 3200 
cu. ft. per sec. (90.7 cu. m. per sec.), and the lowest 
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seven day average was 3600 cu. ft. per sec. (102 cu. 
m. per sec.); the maximum 24-hr. flow was 441,000 
cu. ft. per sec. (12,470 cu. m. per sec.). 

The pond or reservoir formed by the Holtwood dam 
has an area of about four sq. mi. and a draw- 
down capacity of approximately 800,000,000 cu. 
ft. (22,700,000 cu. m.). Under present conditions 
of system load demands this drawdown gives complete 
weekly pondage to effectually equalize differences in 
daily flow and shape of load curve up to an average 
weekly river stage of 4200 cu. ft. per sec. (119 cu. m. 
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per sec.). The term “complete” pondage means that if 
the hydroelectric plant carries the entire system load 
above a certain base steam line, and the forebay on 
Friday evening is brought to a point not below the 
desired minimum level, the pond will just fill up 
again by Monday morning without spilling. In other 
words, the inflow of the river between Friday evening 
and Monday morning, minus whatever is used for a 
small amount of generation during that period, will be 
discharged during the period from Monday morning to 
Friday evening, in addition to the inflow of the river 
on these five days. 

With an average weekly flow of 4200 cu. ft. per sec. 
(119 cu. m. per sec.) the average five day draft can be 
increased by 1800 cu. ft. per sec. (51 cu. m. per sec.), 
to approximately 6000 cu. ft. per sec. (170 cu. m. per 
sec.); but with an average weekly flow of only 3600 
cu. ft. per sec. (102 cu. m. per sec.), the effective five 
day average draft can be raised to only about 5200 
cu. ft. per sec. (147 cu. m. per sec.), because the inflow 
at the rate of 3600 cu. ft. per sec. is not sufficient to 
completely refill the pond after maximum draw down 
as in the case of 4200 cu. ft per sec. inflow. For 
average weekly flows in excess of 4200 cu. ft. per sec. 
the increase in the daily discharge on the five week days 
will be limited to approximately 1800 cu. ft. per sec. 
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on account of the minimum desired forebay level at 
the time of maximum drawdown, and the inflow over 
the weekend will be more than sufficient to completely 
refill the pond before Monday morning. 

The installed capacity of the Baltimore steam plants 
of the Consolidated Gas, Electric Light & Power Con- 
pany is about 220,000 kw. At Lancaster the Edison 
Electric Company has a standby steam plant with rated 
generator capacity of 7000 kw. At York, the Edison 
Light & Power Company has a steam generating station 
of 8500 kw. capacity and a tie-in connection of 7500 
kw. with the large hydro-steam system of the Metro- 
politan Edison Company, from which it receives 
approximately one-half of its load requirements. At 
Coatesville, the Chester Valley Electric Company has a 
steam plant of a rated capacity slightly in excess of 
3000 kw. and also a 5000-kw. tie-in connection with 
the Philadelphia Suburban Gas & Electric Company. 


GENERAL SYSTEM OPERATION 


The method of operating the system for maximum 
coordination of waterpower and steam has been ex- 
plained in a previous paper? and will not be discussed 
in detail here. Generally speaking, during high or 
excess flow the aim is to deliver the maximum amount of 
energy from the river. As long as there is water wasted 
over the dam, hydraulic efficiency is of no importance. 
The hydroelectric units are operated at full load as 
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Fig. 2—View or Ho.ttwoon Water Power PLANT aND 
STEAM STATION 


long as possible and carry as much of the system load 
as is practicable when this is less than the hydroelectric 
capacity. The steam plants then operate “on the 
peaks” and carry all swings. In low or deficient flow, 
conditions are reversed. The steam plants are given the 
base load or belt generation and the hydroelectric plant 
operates ‘‘on the peaks,” and takes care of load fiuc- 
tuations during the hour, even though such operation 
under average low-flow conditions causes an energy loss 
of about 7 per cent, and at very low river stages as much 
as 15 per cent, compared with 100 per cent load factor, 


2. A. S. M. E. Transactions, 1925, p. 379. 
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belt load generation. These differences are due more 
to the large hydraulic gradient of the tailrace than to 
the carrying of swings and the uneconomical loading of 
individual units. 

Under normal conditions the pond is drawn upon only 
to the extent of compensating for daily and week-end 
fluctuations in inflow and load demand and restoration 
of maximum pond level is aimed at on the morning of 
every week day. Thus the maximum practical amount 
of pondage is held in reserve to meet major emergency 
conditions or temporary outages at the steam plants. 


REASONS FOR BUILDING THE HOLTWOOD STEAM PLANT 


Until recently the Power Company depended entirely 
upon its customers’ steam plants for makeup steam 
generation. The company’s contracts give it the right 
to call on any of the steam plants previously listed for 
generation under certain conditions. In 1925, however, 
the company, through a subsidiary, the Holtwood 
Power Company, built a steam plant at Holtwood. 
Additional steam capacity was required for the system. 
The Consolidated Gas, Electric Light & Power Company 
of Baltimore was ready to proceed with its new Gould 
Street plant, but after careful joint study it was de- 
cided that Holtwood was the logical place for the next 
step in steam station construction and arrangements 
were made with the Baltimore company to temporarily 
postpone the Gould Street project. The principal 
reasons for this decision were as follows: 


1. The 60-cycle load in Pennsylvania was increasing rapidly 
and additional capacity was essential. None of the Pennsylvania 
customers’ steam plants is modern and well adapted for economi- 
eal extension, and existing power agreements did not provide 
for the use of more than the capacity available at the time when 
Holtwood supply had started. 

2. The transmission of primary power from Baltimore to the 
Pennsylvania 60-cycle system to take care of the growth of the 
Power Company’s load commitments, would have required 
additional frequency changers at Holtwood, with consequent 
conversion losses in addition to increased transmission losses. 
A direct connection of the Baltimore 6214-cycle system with 
the 60-cycle system in Pennsylvania was not possible without 
extensive changes in Baltimore. 

3. A plant at Holtwood, being at the hub of the wheel, so to 
speak, could offer the maximum protection to all of the radial 
lines. The transmission of power from any customer city to 
Holtwood and thence to another city requires a reversal of flow, 
with consequent complication of voltage regulation. From this 
point of view the logical place for a steam plant supplementary 
to hydro is at the water-power site. 

4. Since the Lancaster dual frequency supply had grown to 
about 25,000 kw. it was desired to always maintain two sources 
of supply, which during very low river stages required an appre- 
ciable amount of 60-cycle hydroelectric generation during off- 
peak hours. Sixty-cycle supply from the Holtwood steam plant 
enabled the system to conserve the entire hydroelectric energy 
exclusively for peak service, thus indirectly gaining ineffective 
peak supply for the system appreciably more than the steam 
capacity proper. 

5. There are large deposits of river bottom anthracite coal 
in the Holtwood pond. The location of a steam plant at Holt- 
wood made it possible to use some of this coal and store same 
eventually in very large quantities, thus providing a more 
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economical and effective emergency insurance of fuel supply than 
is practical with bituminous coal at the city stations. 

6. The installation of a steam plant adjacent to a variable 
flow run-of-river hydroelectric plant makes it possible to effect 
considerable savings in operating expense through the coordina- 
tion of operation and maintenance work. In such a system so far 
as possible, all maintenance work at the hydrogalectric plant is 
done during low flow, whereas repairs at the steam plant are 
concentrated in the high-flow period. This makes it possible 
for the same force, at least in part, to be used at both plants. 


BRIEF DESCRIPTION OF STEAM PLANT (FIGS. 3 & 4) 


It is not the purpose of this paper to give a detailed 
description of the entire plant and an itemized list of 
equipment. However, the principal physical character- 
istics will be mentioned as a ground work for a discussion 
of special features and of the reasons for making certain 
decisions. 

The generating equipment proper consists of two 


3—Cross SECTION THROUGH BOILER Room AND TURBINE 
HALL 
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10,000-kw., 80 per cent power factor, 1800-rev. per min., 
three-phase, 60-cycle, 13,200-volt generators driven 
by nine-stage turbines designed for 350 Ib. (23.8 atm.) 
gage at the throttle. Initial operation is at 550 deg. 
fahr. (287.7 deg. cent.), but the turbines are guaranteed 
to operate successfully at 700 deg. fahr. (371.7 deg. 
cent.) if the superheat should be increased later. Each 
unit has a 75-kw., 250-volt shaft-end exciter. Steam is 
bled from the turbines at three stages—the third, 
fifth, and seventh. Each turbo generator is equipped 
with a 13,000 sq. ft. (1208 sq. m.) single pass condenser. 

The boiler installation consists of three cross drum 
vertically baffled three-pass B. & W. boilers, each with a 
heating surface of 14,056 sq. ft., (1305.7 sq. m.), ex- 
clusive of the water screen at the bottom and back of 
the furnace which has an additional surface of 775 
sq. ft. (72.0 sq. m.). The working pressure is 385 lb. 
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(26.2 atm.) gage. Each boiler is equipped with a 
convection type superheater above the top row of water 
tubes, designed to give a steam temperature of 560 
deg. fahr. (293.3 deg. cent.) at 250 per cent rating. 
Each boiler has its own stack with a height of 126 
ft. (38.4 m.) above the burners. There are two 
induced draft fans above each boiler. Neither econo- 
mizers nor air preheaters are installed, although provi- 
sion is made to add such equipment later on, if found 
advisable. Makeup water is furnished by two horizon- 
tal single effect evaporators which are supplied with 
filtered river water. 

The furnaces have air-cooled side and front walls. 
Each furnace has a volume of 11,500 cu. ft. (325 cu. m.) 
above the water screen. The vertical burners, of which 
there are eight to a boiler, are set under the high end 
of the boiler. Pulverized coal feeders are arranged in 
four motor-driven pairs per boiler. There are three 
primary air fans. The boilers are arranged in a single 
row parallel to the turbine hall, in which the turbines are 
placed lengthwise. The boilers and furnaces are 
guaranteed to give 300 per cent rating for twenty-four 
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4— LONGITUDINAL SECTION THROUGH COAL PREPARATION 
PLANT 


FIG. 


hr. or 400 per cent for twelve hr. when using 
bituminous coal, and 250 per cent for 24 hr. or 325 
per cent for 12 hr. using river anthracite. 

All auxiliaries are motor-driven with the exception of 
one steam turbine driven boiler feed pump. Each of 
the two circulating water pumps has a dual drive con- 
sisting of one 25-cycle and one 60-cycle motor. All 
other a-c. motors are 60-cycle. The 60-cycle hydro- 
electric units provide an independent source of power, 
which is considered of greater reliability than shaft-end 
auxiliary generators or house turbines. The boilers 
and furnaces are equipped with Bailey automatic 
combustion controls which operate the coal feeders, the 
induced draft fans, and the stack dampers. 

The coal preparation plant occupies a separate build- 
ing located upstream from the boiler house. At the 
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top of the building there are two raw coal bins with a 
total capacity of 1000 tons to which coal is elevated by 
a skip hoist. From the raw coal bunkers coal is fed 
by a drag conveyer to a 6)4-ft. by 50-ft. (1.98 m. by 
15.2 m.) rotary dryer with a capacity of 25 net tons of 
bituminous or 24 net tons of river anthracite coal per 
hr. There are three dry coal bins each with a capac- 
ity of 20 net tons. The pulverizing equipment consists 
of three Fuller 57 in. (1.45 m.) screen type mills, each 
with a guaranteed capacity of 714 net tons per hr. of 
bituminous or 414 net tons of river coal when grinding 
to a fineness of 83 to 87 per cent through a 200 mesh 
screen. Pulverized coal is pumped to the boiler house 
by two Fuller-Kinyon pumps through two five-in. pipe 
lines with a horizontal length of about 350 ft. (106.7 m.) 
and a vertical rise of 85 ft. (25.9 m.). 

Bituminous coal is received by railroad car and 
dumped into a track hopper mounted over a crusher. 
River coal is for the most part scowed to the forebay 
ramp where it is transferred to a railroad car and hauled 
to the track hopper. 

At present the coal storage facilities consist of a 
drag scraper storage yard with a capacity of about 
10,000 tons. Coal is also stocked out and reclaimed by 
locomotive crane from several areas adjacent to rail- 
road sidings. With the increase in plant capacity the 
main storage will be gradually extended by filling in a 
large shallow area of the forebay. 


CONTROLLING FACTORS AND SPECIAL FEATURES OF 
DESIGN 


The Holtwood plant was designed not so much for 
maximum economy or minimum first cost, but pri- 
marily for mechanical sturdiness, reliability of service, 
quick starting, ability to float in at no-load, and for 
facilitating the proper division of load between hydro- 
electric and steam plants. In carrying out these aims 
a number of interesting questions arose and several 
special features were incorporated which will be dis- 
cussed below. 


Choice of Site. The forebay of the hydroelectric 
plant, which is protected from floating ice and debris by 
a rock fill ramp, skimmer wall, and floating booms, 
offered an ideal source for circulating water. The 
exact location of the steam plant, however, presented 
an interesting problem. The site finally selected for 
the initial section of the power house was immediately 
below (i. e., on the downstream side) and abutting on 
the wing wall from the river shore to the hydroelectric 
plant. Circulating water for the condensers is taken 
from the forebay and returned to the gate house of the 
hydroelectric plant, the tunnels having been cut 
through the wing wall. 

Serious consideration was given toa site along the 
tailrace below the hydroelectric plant. The natural 
head from forebay to tailrace would then have been 
used for discharging water through the condensers, 
thus doing away with pumping equipment. This 
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scheme looked particularly attractive from the point of 
view of saving a few minutes in the starting operation. 
The head, however, is considerably greater than that 
required to overcome the frictional resistance of the 
condensers and water conduits. Supplementary to 
this scheme, a plan was also considered of using the 
excess head to drive auxiliary hydraulic turbines, but 
this was an added complication. 


As the heaviest steam generation and maximum draft 
of. circulating water would be at times of very low flow, 
the use of water in this manner would reduce the hydro- 
electric plant output during these low river stages. 
During the high-flow period there would be a gain in the 
combined net output of the hydro and steam plants. 
If arrangements were made to utilize the excess head 
beyond the condensers, and if the hydroelectric plant 
operated 24 hr. a day as during moderate low flow, 
the reduction in hydroelectric plant output would be 
less than the equivalent amount of electrical energy 
consumed in the motors. However, in very low flow 
the hydroelectric plant shuts down at night and all 
the available hydroelectric energy is thrown in on the 
peaks. The diversion of water through the condensers 
during the 24 hr. of steam operation would still show 
a net gain in energy output, but would cause an appre- 
ciable reduction in the peak service rendered by the 
hydroelectric plant on account of the concentration 
of all the hydroelectric energy during the short 
period of peak generation. Maximum peak service 
in very low flow is of prime importance, particularly 
as there is a tendency for the peak service corresponding 
to acertain amount of hydroelectric energy to increase 
from year to year with the growth of the system load. 


Perhaps the greatest advantage of the site selected 
was the greater amount of space available. The plant 
is laid out for six turbine bays and its ultimate capacity 
will be approximately 120,000 kw. The future exten- 
sions will be made to the north of the wing wall into a 
shallow portion of the forebay area where little coffer- 
damming will be required. The initial two-bay section 
of the power house was built entirely in the dry, the wing 
wall acting as a bulkhead. 


Another advantage of the layout adopted is that the 
injection of warm condenser discharge into the end of 
the gate house is of value in reducing the chances of 
capacity reductions caused by frazil ice on the hydro- 
electric units at that end of the power house. It has 
been calculated that for the completed plant, enough 
heat would be discharged in the condenser water to 
raise the temperature of all the water entering the hydro 
units, if perfectly mixed with it, by nearly 0.2 deg. fahr. 
(0.11 deg. cent.) exclusive of the heat required to melt 
the ice. Experts on ice have declared that a rise of less 
than 0.01 deg. fahr. (0.0055 deg. cent.) may be enough 
to remove the ‘“‘stickiness” of frazil ice. 


Centralized Control. Electrically speaking, the steam 
plant is essentially a part of the 60-cycle section of the 
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hydroelectric plant. The steam generator leads are 
carried through a cable duct to oil switches located in 
the hydroelectric plant switchroom. The control 
panels for the steam units are a part of the 60-cycle 
switchboard in the hydroelectric plant. The Tirrill 
element and the controls for the Keilholtz-Ricketts 
booster regulator used on the steam units are located 
on this switchboard. 


Size and Type of Generating Units. From the point 
of view of low first cost and of economy of operation, 
under base load conditions, larger generating units 
would have been desirable. However, as previously 
stated, these considerations were subordinated to 
sturdiness, reliability of service, quick starting, and 
maximum coordination with the hydroelectric plant. 
Furthermore, under the existing conditions, these 
initial steam units must often operate at a compara- 
tively small load, either when separated from the rest 
of the generating system or in high flow when operating 
on the peaks so as to “‘skim off” the top of the load and 
give the hydroelectric units maximum load. All of 
these considerations pointed toward relatively small 
sturdy units for the initial installation, approximating 
in capacity the hydroelectric units. 


Auxiliary Power System. The number of oil circuit 
breakers on the auxiliary power system has been kept 
to a minimum. Magnetic contactors have been em- 
ployed for all switching purposes, except on main 
feeders between distribution boards. Tests were made 
on different types of contactors to determine their 
ability to rupture the maximum expected short circuits. 
The control for contactors on essential auxiliaries is so 
arranged that either a contactor will not open on low- 
voltage, or will immediately reclose on restoration of 
voltage. 

Special precautions to avoid explosion hazard have 
been taken in the installation of the electrical system; 
in the coal preparation plant, distribution switchboard 
and contactors for the main auxiliaries are located in a 
special switchroom, isolated from the main building by 
concrete fire walls. All push buttons, and such manual 
controllers as are necessary in the mill and dryer rooms, 
are of the Navy standard vaporproof type. All light- 
ing fixtures are dust proof and vaporproof. 


Quick Starting of Hydroelectric and Steam Units. 
In a hydroelectric system in high flow, when the sys- 
tem load is less than the hydroelectric capacity the 
steam plant should be shut down at night and theoreti- 
cally should not operate in the morning until the load 
becomes equal to the hydroelectric capacity, when it 
should pick up that portion of the load over and above 
the hydroelectric capacity. Modern steam turbines 
designed with small clearances and operating at high 
temperatures require normally approximately one 
hour for starting. This, of course, entails the use of 
steam before it is really required. If it is desired always 
to have spare steam capacity available for immediate 
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use in the event of breakdowns, it is necessary to oper- 
ate normally a larger number of units than would be 
required for most economical generation. 

Hydraulic turbines operating at low or medium heads 
or having only short penstocks are inherently quick 
starting machines. Temperature differences are practi- 
cally nil, clearances are relatively large, and construction 
issturdy. The starting time can be further reduced by 
special arrangement of control valves and instruments, 
by automatic starting of pumps supplying the pressure 
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fluid of servo motors, etc., and by training the operators. 
At the Holtwood hydroelectric plant any of the 10 
units, ranging in capacity from 13,500 to 20,000 hp. 
is commonly started from standstill without preliminary 
preparation and synchronized in less than one minute, 
and frequently in less than half a minute. Fig 5. 
gives an analysis of the few steps involved in this opera- 
tion, requiring only two men—the governor man and the 
switchboard operator. The low-flow standby service 
of a low-head hydroelectric plant equipped with 
pondage has well been called ‘‘a-c. storage battery 
service,” i.e., its ability to synchronize the entire 
capacity in a few minutes and maintain full output 
for several hours or days, and thus tide over temporary 
emergencies at the steam plants. During the high-flow 
period this emergency service is not available at the 
hydroelectric plant, because all hydroelectric units 
are operating at maximum gate opening. 

When going into the field of steam generation at 
Holtwood, the power company desired to extend so far 
as practicable this quick starting ability to its steam 
plant, thus giving to the hydroelectric steam combina- 
tion a certain amount of quick emergency service also 
during the high-flow period. This was one of the 
reasons for selecting a particularly sturdy type of tur- 
bine of relatively small size. The specifications provide 
that “every effort is to be made in the construction 
of these machines to make them suitable for starting up 
in the minimum time.” Under normal conditions a 
Holtwood steam unit is paralleled in 25 min. 
and in emergency the time can be reduced to 
15 min. from the time the start signal is given. 
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Fig. 6 gives an analysis of the operation. A total 
of four men are engaged in this operation and the time 
consumed and the number of steps required are still in 
striking contrast to hydroelectric starting. 

The desire to facilitate quick starting was the chief 
reason for limiting the superheat in the initial installa- 
tion to a total temperature of 550 degrees at the throttle. 
In future extensions it is planned to install larger units, 
using the first two for quick starting purposes. At 
that time radiant type superheaters may be installed, 
giving a total steam temperature of 725 deg. 
Various schemes have been proposed for maintaining 
the quick starting feature on the first units, if and when 
this step is taken, such as omitting the radiant super- 
heater in one boiler, use of a Ruths accumulator, ete. 

Floating In. Asa practical matter, in a case such as 
the above mentioned building up of load, and whenever 
the load is at or near the hydroelectric capacity, it is 
necessary to have spare capacity on the bus. At such 
a time in high flow any load carried by a steam unit 
causes a net loss of the equivalent amount of water 
power. It is therefore highly desirable to have steam 
units able to float in or motor at no load. On the 
Holtwood units a by-pass is provided around the 


f——- --- — - GW op fo speed ond synchromred 74.5 mintes 
| ‘Time consumed between segnathng and uwt turning wer 


(6) 


tee A we ae a 
CONMOENSCE MAN 


DA condessofe pump_ ent O 


eis candensote fo tanks) 
pers CPN pump 


lopen Mette mie ond bongs cine Bg spend, 
Boys EONS ARNE Lea) 
per) ye ne toners n coe genercior te. A fo Sosy ate a ae 
Corey? arecrer Pe ey ete A A, pana penal 
4 ps burbene Sy of frp I reopens throttle mohe ae - 
s ae, TA oa a 
C we tote! tens arte on a baw cookrs R condensate into sx tran oe SO RE OS Be SS l 


_ _ fok of bakr feed purp. 


Fic. 


6 —ANALYSIS OF TIME CONSUMED IN STARTING a 10,000- 
Kw. Steam UNIT 


main steam control valves to admit enough steam to the 
turbine to keep it cool. The manufacturers’ guarantee 
provides that with this by-pass connection open “‘it 
will be possible to motor the turbine by means of its 
generator with the control valves shut off a period of 
one hour without overheating any parts of the turbine.” 

A 3j-in. (1.9 em.) orifice is at present installed in 
the by-pass. It has been found that this discharges 
enough steam to drive the unit at slightly more than 
synchronous speed under excitation. This is more than 
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is necessary for cooling and prevents lowering of speed 
for synchronizing unless the speed is reduced by manual 
manipulation of the vacuum or the throttle. Tests 
are not yet completed to determine the safe minimum 
size of orifice. 

Fig. 7 illustrates the division of load between a 12,000- 
kw. hydroelectric unit and one of the steam units over 
the noon hour drop when operating in parallel on the 
Lancaster 60-cycle load separated from the rest of the 
system. Until about 11:55 a. m. the hydroelectric unit 
is “wide open,” with the steam turbine taking the 
momentary swings and the more gradual load changes. 
When the customer’s load drops below the hydro- 
electric capacity, the hydroelectric governor begins to 
function or to “maintain the frequency” as the operators 
say, and the steam unit “floats in” or motors. Oc- 
casionally small amounts of power are momentarily 
supplied by the steam turbine, due to slight decreases in 
frequency which draw on the kinetic energy stored in the 
rotor and also in a few cases probably cause the steam 
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governor to open a control valve momentarily. The 
graphic chart of steam turbine output does not show 
input when momentarily motoring because of a zero 
stop on the meter. 

When the load has increased to the capacity of the 
hydroelectric unit the conditions prevailing before the 
noon hour are restored. The boiler operation is ap- 
proximately as follows: a short time before noon the 
rate of coal feed is reduced so as to lower the steam 
sufficiently to avoid ‘‘blowing-off’’ as the load drops. 
The burner flames are extinguished just before the 
beginning of the motoring period, but are relighted 
occasionally as required to maintain the pressure within 
the desired range. 

Special Governors. In order to change the per cent 
speed regulation on the standard type of governor it is 
usually necessary to shut down the steam turbine. 
In a hydroelectric steam system such as has been 
described, when the steam unit is carrying the base 
load it 1s desirable that its regulation should be rela- 
tively large, whereas when it is carrying the load fluctua- 
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tions or peaks and the hydroelectric units are carrying 
the base load, the steam unit regulation should be 
relatively small. The Holtwood steam units operate 
also in parallel with a number of other steam units, 
where regulation cannot be adjusted while running. 
In order to control Holtwood steam generation in 
respect to these other steam stations, either towards 
assigning to the Holtwood units a steady load or a fluctu- 
ating load, it was thought desirable to be able to change 
from one condition to the other without shutting down 
the unit. Hence a special motor driven device was 
installed for changing the governor regulation. This 
device is controlled from the switchboard in the hydro- 
electric plant. The specifications provide for an ad- 
justment range from 1 per cent to 5 per cent, although 
the guaranteed range is only 2 per cent to 5 per cent. 
Tests made on the governors at the factory showed a 
range from 1.6 per cent to 7.4 per cent. 

The manufacturer’s guarantees provide that the 
characteristics of the governors are such that there will 
not be any hunting between the steam turbines and the 
hydro units or between the two steam turbines under 
either of the two following operating conditions: 

1. Steady continuous load carried on waterwheel generators, 
and fluctuating load carried on the steam turbines. 

2. Steady continuous load carried on steam turbines and fluc- 
tuating load carried on waterwheel-driven generators. 

The guarantees also provide that the speed regulation 
and the speed of operation of the governor and control 
mechanism of the turbine will be such that with full 
load thrown off the generator and the field circuit 
breaker opened simultaneously, the speed will not ex- 
ceed that for which the emergency trip is set (the latter 
is to be not over 110 per cent). 

In order to make it possible to restore normal fre- 
quency in case of a sudden overload due to the break- 
down of a generating unit or other cause, by paralleling 
a steam unit without cutting off customers’ load, a 
particularly wide range is provided in the governor 
control of the Holtwood units. The speed can be 
changed by remote control from 107 per cent or 64 
cycles to 85 per cent or 51 cycles, but in the latter case 
the by-pass around the control valves must be throttled 
which, as stated previously, is at present too large. 

Condensers. The heaviest duty on the steam units 
falls in the period of very low flow, which usually is also 
a warm weather period. Also in cold weather, as for 
example, in case of a frazil ice run, it may be desired to 
throw the maximum possible overload on a steam unit 
for a short time. This was the cause of conservatism 
in condenser design. For ordinary conditions probably 
a 9000-sq. ft. (836-sq. m.) single-pass condenser would 
have sufficed, but in line with the policy of insuring a 
safe margin of capacity and maximum coordination 
with the hydroelectric plant, even at the expense of 
first cost, a 13,000-sq. ft. (1208-sq. m.) single pass con- 
denser was installed on each unit. Sustained gross 
generating capacity for highest water temperature in 


822 


December, 38 deg. fahr. (3.3 deg. cent.), was found to be 
15,200 kw. limited by the turbine, and for highest 
water temperatures in September, 75 deg. fahr. (23.9 
deg. cent.), 13,200 kw. at 100 per cent power factor, 
limited by the heating of the generator field. 

Pulverized Fuel. The principal reasons for installing 
a pulverized coal burning plant were as follows: 


1. It was believed that during the low-flow period when the 
steam units would carry heavy base loads as well as during the 
high-flow period with its fluctuating loads, the pulverized system 
would have an advantage over stokers in being able to maintain 
good efficiencies over a wider range of load with varying grades 
of fuel. 

2. It was desired to reduce the starting and banking losses to 
a minimum. With a stoker-fired plant these would have been 
particularly great during the high-flow period when the steam 
plant carries peaks and fluctuations as outlined above. 

3. Any known and tried stokers suitable for burning fine 
sizes of anthracite coal would not have been adapted to the use 
of eastern bituminous coal. It was believed that it would be 
possible by adopting the pulverized coal process to prepare and 
burn either or both types of coal with the same equipment. 
It will be shown later under operating results that this hope has 
been fulfilled. The high speed ball type of pulverizing mill was 
adopted because it is best. suited for the preparation of anthracite 
as well as bituminous coal. 

4. Economies could be effected in preparation of coal by 
utilizing surplus off-peak hydroelectric energy in high flow for 
operating the pulverizing plant. 


CONSTRUCTION AND Cost DATA 


Decision to build the steam plant was made April 2, 
1924. The turbo generators were ordered May 23, 
and excavation began June 24, 1924. The first generat- 
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Fic. S—ANALYSIS OF CONSTRUCTION Costs 
ing unit went into regular commercial operation 
July 20, 1925, and the second on August 4, 1925. 

The design work was carried out by the Consolidated 
Gas, Electric Light & Power Company of Baltimore. 
The field engineering and construction work was 
handled by the power company’s own forces. 

Fig. 8 is a summary of the cost of the plant, ex- 
clusive of property, legal and corporate expenses, hous- 
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ing for employees, interest during construction, and 
exclusive of any contractors’ fees. There are several 
factors which should be borne in mind in comparing 
these costs with those of other plants. The present 
boiler installation is larger than needed for the first 
two turbines, and surplus pulverizing capacity on a 
bituminous rating was installed to off-set partially the 
reduction in capacity when milling river coal. Switch- 
ing equipment is installed for two more units and the 
cable tunnel to the hydroelectric plant will take care of 
the ultimate station. The intake and discharge tunnels 
are built for two more units of a capacity up to 35,000 
kw. each. The width of the power house is sufficient to 
accommodate units up to 35,000-kw. capacity and 
larger boilers. 

It may be of interest to note that the cost of the prep- 
aration plant per net ton of pulverized output per 
hour on a bituminous rating was $8,720 for structures 
and $10,830 for equipment, or a total of $19,550. 


OPERATING RESULTS AND EXPERIENCE 


General Results. In the calendar year 1926, the gross 
output of the steam plant was 60,870,000 kw-hr. The 
station uses, including coal handling and preparation, 
amounted to 4,200,000 kw-hr., or 6.9 per cent, giving a 
net generation of 56,670,000 kw-hr. The one-hour 
peak load was 26,600 kw. or 33 per cent more than 
the nominal rating of the two units. The annual 
load factor was 26.1 per cent and the annual capacity 
factor based on gross generation was 34.8 per cent. The 
variable character of the plant load is shown by the 
fact that the highest net output was a little over 
10,000,000 kw-hr. in the month of July, whereas the 
lowest output was only about 2,500,000 kw-hr. in the 
month of October. The year 1926 was of better than 
average river flow, which accounts for the relatively 
low output of the steam plant. 

The average economy for the year was 21,160 B. t. u. 
(5331 kg-cal.) per net kw-hr. The best weekly economy 
reported was 18,350 B.t.u. (4623 kg-cal.) per net 
kw-hr. burning 100 per cent bituminous, the best weekly 
economy burning 100 per cent anthracite was 19,800 
B. t.u. (5010 kg-cal.) per net kw-hr. The average 
boiler and furnace efficiency for the year was 79.6 
per cent without allowance for dryer fuel or for energy 
requirements of the boiler auxiliaries. 

The boilers have operated up to 385 per cent rating for 
a few hours at a time. The average rating for the total 
steaming period was 201 per cent. 

Of the total coal used, 35.4 per cent was river anthra- 
cite and 64.6 per cent bituminous. 

Of the total coal used, 35.4 per cent was river anthra- 
cite and 64.6 per cent bituminous. The average quality 
of the two fuels was approximately as follows: 


Anthracite Bituminous 
Moisture................. 13.0 per cent 3.8 per eent 
Ash, dry basis............ 16.7 per cent 11.1 per cent 


B. t. u. wet basis (kg-eal.).. 10,880 (6,044) 13,210 (7,339) 
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A great deal of the bituminous coal burned was of an 
inferior quality with an ash content as high as 20 
per cent. Of the total dry ash in river anthracite, 
about 614 per cent is intrinsic ash and the rest is foreign 
matter. Attempts have been made to evaluate various 
reductions in the latter item but the findings are not yet 
conclusive. Such reduction in ash means not only 
higher heating value per pound, decreased power con- 
sumption in grinding, and increase in effective plant 
output, but also a very appreciable reduction in main- 
tenance cost of mills. Mill maintenance is affected 
particularly by sand, small pebbles, and stones. Several 
schemes of reducing the ash have been tried in the re- 
covery process of river coal, but they are still in the 
experimental stage. 

Use of River Anthracite. A detailed discussion of 
the use of river coal does not come within the scope of 
this paper, but a few outstanding phases of the subject 
will be mentioned. 

Up to date roughly one-third of all the coal burned has 
been river anthracite. In a few periods aggregating 
about ten weeks 100 per cent anthracite has been 
burned. At certain other times the fuel was all bitu- 
minous. Between these two extremes various mixtures 
were tried out. The volatile in river anthracite is so 
low (averaging a little over 8 per cent) that it is some- 
what difficult to ignite and the flame is not as stable as 
with bituminous. The anthracite coal is ignited by 
means of flexible hose oil torches of which there are two 
per boiler connected through pipes to an outside 
pressure tank. There has not been sufficient experience 
in starting up with river coal to train the operators 
thoroughly or to determine the best procedure and 
minimum amount of oil required, but experience to date 
has been as follows: When starting up after a weekday 

bank of approximately six hr. the torches were 
burned for 10 to 15 min. and consumed an average 
of about 20 gal. (75.7 1.) of oil per boiler. On 
individual days the consumption was as low as 10 gal. 
(37.8 1.). After a weekend bank of approximately 
30 hr. the torches were used for 20 to 30 min. 
consuming about 80 gal. (303 1.) of oil. In starting 
up a cold boiler with straight river coal it is necessary 
to burn the torches for 35 to 45 min. A single 
measurement showed a consumption of about 125 
gal. (473 1.). 

One hundred per cent anthracite coal is not well 
adapted to high flow operation with many starts and 
stops and fluctuating loads. A scheme is under 
consideration to preheat the combustion air electrically 
during the high-flow period just before the morning 
peak, using otherwise wasted hydroelectric energy to 
shorten the starting period, to replace in part the large 
quantity of kerosene or fuel oil, and to save a con- 
siderable amount of now unburned fuel. Straight 
anthracite is also not suitable at Holtwood in very low 
flow when the steam plant is carrying the base load 
because of the reduced output of the mills. The latter 


objection could of course be overcome by installing 
more pulverizing capacity. 

The river coal is abrasive and contains a varying 
amount of sand and small pebbles causing a large in- 
crease in the cost of maintenance of the preparation 
plant. Even small amounts of bituminous coal seem 
to act as a cushion or lubricant and reduce the wear on 
the mills. 


The pulverizing mill balls are normally used until 
they have lost about 28.5 per cent of their initial weight, 
the latter being about 525 lb. (238 kg.) per ball. In 
milling straight anthracite, the average output is 
about 220 net tons per ball or 880 net tons for a set of 
balls. At rated capacity this would give an average 
life of about 195 hr. The material cost of balls is 
about 16.2 cents per net ton of coal ground. 


The largest item in maintenance when using river coal 
is renewal of grinding rings. The life of a ring in tons is 
about 2060, and the cost of rings without labor is about 
38 cents per net ton of coal. Operating and main- 
tenance costs at the preparation plant, exclusive of 
power, during a five weeks run with anthracite, 
generating 3,284,000 kw-hr. under high-flow loading 
conditions, were as follows: 


Operating labor.............. $.3435 per net ton 
SUP PES: 4 os tev bases teh as O17 “ “ 4 
Maintenance material........ 8677 “ “ & 
š labor........... O877 4 ee 
POA se curves be BERS SA Shot hake $1.3164 “ “ & 


During the above run the average ash content was 18.7 
per cent dry basis, i. e., 2.0 per cent higher than the 
average per cent for the year (16.7 per cent). 

It is believed that due to a better understanding of 
the cause of yoke breakage, the cost of which amounted 
to 14 cents per net ton during the test period, this 
item could be greatly reduced. 


A mixture of two kinds of coal is obtained by drawing 
bituminous and anthracite respectively from the two 
raw coal bunkers simultaneously upon the drag con- . 
veyor which discharges the coal into the dryer where it 
becomes thoroughly mixed. There has been no trouble 
due to separation of the two kinds of coal in the dryer, ` 
conveyor, mills, or transport system. A 50-50 mixture 
has been found entirely satisfactory for high flow 
fluctuating load operation. 


The river coal dredging season lasts for only seven 
to nine months, depending on weather and river con- 
ditions. Fortunately this coal is particularly well 
adapted for storage purposes. The price of the raw 
coal is low, resulting in a minimum investment tied up 
in storage. The coal can be piled to any depth and 
does not deteriorate. In fact there is a certain improve- 
ment in that some of the moisture in the freshly de- 
livered coal will drain off. For these reasons the fuel 
is particularly suited for use in a steam plant which 
is supplementary to a variable flow hydroelectric 
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development, as it is not possible to make accurate 
forecasts of the coal requirements. 

Much study has been devoted to the combustion 
problem when using anthracite and to the proper con- 
struction and adjustment of the burners, air ports, 
primary and secondary air combinations, etc., but 
there is still need for further investigation along these 
lines. The Holtwood plant has proved that this low 
grade fuel can be burned successfully in pulverized 
form. The proportionate amount of anthracite 
actually used has so far been controlled more by 
practical considerations of supply then by conditions 
of operation and it is hoped that in the future a still 
greater amount can be used. 

In actual practise it has been found that the guaran- 
teed degree of fineness of pulverizing quoted above is 
not necessary. The present operating standard is 70 
per cent for bituminous and for mixtures and 75 per cent 
for anthracite alone. 

Results of tests on the dryer when treating river 
anthracite were as follows: 


Maximum 
Output of Average 
dryer operation 


11.30 per cent 
2.0 per cent 
1.0 per cert 


11.30 per cent 
4.15 per cent 
2.41 per cent 


Moisture entering drver........ 
Moisture at dryer outlet....... 
Moisture at mill inlet.......... 


Pulverized anthracite could not be burned success- 
fully in the dryer and untreated river coal is now burned 
on hand-fired grates under the dryer. The coal fired 
per net ton of anthracite input to the dryer was 55.7 lb. 
(25.3 kg.). The heat units fired per pound of water 
evaporated in the dryer was 4100 B. t. u. (2277 kg-cal. 
per kg. of water). — 

Outage of Units. The excellent outage record of the 
Holtwood steam units shows that to a great extent the 
desire for maximum service reliability has been met. 
In about 21 months of operation of two units the total 
outage due to breakdowns or repairs of mechanical or 
electrical trouble has been 390 hr. or 1.26 per cent of 
the total unit hours in the period. This time could have 
been considerably reduced if necessary. 

The only case of mechanical breakdown in the gener- 
ating units and their auxiliaries was a shearing of two 
blades on the eighth stage wheel of one unit. In passing 
through the ninth or last stage these broken blades 
slightly damaged the ninth stage blading and then 
punctured four condenser tubes. As this trouble was 
not observed at the time it occurred, the unit was 
operated for several days until the damage to the tubes 
was discovered in the course of periodic tests on con- 
ductivity of condensate. It was then taken out at 
first for temporary repairs and a few weeks later for 
permanent replacement of the two damaged stages, 
but at the time the trouble was discovered the unit 
could have remained in service for a longer period if 
necessary. 
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The only major damage to the electrical equipment 
occurred during a severe local lightning storm, which 
caused a spillover between the high-tension and low- 
tension bushings on one of the 70-kv. step-up trans- 
formers, the low-tension side of which was connected to 
the same bus as the turbo-generator. The high voltage 
to which the generator in this way was exposed caused a 
puncture in the winding (2nd coil from the high voltage 
end out of 20), the flash taking place from winding to a 
projecting part of the supporting iron ring. The 
balanced relays tripped the oil circuit breaker and 
generator field immediately. The generator was ener- 
gized 11% minutes later and operated satisfactorily for 
six months, the puncture not being discovered until at 
the time of the annually scheduled routine inspection 
and disassembly of the unit. Only two armature 
coils had to be replaced requiring a total of 10 days of 
single shift work, the material being taken from stock. 
The fact that the unit could operate satisfactorily so 
long with a puncture in the armature winding is prob- 
ably due to the fact that the system is operated with 
its neutral ungrounded. 

The experience of other companies in respect to the 
capacity reducing effect of breakdowns may not have 
been as favorable with similar types of unit as the above 
described two accidents may indicate. But even if 
these two occurrences might have caused an immediate 
though temporary capacity outage at the Holtwood 
plant, the liberal provisions for spare equipment as 
practised for a number of years by the operating 
companies connected to the Holtwood system, would 
have permitted the bringing in of spare capacity, so that 
service should not have been affected by these break- 
downs. Particularly on a system that does not depend 
wholly on steam power but draws a good portion of its 
requirements from a variable-flow hydroelectric plant 
equipped with pondage, such outages of a few hours or 
days can be readily taken care of during the low-flow 
period by the a-c. storage capacity, t. e., the quick 
starting ability of the hydroelectric units referred to in 
the general description of the Holtwood system. 


MINOR DIFFICULTIES 


As might be expected when building a plant in which 
so many different requirements have to be met deviating 
from usual practise, a great many minor difficulties 
have been experienced before satisfactory performance 
could be obtained from every piece of equipment. A 
few brief statements on these experiences may be of 
interest. | 

Drag Conveyer. The coupling between motor and 
conveyer broke several times on account of overload 
and jamming, caused by the type of slide gates em- 
ployed at the outlets of the raw coal bunkers. When 
the slide gates opened wide the coal flooded and clogged 
the conveyer, and when only partly opened the wet 
river coal had a tendency to arch. After skirt plates 
were installed between bunker outlets and conveyer 
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and a shear pin was inserted in coupling, quite satisfac- 
tory operation was obtained. 

Dryer. Attaching angles to the lifting blades of the 
drum greatly improved the performance of the dryer, 
although it has not yet fully met the guarantee, partic- 
ularly in respect to river coal. The original plan of 
burning pulverized anthracite in the dryer had to be 
abandoned and hand-firing on pin hole grates, under 
forced draft, was finally adopted as the most satis- 
factory solution. The magnet in the discharge spout 
of the dryer did not remove all the tramp iron from 
the dried fuel before passing through the mills; this 
trouble was largely eliminated by placing three addi- 
tional magnets along the spouts leading to the mills. 

Explosions. So far only two explosions have been 
experienced, both of which can be traced back to exces- 
sive temperature in the dryer shell at high rating, aided 
by the presence of combustible: foreign material. 
Damage was slight in one case but in the other the 
original explosion in the boot of the bucket elevator 
was followed by several smaller explosions, damaging 
the casing of the elevator. The vent stack at the top 
of the elevator casing was enlarged, steam lines were 
provided in the dryer, and an inspection window was 
cut in at the outlet end of the dryer. It is believed that 
these arrangements will greatly help to prevent ex- 
plosions or to minimize their severity. 

As a safe guard against explosions, dust is not allowed 
to accumulate in the mill house or in the dryer. The 
labor and expense of preventing such accumulations in 
the dryer have been reduced by installing soot blowers 
at points where dust might collect. 

Mill Foundations. Regrouting of base rings and 
replacement of broken anchor bolts have been necessary 
at intervals, usually after a prolonged run of 100 per 
cent anthracite. The motor foundations as originally 
constructed developed serious cracks, but after they 
were enlarged no further trouble was experienced. 

Mill House Lighting. Considerable difficulty was 
experienced at first with lighting in the mill house, due 
to breakage of filament from mill vibration. The 
lighting system was changed from 220 to 110 volts in 
order to take advantage of the greater mechanical 
strength of the lower-voltage filament. This only 
partially solved the problem. Special anti-vibration 
fixtures were then developed in conjunction with a 
fixture manufacturer. These now make possible 
normal lamp life. 

Coal Transport Pumps. The pumps require a slightly 
larger amount of air than anticipated. They operate 
satisfactorily for either kind of fuel and for mixtures. 
The wear when pumping anthracite, though not ex- 
cessive, is expected to be reduced by stelliting the pe- 
riphery of the screw. 

Fire in the Pulverized Coal Bunkers.: On two 
occasions small smoldering fires started in the pulverized 
fuel bunkers. These were easily smothered by closing 
all vent openings and by slowly drawing down the stored 
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fuel through the burners. These fires were probably 
started by some abnormal or temporary condition or 
quality of coal, as during a number of months two idle 
pulverized coal bins were normally kept full and coal 
has lain occasionally in a bin for several weeks without 
trouble. 

Coal Feeders. Considerable wear was experienced on 
the coal feeders with anthracite. Hard metal studs 
were placed on the periphery of the screws, which com- 
pensated for the reduced diameter and maintained more 
equal coal feed to the burners. 

Adjustment of Burners. In an effort to prevent 
secondary combustion within the boiler tubes, experi- 
ments were conducted with several devices for pro- 
ducing turbulency, a longer flame, and more thorough 
mixing of coal and air as discharged from the burners. 
One of these devices consisted of an aspirator discharg- 
ing into the coal stream at the top of each burner. This 
caused the flames to impinge on the front wall and 
eroded them badly. The whirling type mixer now in 
use has proved fairly satisfactory for average ratings on 
both kinds of fuel. No experience has been obtained as 
yet over full range of rating. 

Slagging of Bottom Tubes. In the early stages of 
operation with bituminous coal slagging of the two 
bottom rows of boiler tubes seriously interfered with 
ratings above 300 per cent. This difficulty was over- 
come by placing one soot blower at the front end be- 
tween the two bottom rows of tubes, and a second one 
below the bottom tube at the rear entrance to the first 
pass, and by providing two additional lancing doors on 
each side of the boiler opposite the bottom tubes. 

Dusting. Initially dusting was a problem of concern. 
The plates opposite the superheater and mud drum were 
replaced by an improved design. The dusting between 
side walls and end tube headers became serious due to 
the continuous motion between boiler casing and 
tubes, loosening the packing; this was largely overcome 
by installing holding plates of homemade design. 

Secondary Air Dampers. This equipment does not 
function satisfactorily over the full range of rating for 
bituminous coal, anthracite, and various mixtures. 
Because of the wide variation in combustion conditions 
it is doubtful if these dampers can be made fully 
automatic. 

Automatic Combustion Control. Control equipment 
of the furnace (coal feeders, stack dampers, induced 
draft fans) required considerable experimentation. 
Since the range of fan speed was extended automatic 
operation can now be relied upon over a range of load- 
ing sufficient for practical operation, but necessitating 
adjustment by hand for changes in the character of 
fuel. . 

Superheater. At the outset the superheat steam 
temperature was somewhat lower than specified; 
an exploration of the superheat space showed that a 
considerable part of the hot gases was short circuited 
around the end of the first pass baffle; the baffle was 
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extended to the tubes with some increase in tempera- 
ture; by further extending the baffle all the way through 
the superheater tubes the gases were forced to pass 
thoroughly through the superheat tubes before entering 
the second pass and the desired superheat was obtained 
at the expense of a slight increase in draft loss. 
CONCLUSION 

The relatively wide range of operating conditions at 

the Holtwood steam plant in respect to character of 


fuel, amount of generation, shape of load curve, coord: 
nation with hydroelectric plant, ete., involved a num 
ber of interesting problems in design and operation for 
which only a limited amount of experience was avail- 
able from other installations. It is felt that nearly all 
these major problems have been solved satisfactonly, 
but there is still need for further experimentation to 
secure the best possible results from the equipment 
now installed. 


Auxiliary Power at Richmond Station 
Auxiliary Power System and Tests on House Turbine Generator 
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Synopsis.—This paper describes the auxiliary power system of 
the Richmond Generating Station of the Philadelphia Electric 
Company, mentioning briefly some of the factors which influenced 


T is the purpose of this paper to describe theauxiliary 
power system of the Richmond Generating Station 
of The Philadelphia Electric Company, mentioning 

briefly some of the factors which influenced the design 
of the system, and to discuss particularly a most im- 
portant feature of this system; namely, the starting of 
large motors at full voltage from an auxiliary turbine 
generator. At the time this system was designed 


practically no data were available on this subject, 


and as there seems to bea general trend in power station 
design toward the use of auxiliary turbine generators or 
auxiliary generators direct-connected to main units, it 
is believed that a discussion of some of the factors 
involved and the results of tests made at Richmond 
Station after installation will be of value. 


I. DESCRIPTION OF AUXILIARY POWER SYSTEM 


General. Richmond Station is located in the north- 
eastern section of Philadelphia along the Delaware 
River, about five miles from the central part of the city. 

At the present time, the capacity of the station is 
120,000 kw., made up of two turbine generators, each 
rated 60,000 kw., 0.85 power factor, 13,800-14,400 
volts, three-phase, 60 cycles, 1800 rev. per min. Ulti- 
mately the plant will have a rating of at least 720,000 
kw., and will consist of three separate building sections, 
each housing four turbo generators of at least 60,000 kw. 
capacity. 

The first building section, which was completely 
constructed in the initial development, comprises three 
main parts; namely, boiler room, turbine hall, and 
switch house, with the boiler room nearest the river. 
Ultimately the boiler room will house 24 boilers. 
Twelve boilers have been installed initially, each rated 
at 1570 hp. and equipped with a superheater, an 
economizer, and an air preheater. Two induced-draft 
and one forced-draft fans are provided per boiler. 
Included in the turbine hall and its mezzanine galleries 
and basement are the main generating units (Fig. 1), 
condensers with their auxiliaries, heaters, evaporators, 


deaerators, boiler feed pumps, river and city water 
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the design of the system and discusses the starting of large motors at 


full voltage from an auxiliary turbine generator. 
* + * * * 


pumps, air compressors, auxiliary power generator and 
buses, generator and exciter field rheostats, main 
generator ventilating equipment, etc. In the switch 
house are installed duplicate 13,200-volt buses, oil 
circuit breakers, disconnecting switches, reactors, etc., 
all arranged for vertical phase isolation. A connecting 
building between the turbine hall and the switch house 
contains the d-c. power room, battery room, pipe room, 
and operating room. Transformers supplying all 2300- 
volt auxiliary power load and induction regulators for 
the three tie lines to Delaware Station are located out- 
doors between the turbine hall and the switch house. 


1—M AIN GENERATING UNITS 


Auxiliary Power Supply. The auxiliary power 
system at Richmond Station is radically different from 
the systems at Delaware and Chester Stations, other 
major plants of the Philadelphia Electric system, 
due principally to differences in methods used for 
maintaining heat balance. 

At Delaware and Chester, although electric drive is 
used extensively for auxiliaries, a number of the 
auxiliaries have steam drive; all boiler feed pumps are 
steam driven; one of the duplicate circulating water 
pumps provided for each unit has a dual drive by 
turbine and motor, the other circulating water pump 
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being motor-driven and used only in emergencies; one 
of the two air pumps and one of the two condensate 
pumps of each unit are steam driven, the other air and 
condensate pumps being motor driven. Exhaust steam 
for feed water heating is obtained by running the proper 
number of steam-driven air and condensate pumps with 
the boiler feed pumps and dual drive circulating water 
pumps. Small adjustments to maintain the proper 
amount of exhaust steam are made automatically by 
varying the governor setting on the turbine of dual 
drive circulating water pumps. In view of the fact 
that steam drive is provided for those auxiliaries which 
are most essential to the continuous operation of these 
plants, a supply from the main buses of the station is 
entirely satisfactory for service to the electrically driven 
auxiliaries; consequently a layout wherein the entire 
alternating current auxiliary power supply is obtained 
from transformers connected to the main 13,200-volt 
buses was adopted for Delaware and Chester stations. 
=- For Richmond station, investigations made sub- 
sequent to a study of many of the most modern plants in 
this country and abroad, indicated that for the condi- 
tions under which Richmond would operate, three- 
stage heating would be most economical. Accordingly, 
bleeding of the main turbines was adopted. Bleeder 
connections are provided at the tenth, twelfth, fifteenth, 
and eighteenth stages (the turbines are 20-stage, 
Curtis type). Tenth stage bleeder steam is used only 
to heat the building and to increase the capacity of 
evaporators in case of any excessive demands for make- 
up water. The three other stages are used in the normal 
operation of the heater system. 

The adoption of stage bleeding for Richmond not 
only eliminated any need for steam driven auxiliaries as 
regularly operating units, but made such drive un- 
desirable from the standpoint of operating economy. 
Electric drive was therefore a necessity for all auxiliaries 
except those installed for standby service only. | 

The requirement of electrically-driven auxiliaries 
carried with it the further requirement of a source of 
electrical power having the highest degree of reliability 
for service to motors driving the most essential auxil- 
laries, such as boiler feed pumps, circulating water 
pumps, air and condensate pumps, generator ventilating 
fans, etc. Consequently, a supply from the main buses 
of the station could not be used for these auxiliaries, 
since in case of bus trouble or severe system distur- 
bances, this source might be so seriously affected as to 
cause the loss of these most important auxiliaries. 
However, a supply from the main buses was adopted for 
the less essential auxiliaries and for those auxiliaries, 
such as boiler fans, which it might be desirable to have 
shut down in case of a sudden loss of station load. 

Three alternatives were considered in deciding on a 
source of power for the essential auxiliaries; namely, 
auxiliary turbine generators, auxiliary generators on 
main unit shafts, and transformers connected to main 
generator leads between the generator terminals and the 
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main oil circuit breaker. Both first cost and operating 
cost of turbine generators eliminated them from con- 
sideration as regularly operating units, although an 
emergency non-condensing unit, suitable for starting 
large motors at full voltage as discussed elsewhere in this 
paper, is provided. Generators on the main unit shaft, 
although providing auxiliary power at low cost, added 
undesirable mechanical complications to the main unit, 
and as it was desired to have shaft-end exciters on the 
Richmond units because of their successful operation at 
other plants, this alternative was also eliminated from 
consideration. Accordingly, the use of transformers 
connected to main generator leads was adopted. 
This scheme has the advantages of high reliability, low 
first cost, and low operating cost, and although it intro- 
duces an electrical complication, the great reliability of 
modern transformers made this complication of but 
slight importance. The scheme is also open to the ob- 
jection that should the unit be disconnected automati- 
cally while carrying a heavy load, either the overspeed 
device on the main turbine may operate causing the 
loss of auxiliaries, or, if the overspeed device does not 
operate, the auxiliary system will be subjected to a high 
overvoltage until the voltage regulator functions to 
bring the voltage back to normal. This objection can 
be overcome by careful adjustment of the overspeed 
device and by installing equipment designed to with- 
stand the overvoltage. Equipment so designed has the 
advantage of high factor of safety under normal dperat- 
ing conditions. 

As installed, the auxiliary power system at Richmond 
Station consists of five principal parts as follows: 

1. A 2300-volt, three-phase, 60-cycle supply for 
boiler fan motors and large less essential auxiliaries. 

2. A 2300-volt, three-phase, 60-cycle supply for 
essential auxiliaries. 

3. A 230;/115-volt, two-phase, 60-cycle supply for 
small auxiliaries, lighting, etc. 

4, A 250-volt, direct-current supply for stoker 
motors, emergency excitation, etc. 

5. A 250-volt, direct-current supply for control of 
oil circuit breakers, ete. 

The 2300-volt supply for boiler fan motors and large 
less essential auxiliaries such as motor generator sets, 
fire and water pumps, is obtained from three (ultimately 
four) 3750-kv-a. oil-immersed, self-cooled transformer 
banks located between the switchhouse and turbine 
hall and supplied from the main 13,200-volt buses in the 
same manner as outgoing lines. These banks feed 
duplicate sectionalized 2300-volt buses located between 
turbine hall and the boiler room so that cable runs are 
of minimum length. 

The 2300-volt supply for essential auxiliaries is laid 
out on the unit principle. A 2500-kv-a., oil-immersed, 
self-cooled transformer bank, also located outdoors 
between the switchhouse and turbine hall, is connected 
directly to the terminals of each generator and supplies 
a short bus installed on a gallery under the turbine hall 
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floor. All essential auxiliaries associated with the 
generating unit are connected to this bus. To supply 
these auxiliaries while starting the unit, and also to act 
as reserve sources, each of these unit auxiliary buses is 
provided with two ties, one to the general 2300-volt 
system and one to another 2300-volt bus to which the 
auxiliary turbine generator may be connected. Thus 
each unit auxiliary bus has three separate sources of 
power. The breakers controlling these sources are inter- 
locked so that normally no two of them can be 
paralleled, although provision is made to alter the 
interlocking by a synchronizing plug in case it is 
desired to parallel the auxiliary generator with the 
general 2300-volt system. In starting up a generator, 
the unit bus is usually supplied from the general 2300 
volt system, and after the machine has been syn- 
chronized and connected to the station bus, the unit 
bus is connected to the transformer bank on the genera- 
tor terminals. Suitable relays give an audible alarm 
in event of failure of voltage on the unit bus. 

The 230/115-volt, two-phase supply is obtained from 
two (ultimately three) 1000-kv-a., oil-immersed, self- 
cooled, Scott-connected transformer banks supplied 
from the general 2300-volt system and located outdoors 
under the 230-volt power room at one end of the turbine 
hall. Adjacent to the 230-volt power room is an 
emergency valve control room from which all main 
electrically-operated valves can be closed. 

The 250-volt direct-current system provided for the 
supply of stoker motors, emergency excitation, emer- 
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gency lighting (automatic on failure of the alternating 
current supply), miscellaneous power, etc., is fed by 
three 200-kw. motor-generator sets and a 156 cell 
storage battery. The other 250-volt direct-current 
system supplies power for operating oil circuit breakers, 
valve motors, indicating lamps, etc., and is fed by two 
20-kw. motor-generator sets and two 120 cell storage 
batteries. This system is entirely separate from the 
stoker and emergency excitation system, although an 
emergency tie is provided between the two. Control 
circuits of main and selector oil circuit breakers are 
operated on separate parts of the control system. 

A diagram of the auxiliary power system at Richmond 
is shown in Fig. 2, which also indicates a typical normal 
method of operation. It will be noted that the system 
is so sectionalized that failure of any transformer bank, 
bus section, ete., will result in interruption toa minimum 
number of auxiliaries, and that such auxiliaries as may 
be affected can be either switched quickly to another 
source or replaced by duplicate units. 

A list of the steam driven auxiliaries is also included 
in Fig. 2. All of these auxiliaries are intended for 
stand-by service only. 

Motors. Table I lists the major auxiliary motors at 
Richmond, with their rating, type, method of starting, 
method of speed control, etc. 

In general, all alternating-current motors above 
approximately 50 hp. are supplied at 2200 volts, 
three-phase, while those below are operated from the 
220-volt, two-phase system. However, for special 


TABLE I 
MAJOR AUXILIARY MOTORS 
RICHMOND STATION 


Automatic 
- Auxiliary Motor rating | Type of motor Starting Speed control restarting 
Boiler feed pumpS......... 0. cc cece enc ee eens 550 hp. Wound-rotor | Secondary resistance 10 per cent range 
Push button 18 points automatic Yes 
Circulating pumps............ ccc cc ccc ccccccces 500 hp Squirrel-cage | Full voltage— Yes 
. : Push button 
Air DUM D6 -e ss Sy beet oe Pa bnke eek Sew eee 50 hp. Squirrel-cage | Full voltage— Yes 
Push button 
Condensate PUMPS... ....... cece cee ec ee cee 100 hp Squirrel-cage | Full voltage— 
Push button Yes 
Generator ventilating fans.................000.- 150 hp Squirrel-cage | Full voltage— 
Push button Yes 
Forced draft fans............. ccc ccc ee eee wees 125 hp Wound-rotor | Secondary resistance 50 per cent range 
Controller 5 points Yes 
Induced draft fans............. cc cc ew cc wee ewe 60 hp. Wound-rotor | Secondary resistance 50 per cent range 
Controller 5 points Yes 
StOK GPS oer be awit eter wees ee tee tire es 15 hp. D-c. shunt Resistance— 80 per cent range No 
. Controller 22 points 
Fire DUM Diss oncws senner eea Cesc a a 200 hp Squirrel-cage | Compensator es as No 
River water PuUMps........... cece ccc eee cccees 275 hp Squirrel-cage | Full voltage automatic from 
float switch Yes 
Air COM DUOSSOIE 65 <5 scl wo 6 es we ORNS CESSES 190 hp Synchronous | Full voltage— 
Push button re No 
Stoker supply motor generator setsS..........0.6. 290 hp. Synchronous | Full voltage— 


Push button eee No 
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services such as those required for cranes or in the 
screen house, motors as large as 80 hp. are supplied 
at 220 volts. 

In the design of the auxiliary power system, careful 
investigations were made as to the proper types of 
motors to be installed for the various auxiliaries. In 
the case of boiler fans, several types were considered 
including brush shifting a-c. motors, d-c. motors with 
variable field and armature control, as well as the 
standard wound-rotor motor which was finally adopted. 
For stoker service, both a-c. and d-c. motors of various 
types were considered before a decision was reached to 
install the variable-speed d-c. shunt motor. 
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Fic. 2—Sration AUXILIARY SYSTEMS AND TYPICAL NORMAL 


METHOD OF OPERATION 


Motor Controls. Boiler feed pump motors are started 
and stopped from push button stations near them. 
In starting, a block of resistance is inserted in the rotor 
circuit and is short-circuited automatically when the 
motor is up to speed. Speed control may be obtained 
either manually from a push button station or auto- 
matically from a pressure regulator set to maintain the 
proper differential between feed water and steam 
pressures. A pilot motor controlled by the push 
button station or by the pressure regulator operates a 
drum controller which varies the amount of resistance 
in the rotor circuit of the motor. In case of loss of 
voltage, the starting resistance is automatically con- 


ANDERSON AND MONTEITH: AUXILIARY POWER AT RICHMOND STATION Transactions A. I. E. E. 


nected in the circuit, and upon restoration of voltage, 
the motor again comes up to the proper operating point. 

Wound-rotor motors driving draft fans are controlled 
from manually operated controllers located at the boiler 
control panels. Control equipment is so arranged that 
the controller may be set at the desired operating point, 
and the motors will come up to this speed without 
additional manipulation of the controller. In event of 
loss of voltage, contactors operate to connect all 
resistance in the rotor circuit, and when voltage is 
restored, the motor comes back to the operating point 
for which the controller is set. 

In connection with the control of constant speed 
motors, careful consideration was given to the various 
methods of starting that were applicable; namely, 
compensator starting, reactor starting, and starting at 
full voltage. — 

When the older stations were placed in service com- 
pensator starting was used extensively. However, as 
is well known, this type of starting has several serious 
objections, when used in large power stations, the 
outstanding one of which is the danger to life that may 
result from failure of the compensator. Other less 
important objections are the fact that the motor 
is subjected to two heavy current inrushes, one at 
the time of starting and one at the time of throw- 
over from partial to full voltage, and the fact that 
automatic control with compensators is relatively 
complicated. As a result, reactors with shunt oil 
circuit breakers rather than compensators were used in 
several new installations, and on a number of existing 
installations compensator starting was replaced by 
reactor starting. However, although reactor starting 
greatly lessens danger to life, results in only one shock 


- of current inrush to the motor, and is easily adapted to 


automatic control, it has the disadvantages of relatively 
high cost and large space requirements. In considering 
the type of starting to be used at Richmond Station, 
all of these features of compensator and reactor starting 
were taken into account and compared with starting at 
full voltage, with the result that full-voltage starting 
was adopted for all of the most important constant- 
speed auxiliaries except the fire pump, which had to be 
installed for construction purposes prior to the final 
design of the auxiliary system. Full-voltage starting 
not only eliminates the explosion hazard, but results in 
installations of minimum cost and control systems of 
the utmost simplicity wherein automatic restarting 
after an interruption is easily obtained. This last 
feature is particularly important, since the station 
operators can concentrate their attention elsewhere 
at times of trouble. This type of starting has, of course, 
the disadvantages of high current inrush during starting, 
possible damage to the motor because of the heavy 
mechanical forces to which the windings are subjected, 
and possible damage to the driven equipment because of 
the high starting torque developed. *However, with 
the usual large amount of generating capacity in 
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operation, the voltage dip resulting from the current 
inrush is negligible, and by proper mechanical design, 
the possibility of damage to the motor or to the driven 
equipment is very remote. 

As installed, the synchronous motors at Richmond are 
controlled from push button stations. Pressing the 
starting button closes an oil-immersed contactor which 
connects the motor to the line. The field contactor 
closes automatically at the proper time. Protective 
equipment includes relays which open the field circuit 


in event of loss of a-c. voltage and which disconnect 
the motor from the line in case of loss of field, and also 
a time-delay low-voltage relay which on failure of a-c. 
voltage opens the oil-immersed contactor but which in 
case of short circuit in the armature winding, permits 
the clearing of the line oil circuit breaker before the 
contactor opens. 

Control equipment for squirrel-cage motors consists 
merely of an oil circuit breaker in the motor leads con- 
trolled from a twin pull button switch of the usual type 
located near the motor. 

As shown in Table I, the largest constant speed 
motors started at full voltage are those driving cir- 
culating water pumps. These motors (Fig. 3) are 
rated at 500 hp., 2200 volts, three-phase, 60 cycles, 
225 rev. per min. Full-load current is approximately 
140 amperes, and starting current is around five times 
this value. Although these motors can be easily 
started under normal conditions, when they are sup- 
plied either from the main station busses or directly 
from the main generating units, the question of starting 
them from the auxiliary turbine generator was a 
problem of paramount importance, and was given very 
careful study both by the engineers of the Philadelphia 
Electric Company and by those of the Westinghouse 
Electric and Manufacturing Company, which furnished 
the auxiliary turbine generator. 

As the auxiliary unit was for stand-by service only, 
it was desired, of course, to provide as small a unit 
as possible in order to keep investment costs at a 
minimum. However, in case of a complete inter- 
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ruption to the station, the unit must be able to start 
and carry sufficient auxiliaries to permit resumption of 
service. Since the circulating water pumps were the 
largest auxiliaries to be considered, the ability to 
start three such pumps in succession with valves closed 
was fixed as the duty to be met by the auxiliary unit. 
As a result of the study of this question, a unit of 
special design with a standard vibrating type voltage 
regulator was installed. The unit is rated 2000 kw., 
3333 kv-a., 0.6 power factor, 2300 volts, three-phase, 
60 cycles, 3600 rev. per min. (Fig. 4) and can be brought 
up to speed ready for load in fifteen seconds. Starting 
is accomplished by operating a motor-driven bearing 
oil pump; when the bearing oil has reached the proper 
pressure, a contact-making pressure gage opens an 
electrically-operated valve in the steam line to the 
turbine. 


II. FULL VOLTAGE STARTING OF LARGE MOTORS 


General. On account of the greater simplicity and 
reliability of the control equipment, and the ease with 
which automatic restarting can be obtained, the 
decided tendency has been towards the use of full- 
voltage starting on as many of the auxiliary motors as 
possible. A careful study of the problem of properly 
insulating motors for this class of service has been made, 
and the results of this study have been presented to the 
Institute.* As a result of these and subsequent tests, 
there seems to be no question that all squirrel-cage 
induction motor windings can be braced to withstand 
the mechanical effect due to full-voltage starting. A 


4—AUXILIARY TURBINE GENERATOR 


large number of the motors designed for low-voltage 
starting can be used when full-voltage starting is 
desired. The large high-speed motors, which have 
comparatively high starting currents and long coil 
extensions, require some additional bracing. 

In power stations, where the motors are started on 


the main auxiliary bus fed from the main unit, the. 


3. J. L. Rylander, Effect of Full Voltage Starting on the 
Windings of Squirrel-Cage Induction Motors, A. I. E. E. TRANS., 
Vol. 44, 1925, p. 53. | 
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starting of the motors on full voltage is usually a matier 
of mechanical considerations of the load. The drop 
in voltage at the motor terminals is due to the leakage 
reactive drop of the transformers and the drop in the 
cable and bus connecting the motor to the trans- 
formers. ‘This is small as the transformer capacity is 
much greater than the largest motor to be started. 

When the auxiliaries are started from a small auxiliary 
unit not only the voltage drop due to the reactance of 
the generator and the drop in the leads, but also the 
effect of armature reaction must be considered. This 
may appear serious, when it is desired to start large 
motors, but there are several inherent properties in this 
particular application which make it possible to start 
such motors, provided good voltage regulation is not 
essential during the starting period. l 

Effect of Generator Characteristics. If calculations of 
the voltage drop are made assuming that both the 
generator reactance and armature reaction become 
effective instantly, and that the impedance of the load 
remains constant, a low value of voltage is arrived at. 
These are probably questionable assumptions but they 
are commonly used in making calculations. Since it 
takes time for the armature reaction to become fully 
effective, and also the effective motor impedance 
increases with speed, smaller voltage drops are actually 
obtained on test. When a three-phase short circuit 
is placed on a generator of this type, the flux will have 
reached a constant value in about 1.5 seconds. This is 
an average value for several machines. Increasing the 
external reactance considerably increases the time for 
the flux to become constant. 

Low internal reactance is desirable as it reduces the 
instantaneous drop in voltage when a load is applied to 
the generator. Low reactance is inherent in the 
comparatively low-capacity high-speed turbine genera- 
tors used for auxiliary units. 

When hand regulation is used, high short-circuit 
ratio or good inherent voltage regulation is desirable, as 
the starting currents of squirrel-cage induction motors 
are of low power factor. This can be obtained either by 
using a generator of special design or a larger generator 
than necessary for the load or a combination of the two. 

Voltage Regulation. A voltage regulator is essential 
when severe duty is placed on the auxiliary unit. It 
will not only keep the voltage constant on the auxiliary 
bus during normal operation but will maintain better 
voltage conditions when a motor is being started. High 
short-circuit ratio is not as essential when a voltage 
regulator is used. With the voltage regulator in opera- 
tion the speed of response of the exciter has a decided 
bearing on the voltage drop obtained when a large 
motor is started. The higher the speed of response the 
nearer the effect of armature reaction is eliminated. 
A high speed of response is inherent in small high-speed 
exciters. 

Effect of Load Characteristics. The characteristics 
of the load have a decided bearing on the size of motors 


` rev. per min. 
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that can be started with a given voltage drop. The 
motors driven from the auxiliary generator are usually 
the condensate, circulating water and boiler feed water 
pumps. All of these have torque characteristics 
which vary with speed. The torque on the circulating 
water pump motor varies approximately as the square 
of the speed. The others are nearly up to speed before 
the pump takes on load. The condensate pump motor 
is comparatively small, while the boiler feed pump is 
usually driven by a wound-rotor motor. The circu- 
lating water pump motor is in most cases the largest to 
be considered. At zero speed, the torque is only that 
necessary to overcome the static friction of the bearings. 
This allows considerable torque for acceleration, so 
that the motor will come up to speed very quickly and 
the low power factor starting current will decrease to 
normal full-load current of comparatively high power 
factor before the armature reaction has become fully 
effective. The voltage drop will, therefore, be less 
than if it took longer for the motor to reach full speed. 

From the above it is seen that, if all factors are con- 

sidered, it is difficult to calculate the voltage drop with 
any degree of accuracy. When Richmond station was 
being designed, calculations, using a step-by-step 
method, were made for several combinations of starting 
the circulating water pump motors. When the equip- 
ment was installed, tests which were made to determine 
the voltage drop, indicated better voltage conditions 
than calculated because pessimistic assumptions were 
used. 
Tests at Richmond Station. The following is a brief 
description of the generator and the circulating water 
pump motors installed in the Richmond Station and the 
tests run. 

The auxiliary generator is rated at 3333 kv-a., 0.6 
power factor, three-phase, 60-cycle, 2300 volts at 3600 
The leakage reactance is 5.6 per cent and 
the short-circuit ratio is about 1.7. No-load field 
current for 2300 voltsis 68 amperes. The direct-con- 
nected self-excited exciter is rated at 33 kw., 250 volts 
and is a four-pole unit. 

The 82-pole motors driving the circulating water 
pumps are rated at 500 hp., three-phase, 60 cycles and 
2200 volts. These motors have a starting torque equal 
to full-load torque, and a pull-out torque of 2.8 times 
full-load torque. The slip at full load is 3.3 per cent of 
synchronous speed. The pump has a calculated torque 
characteristic which varies approximately as the square 
of the speed down to 70 rev. per min. Below 50 rev. 
per min. the torque increases with decrease of speed. 
The calculated torque with the valve closed is 65 per 
cent of full-load torque at full speed. 

Since the auxiliary generator was required to start 
three circulating pumps in succession and only two were 
available for the test, an equivalent load, consisting of 
two generator ventilating fans driven by 150-hp., 
squirrel-cage motors and two boiler draft fans driven by 
125-hp. wound-rotor motors, was used. The two 
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pumps used were duplicate units on one condenser. 
In making the tests the generator and the above men- 
tioned motors were isolated from the remainder of the 
station, so that complete tests could be made without 
affecting the operation of the station. Two six- 


element oscillographs with eight-foot films were used. 


in obtaining records of the tests. Besides taking 
records of the auxiliary generator and exciter voltages 
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Fic. 5—Startinag One Motor with FIXED GENERATOR 


EXCITATION 


and currents, one oscillograph element was connected 
to a special magneto, giving an indication of the speed 
of one pump at all times. The tests fall in four distinct 
groups. 

Group I. One circulating water pump motor was 
started with no-load excitation on the auxiliary genera- 
tor. With the pump valve in the open and closed 
position tests were made with the generator under 
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Group III. With the equivalent of two motors 
running, and with the voltage adjusted to normal, 
a third motor was started with the generator under the 
control of the automatic voltage regulator and also with 
fixed excitation. 

Group IV. With no-load excitation on the generator, 
the two ventilating fans, the two boiler draft fans, and 
one circulating pump motor were started together, and, 
after an interval, a second circulating pump motor was 
started. These tests were made with the generator 
under control of the automatic voltage regulator and 
with fixed excitation. 

Several other miscellaneous tests which were made 
will be referred to when the results of the above tests are 
reviewed. 

Tests Results. Sections of two of the esciligeranis 
taken are shown. Fig. 5 shows the starting of a 
motor with fixed excitation on the generator. Fig.6 
shows the starting of a motor with the generator under 
control of the automatic voltage regulator. Oscillo- 
grams taken simultaneously with those shown give the 
generator currents, exciter terminal voltage, and a 
timing wave. For the oscillograms shown the generator 
and motor currents were the same. In order to make 
the test results easier to interpret, the various values 
have been scaled off the oscillograms and plotted. 
The curves with broken lines indicate the results when 
the automatic voltage regulator was in operation, while 
those with solid lines indicate the results of the tests 
when fixed excitation was used on the generator. This 
same notation will be used throughout. 

The results of the tests under Group I are shown in 
Fig. 7. With fixed excitation, the voltage dropped from 
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control of the vibrating type of regulator and also with 
fixed excitation. 

Group II. With the equivalent of one motor running 
and with the voltage adjusted to normal, a second 
motor was started with the generator under the control 
of the automatic voltage regulator and also with fixed 
excitation The pump valves were open for these and 
subsequent tests. 
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2350 volts to 1850 volts in about one second and the 
motor accelerated to 67 per cent of synchronous speed. 
From this point up to full-load speed the impedance of 
the motor increased rapidly, so that the current de- 
creased. Assuming that the motor impedance is 
constant and that the effect of reactance and armature 
reaction becomes effectiveinstantly,a valueof 1400 volts 
is obtained with no-load excitation on the generator. 
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Whether the pump valves are open or closed makes 
very little difference on the time to accelerate the motor 
to full speed. For either condition the current de- 
creased to approximately 110 amperes, gradually in- 
creasing to 140 amperes when the valve was open. 
The motor came up to full speed in both cases in 1.8 
seconds with fixed excitation on the generator. 

With the regulator in operation, a minimum of 2060 
volts was reached in 0.4 seconds. The regulator 
became effective very quickly, bringing the voltage 
back to normal in 1.1 seconds. In this case it took 1.4 


EXCITER MOTOR VOLTAGE SPEED. R P 


0004 08 12.16 20 24 30 40 
TIME IN SECONDS 


Fig. 7 


seconds for the motor to come up to speed. The 
voltage was, therefore, normal before the motor reached 
full speed. The exciter terminal voltage built up from 
110 to 220 volts in 1.1 seconds. 

The results of the tests under Group II are shown in 
Fig.8. Without the voltage regulator in operation, the 
voltage dropped to 1920 volts in one second, and the 
motor reached full speed in 1.6 seconds. With the 
regulator in operation, the voltage dropped to 2080 
volts in 0.4 seconds, and the motor was up to full speed 
in 1.4 seconds. 
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The results of the tests under Group III are shown 
in Fig. 9. Without the voltage regulator in operation, 
the voltage was adjusted to 2540 volts on the generator 
with one motor running. The voltage dropped from 
2540 to 2140 volts when the second motor was started, 
recovered to 2350 volts, and finally reached a minimum 
of 1600 volts when the third motor was started. 

A record of the speed of the second motor was taken 
when the third motor was started. Although the 
voltage dropped considerably, the speed dropped 
gradually from 216 to 204 rev. per min. This drop in 
speed counteracted the voltage drop, so that the current 
taken by the motor only increased from 140 to 160 


ANDERSON AND MONTEITH: AUXILIARY POWER AT RICHMOND STATION Transactions A. I. E. E. 


amperes. The inertia of the load already on the 
generator undoubtedly helped the conditions when the 
third motor was started. The tests show that the 
current taken by a motor actually decreases for a time. 
The effect of the inertia may be judged from two 
tests run. With the valve open and the condenser 
full of water, a test was made to see how long it would 
take the motor to stop. In four seconds the motor 
reversed, and at the end of nine seconds the motor had 
reached a maximum speed of 160 rev. per min. in this 
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direction, due to the water flowing out of the condenser. 
With the valve closed, it took about 40 seconds for the 
pump to stop. 

With the voltage regulator in operation, the voltage 
dropped to 2080 when the second motor was started. 
The voltage had been restored to 2350 volts at the time 
of starting the third motor and dropped to 2070 in 0.4 
seconds but was restored to normal in 1.7 seconds. 
In this case it took longer to bring the motor up to speed 
because it was running at 75 rev. per min. in a reverse 
direction when the voltage was applied. It took 0.6 
second to stop the motor and a total of two seconds for 
the motor to reach full speed. 

The results of the tests under Group IV are shown in 
Fig. 10. Without the voltage regulator in operation | 
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the voltage dropped to 1300 volts in 13 seconds, and 
when the last circulating pump motor was started, the 
voltage dropped to 900 volts and remained there. 
The second pump was rotating in a reversedirectionand 
the voltage was not high enough to produce sufficient 
torque to stop the pump before the test was 
discontinued. 

Under regulator control the application of the first 
load caused the voltage to drop to 1920 volts in 0.6 
second and it was restored to 2330 volts in two seconds. 
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When the second load was applied, the voltage dropped 
to 2000 volts in about one second and was restored to 
normal in 2.8 seconds. Again the pump was running 
at 70 rev. per min. in a reverse direction and it took 
a total of two seconds to start the motor. 

The current, when the second load was applied, 
decreased rapidly to 600 amperes and remained at that 
value for a time, again falling to 315 amperes. The 
second drop no doubt indicates where some of the high 
inertia fans, started with the first load, approached full 
speed. 

In no case did the average speed of the turbine fall 
more than 3 per cent. Although the currents were 
comparatively large the actual load was not excessive 
and came on gradually. 
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to start the motor revolving. This was done by lower- 
ing the generator voltage and connecting the motor to 
the generator by closing the oil circuit breaker. It was 
found that with 750 volts on the generator, the motor 
revolved slowly. Considering that the starting torque 
varies as the square of the applied voltage, this indicates 
that it took approximately 11 per cent of full-load 
torque to start the motor revolving. This test was 
made after the motor had been run fora time. 


It is seen from these tests that the actual voltage 
conditions are much better than calculated, ‘such 
calculations being based on steady state conditions, 
assuming an instantaneous decrease of generator flux 
and constant motor impedance. The tests also show 
conclusively that an automatic voltage regulator has a 
decided stabilizing effect. 


Recent Investigation of Transmission Line 


Operation 
BY J. G. HEMSTREET: 


Associate, A. l. E. E. 


Synopsis.—This paper discusses transmission line operating 
experience on the 140,000-volt isolated neutral system of the Con- 
sumers Power Company, Michigan. 

Careful inspections and tests have been made to determine the 
conditions existing relative to insulator flashover and the findings 
and results are shown by tables and curves. 


INTRODUCTION 


HE design of an insulation system for high-voltage 
transmission lines that will be immune from failure 
during lightning storms or other abnormal con- 

ditions, is one of the most important problems con- 
fronting the transmission engineer at the present time. 
This is becoming increasingly so with the intercon- 
nection of large systems and the more exacting require- 
ments of the consumers. 

The experience of those who have been operating 
some of the larger systems should be of assistance in 
designing, in so far as possible, to guard against the 
difficulties that have been encountered, and it is with 
this thought in mind that the data in this paper are 
presented, as well as to add to the information on 
operating experience already available; also as a further 
check on certain theories and designs that have been 
and are proposed for the greater reliability of high- 
voltage transmission lines. This paper relates some 
experiences and the results of investigation of trans- 
mission line operation with particular reference to 


1. Supt. of Operation, Consumers Power Co., Jackson, Mich. 
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Ground resistance or soil conditions appear to have a very decided 
effect on the number of flashovers on the various lines. The necessity 
of providing suitable arc protection to the line conductors is shown, 
as is also the soundness of certain theories and recommendations for 
increasing the reliability of transmission lines, based upon laboratory 
experiments. 


insulator flashover on the 140,000-volt system of the 
Consumers Power Company in Michigan. A map 
of this system is shown in Fig. 1. 


HISTORY 


The matter of insulator flashover became of some 
concern a few years ago as the system increased in 
size. The flashovers in some cases caused voltage 
disturbances or circuit breaker operation and in a 
few instances failure of the line due to burning of the 
conductor or hardware at the lower end of the insulator 
string. The earlier lines were not equipped with any 
form of arc protection but in 1920, standard 15-in. 
arcing horns, (shown in Fig. 2), were installed on the 
Argenta-Battle Creek section which at that time was 
added to the system. Later in the year, the Jackson- 
Battle Creek section was added and was also equipped 
with the standard arcing horn. The Edenville- 
Saginaw-Flint sections were added in 1924. At the 
time these last two sections were being designed, 
there was considerable discussion as to the nature of 


-the transients, set up in high-voltage systems, that 


caused flashover, and based upon the theory that the 
trouble was due to rather sustained high frequency 
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conditions’, started by the original lightning discharge 
or some other cause, the insulator flux control was 
offered as a means of raising the flashover voltage of the 
insulator, as well as providing a horn as protection to 
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Fig. 1—Map or 140,000-VoLT SYSTEM 
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the conductor. The Consumers Power system being 
delta-connected throughout, the possibility of the 
existence of severe high-frequency disturbances was 


2. A. O. Austin, ‘Insulation Systems,” paper, Second Inter- 
national High-Tension Congress, Paris, 1923. 
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thought to be more likely at the time than would be the 
case on other systems operating with the neutral 
grounded, and this was thought possibly to be the cause 
of some of the trouble. These last two sections of line 
were equipped with the flux control, as shown in Fig. 3. 
All of the arcing horns and flux controls were installed 
on the lower end of the insulator strings only. 

The development of the klydonograph? offered a 
means of determining the nature of the transients and 
four of these instruments were in service during 1925. 

At the close of the 1925 lightning season, it was 


Fig. 3—FLtux CONTROL ASSEMBLY 


decided to make a careful inspection of the two sections 
of the transmission line added to the system during 
1924. There had been no failures directly traceable 
to these sections but it was thought desirable to 
determine the exact conditions. The inspection was 
carried on with considerable care, an especially trained 
crew of men climbing each tower and carefully in- 
specting the insulators, conductors, and all parts of the 
tower tops, to locate any burns or evidence of insulator 
flashovers. Later, the inspection was extended to 
other parts of the system to obtain the comparative 
data, and also to locate and eliminate any weaknesses 
due to damaged conductors or other equipment. In 
only a very few cases could the damage be detected 
from the ground, nor had it been found by the regul 

patrol service. : 


3. J. F. Peters, Electrical World, 
April 19, 1924. 
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DESCRIPTION OF SYSTEM 


The system as shown on the map, Fig. 1, consisted of 
431 mi. of line operated at 60 cycles in the eastern part 
of the state and 186 mi. operated at 30 cycles in the 
western part of the state. All 60-cycle lines are elec- 
trically connected through the busses at the station 
except the Jackson-Battle Creek section, this being 
isolated from the remainder of the system by trans- 
formers at Battle Creek. The 30-cycle lines are all 
connected. The two systems are interconnected 
through a 15,000-kv-a. frequency changer at Battle 
Creek. Sections shown by solid lines are those that 
were closely inspected and are referred to in the data 
in this paper. 
were put into operation prior to 1915 and were originally 


- rhe 19 


— 46 +p- 12 
To Ground 


Fia. 


4—Types or Towers SHOWING DIMENSIONS 
AND CLEARANCES 


equipped with the older type cap and pin insulators, 
quite a large number of which have since been replaced. 
The shuffling of the insulators in replacing the defective 


ones made it impossible to obtain satisfactory compara- 


tive data on these sections. Capacities of generating 
equipment totaled approximately 225,000 kv-a. feeding 
into the 60-cycle system and 100,000 kv-a. into the 30- 
cycle system in 1925. 


Fig. 4 shows the types of construction conductor 
clearance and separation, height of tower, and other 
details of construction. There were no ground wires 
installed on any part of the system at that time, and 
one circuit was in place on the towers in all cases. 
The lines are equipped with Ohio Brass No. 25622 
insulators. 


RESULTS OF INSPECTION AND INVESTIGATION 


The inspection data cover a total of 305 mi. of line 
scattered throughout the state. The period of opera- 
tion of the different sections varies from two to ten 
years. The country over which the lines are built is 
very flat, the maximum variation in height over any 
section being less than 200 ft. Therefore, the lines 
follow closely the contour of the ground. 

Laboratory measurements by Peek‘ indicate that the 
voltage due to lightning storms in the delta-connected 


system such as this would be slightly less than in 


4. F. W. Peek, Jr., Lightning and Other Transients on Trans- 
mission Lines, A. I. E. E. Trans., Vol. XLIII, p. 1212. 
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systems operating with the neutral grounded, all other 
factors, of course, being equal, and this is also borne 
out by comparison with the experiences on systems of 
the other type, so it would seem that these data should 
be fairly representative of results that might be ob- 
tained in other locations under similar conditions in so 
far as the number of flashovers are concerned. 

‘Table I gives some additional construction details 
and a summary of the number of cases found where 
flashovers had occurred, their location on the tower, 
extent of damage to the line conductor, and other 
information. A study of this table shows some rather 
interesting conditions. | 

Rather wide variations in the results on different 
sections will be noted. The Junction-Grand Rapids, 
Mio-Loud and Loud-Emery Junction lines of very 
similar construction and not equipped with arc protec- 
tion show a variation from 0.17 to 0.65 flashover per 
mile of line per year after 8, 10, and 9 years operation 
respectively. 

The popular reason for this would be the variation 
in the severity and frequency of storms in the two 
localities. It is a fact that the Junction-Grand Rapids 
line runs north and south directly across the path of a 
great many storms as they pass inland off Lake Michi- 
gan, but on the other hand the Mio-Loud line follows 
very closely the bed of the Au Sable River, nearly east 
and west and lies parallel to the course of a great many 
storms which it is said by many have a tendency to 
follow the water courses. Possibly these factors may 
influence the results one way or another, but other 
conditions peculiar to the different lines may perhaps 
have a very decided influence on the operating results 
that have been obtained. 


HEIGHT OF LINE ABOVE GROUND SOIL CONDITIONS, 
GROUND WIRE, AND OTHER FACTORS 


Measurements and tests made by Peek’, have shown 
(a) that the voltage gradient between cloud and earth 
in the air under a storm cloud is approximately 100 kv. 
per ft. under severe conditions, and (b) that the voltage 
induced in the transmission line will vary with the 
height of the line above the ground, amounting to 30 
to 50 kv. per ft. depending upon the closeness of the 
storm to the line and other factors. Also that placing 
a ground wire above the line reduces the lightning 
disturbances from 30 per cent to 50 per cent. The 
induced voltage, where the wires are placed in a vertical 
plane, should therefore be lowest in the conductor 
nearest the ground and correspondingly high in the 
other conductors. 

The data showing the number and per cent of flash- 
overs occurring on the top, middle, and lower conductors 
in Table I check quite closely with this law. There are 
some slight discrepancies, as on the Mio-Loud and 


Loud-Emery Junction lines, and insome cases flashovers 


5. F. W. Peek, Jr., Lightning and Other Transients on Trans- 
mission Lines, A. I. E. E. Trans., Vol. XLIII, p. 1212. 
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TABLE I 
SUMMARY OF FLASHOVER DATA 
Junction- Edenville- Saginaw- Argenta- Battle Creek- Mio- Loud- 
Section of line Grand Rapids Saginaw Flint Battle Creek Jackson Loud Emery Jct 
Frequency of current, cycles....... 30 60 60 30 60 60 60 
Length of line—miles............. 101 40 44 26 i 43 32 19 
Conductor.. ...essssssssesossss> 110,000 2/0 3/0 4/0 2/0 110,000 110,000 
cm. Copper Copper Copper A.C. 8S. R. Copper cm. Copper cm. Copper 
Number of years in operation...... 8 2 2 5 5 10 9 
Total number towers............. 1,057 348 352 270 438 301 188 
Nominal length of span—feet...... 530 660 660 530 530 530 530 
Average height lowest conductor— 
(OCU posit oes weenie tusee at 31 34 34 32 32 28 28 
Number disks in insulator string— 
BUSD 40 20 cide Re SEER Peewee 10 9 9 10 10 10 10 
SURI as ares waee tee een 12 12 12 12 12 12 12 
Arc protection...............0008- None Flux control Flux control 15 in. horns 15 in. horns None None 
Number suspension strings........ 2,811 1020 1047 843 1345 738 509 
Number strain strings............ 744 98 210 132 173 330 110 
Total number strings, insulators... 3.555 1118 1257 975 1518 1,068 619 
Reference Fig. 4................6.. A B B C D D C 
No. Percent | No. Percent | No. Percent | No. Percent | No. Percent | No. Percent | No. Per cent 
Number suspension strings flashed 
OVER anan e OE tee Fra es 486 17.3 34 3.3 56 5.3 73 8.7 75 5.6 43 5.8 | 27 5.3 
Number strain strings flashed over.| 39 5.2 3 3.1 5 2.4 1 0.8 11 6.4 18 5.5 2 1.8 
Total number strings flashed over. .| 525 14.7 37 3.3 61 4.9 74 7.6 86 5.7 61 5.7 29 4.7 
Number flashovers, top conductor. .| 217 41 31 84 39 64 40 54 45 51 35 57 16 55 
Number flashovers, middle con- 
ducto cuca eene Se ee eee 161 31 5 13 13 21 20 27 25 29 11 18 6 21 
Number flashover, lower conductor.| 147 28 1 3 9 15 14 19 16 20 15 25 7 24 
Number cases of damaged conductor| 345 66 2 5.3 7 11.5 2 3 4 5 23 38 7 24 
Number flashovers per mile of line 
DOCSY CAT asa 5-0 ot Saas 0.650 0.461 0.691 0.570 0.405 0.180 0.170 
Failure of line due to burned wire 
or hardware.............00005 3 None None None None 1 None 


occur on the middle and lower conductors and not on 
the top wire, but in general, agreement is noted. There 
is, however, quite a wide variation in the results in 
this respect between the individual lines. On the 
Edenville-Saginaw and Saginaw-Flint lines, equipped 
with flux controls, the percentages of flashovers on 
the middle and lower conductors are lower than on 
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Fig. 5—NumMBER FLASHOVERS COMPARED TO GROUND RESIS- 


TANCK, JUNCTION-GRAND Rapips LINE 


other sections of the line. This would tend to indicate 
that the flux control has raised the flashover voltage of 
the string to some extent, but not sufficiently to keep 
the lower conductor entirely free of flashovers. On the 
Edenville-Saginaw line, there was but one case of flash- 
over on the lower conductor over the two-year period. 
The sphere-gap effect of the tubular horn used with 
the flux control may perhaps have some effect, to- 


gether with the shielding effect of the control insulator. 

A comparison of the Edenville-Saginaw line with 
the Junction-Grand Rapids line shows a wide variation 
in this respect. The Junction-Grand Rapids line shows 
the smallest percentage of flashovers on the top phase, 


while the Edenville-Saginaw line shows the greatest 


with a wide variation over the three wires in spite of the 
higher nominal elevation of the conductors. In looking 
for other reasonable explanations for this difference, 
the possibility of soil conditions being somewhat 
responsible is suggested. The curves in Figs. 5 and 6 
show a comparison of ground resistance measurements 
with the number of flashovers on the Junction-Grand 
Rapids and the Battle-Creek-Jackson lines. 

The ground resistance was measured between the 
tower anchors (which are of the basket type) and 
ground rods driven into the ground approximately 
24 ft. from the base of the tower. Complete resistance 
measurements of all the towers on the line were not 
available but at points approximately every five miles 
along the line, the ground resistance of several towers 
was measured. An average was calculated from each 
group, and from this data, the ground resistance curve 
was plotted. The broken line shows the number of 
flashovers occurring within one mile in each direction 
from the group of towers whose resistance was mea- 
sured. That there is some relation between ground 
resistance and the number of flas hovers seems apparent 
in the fact that both increase and decrease correspond- 
ingly with one or two exceptions which might be 
because of abnormal local conditions. 
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t Peek’ has called attention to the “water level” 
below the surface of the ground as being the effective 
ground level, and has stated that under equal con- 
ditions, an induced voltage is higher in dry sections 
because of the fact that the flux extends from cloud to 
water level, the effect being that of increasing the height 
of the line. 


Referring to Fig. 5, it is noted that the ground resist- 
ance along the Junction-Grand Rapids line is very high, 
reaching a maximum of 1200 ohms. The soil along this 
line is very dry and sandy and in some small sections, 
it is almost devoid of vegetation. The country along 
this line is slightly more rolling in places than along some 
of the other lines, but not enough, apparently, to affect 
conditions to any extent. The high-resistance measure- 
ments were not confined to the higher points, but were 
found in all locations. The soil on the Edenville- 
Saginaw line represents perhaps the other extreme, 
being low and-marshy with a considerable amount of 
heavy clay soil, and the water throughout this district 
is very salty; in fact, there are several chemical manu- 
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facturing plants obtaining their products from the brine 
pumped from the ground. A sufficient number of 
ground resistance measurements along the Edenville- 
Saginaw line were not available to plot a curve, but 
those taken indicate a resistance of not over four ohms. 

The conditions along the Battle Creek-Jackson line 
show lower ground resistance than the Junction-Grand 
Rapids line, varying between 10 and 100 ohms. The 
conductors being lower probably helped, but this was 
offset to some extent by the small arcing horns which 
probably increased the number of flashovers. The 
percentage of flashovers on the top conductor on this 
line is smaller than any other except Junction-Grand 
Rapids, and the other lines follow this trend, varying 
in proportion to the ground resistance. The location 
of the Mio-Loud line along the river probably helped 
to keep down the number of flashovers on account of 
the moist soil close under the line, also the triangular 
construction lowering the two top wires, undoubtedly 
helped to some extent. 

With the increased effective height of the lines with 


6. F. W. Peek, Jr., Lightning and Other Transients on Trans- 
mission Lines, A. I. E. E. Trans., Vol. XLIII, p. 1213. 
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higher ground resistance, all three of the conductors are 
well within the flashover voltage range and the effect 
of .the difference in the height of each of the three 
conductors is proportionately smaller. On the Eden- 
ville-Saginaw line apparently the closer proximity of 
the lower wire to the effective ground level makes it 
almost immune to flashovers in spite of the higher 
nominal span. It also lowers the number of flashovers 
on the middle wire, but the height of the top wire raises 
it to within the range of the flashover voltage. The 
shorter strings of insulators on this line undoubtedly 
had some detrimental effect. Results of this kind 
suggest that the lines should be so constructed that all 
three conductors will be a minimum distance from 
ground or in a horizontal plane. 

Comparison of the Junction-Grand Rapids and 
Edenville-Saginaw lines is of interest from the stand- 
point of the type of construction and possible effect of a 
ground wire. It is probable that if the Edenville- 
Saginaw line had been constructed with the horizontal 
configuration instead of its present form, this line would 
be very free from lightning trouble even without ground 
wires. On the other hand, the Junction-Grand Rapids 
line, with the same construction, would probably 
require one or more ground wires to produce equal 
results, and care would have to be taken that the 
ground wires were provided with a connection to water 
level or a good ground. 

It has been supposed that flashovers might increase 
with the mileage of line, but the results on the Jackson- 
Battle Creek line, which is separated from the remainder 


of the system, does not bear out this theory and inas- 


much as the lightning surges travel but a short dis- 
tance, it is reasonable to believe that there would be no 
great difference. 

Reports of operating results on lines in different 
sections of the country indicate quite a wide variation 
in results from the standpoint of trouble during light- 
ning storms. In some cases, excellent results are 
obtained with but moderately insulated lines, and in 
other places, considerable trouble is experienced on 
much more highly insulated lines. It is apparent, 
however, that at least some of the conditions that cause 
these discrepancies are being cleared up, and before 
constructing lines in the future, the soil conditions and 
other factors not heretofore taken into consideration 
will be studied before the design is completed and more 
definite information obtained concerning the amount 
of insulation, number of ground wires, and other factors 
necessary to produce a line that will be as free as possi- 
ble from these troubles. 


EFFECTIVENESS OF ARC PROTECTION 


Comparing the lines equipped with the flux controls 
and arcing horns with the others, the rather remarkable 
efficiency of the are protection in reducing the damage 
to the conductor is noted. A decrease from 66 per cent, 
38 percent, and 24 per cent on the lines not equipped to 
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3 per cent and 5 per cent on those equipped with arcing 
horns and 5.3 per cent and 11.5 per cent on those with 
flux controls is shown, the arcing horns being somewhat 
more effective than the flux controls. It will also be 
noted that there have been no failures due to burning 
of the conductor or insulator hardware on any line 
equipped with either type of horn which also empha- 
sizes the advisability of providing some form of arc 
protection. ; 

The conditions that were found on the Junction- 
Grand Rapids line with its 66 per cent of burns offer an 
excellent example of what may be expected of a line 
constructed in a locality of this kind without arc pro- 
tection to the conductor or some means of holding down 
the lightning potentials. 

It will be noted that the number of failures of the 
line due to the arc burning off the conductor, or some 
part of the insulator string at the time of the flashover, 
is rather small. There have been a total of only three 
in the eight years of operation on the Junction-Grand 
Rapids line and one on the Mio-Loud line. This, of 
course, is an excellent service record. However, of the 
345 cases of damage found on the Junction-Grand 
Rapids line, a great many were so serious as to necessi- 
tate immediate repairs. Where the damage is not so 
great, there is, of course, some weakening of the con- 
ductor. This creates the hazard of failure at some 
future time when abnormal mechanical stresses are 
imposed upon the conductor, such as during severe 
sleet storms, and some failures of conductors on this 
line during sleet storms that have occurred in the past 


are now suspected of having been at least partly due to - 


this weakened condition of the wire. 

Aside from the damage to the conductor, the ares do 
not seriously damage the other equipment. In some 
instances the top or lower disk is broken, but there has 
not been a sufficient amount of this to warrant the 
installation of protective equipment at the top of the 
string. In most cases there is no damage apparent 
from the ground. Thecurrent in the arc on the isolated 
system is smaller than if the neutral were grounded, 
which undoubtedly helps to a considerable extent. 

The arcs shift around to a considerable degree over 
the surfaces upon which they are playing. The theory 
has been advanced that the arc causes a separate burn 
with each half cycle. The appearance of the spots 
tends to bear this out. The small round burns are 
found to be deeper and more severe on the 30-cycle 
than on the 60-cycle system due apparently to the 
greater duration in each location at the lower frequency. 
Using the number of spots found as an indication of the 
length of time the flash over exists it is thought that a 
great many of the flashovers are of very short duration, 
considerably less than one second, others, however, 
hold longer and evidently are the ones that cause the 
more serious damage. 

The data also show that there are quite a number of 
flashovers on towers where the insulators are in the 
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strain position. In most cases, however, the breakdown 
occurs between the jumper loop and the tower and it is 
believed in some instances that the loop is not always 
at a maximum distance from the tower due to wind 
conditions or distortion of the conductor due to other 
causes. Consideration in this case is being given to 
the use of methods of holding the loop away from the 
tower at the maximum distance under all conditions. 

In Fig. 7 an effort has been made to show the con- 
ditions found relative to the travel of the are and the 
cascading of the insulator strings. A typical tower top 
with the location of the burns that were found on lines 
with and without arc protection is shown. The figures 
opposite the insulator string and tower show the per- 
centage of burns found on the different pieces of equip- 
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ment with reference to the total number of flashovers. 
It is noted that in practically 50 per cent of the cases 
where no arc protection is used, the various caps of the 
insulators are burned. The number burned in each 
flashover varies, but the percentage of each is quite 
uniform over the total number of flashovers. The 
amount of cascading is not so great where horns are 
used varying from 19 per cent to 37 per cent on disks 
below the top one, but the amount of flashing to the 
tower basket is greater. This is particularly so with the 
flux controls and might indicate an effort on the part 
of the control to perform its duty of keeping the flash- 
over away from the string. On the Junction-Grand 
Rapids line, about 15 per cent of the strings, where 
flashover had occurred, were found with all of the caps 
burned. On the other lines, however, this was of rare 
occurrence. 

Fig. 7 shows again the very marked decrease in the 
amount of damage to the line conductor and clamp 
where arcing horns are used. These data are also of 
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interest in showing that a very high percentage of the 
flashovers occur over the insulator string and does not 
take place between the conductor and tower indepen- 
dent of the insulator string as has been thought. 

The cascading and burning of the caps, except at the 
end of the strings, apparently takes place at the time of 
the initial flashover, as tests that have been made on 
various types of arcing horns show that there is a strong 
tendency for the power arc to blow away from the 
string in almost all cases, regardless of the type of arc 
protection in use. During part of the 1926 lightning 
season, there was a new line between Argenta and 
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Battle Creek on the opposite side of the tower from the 
old one which had not been put in service and had both 

ends grounded. An inspection showed that several 
flashovers had occurred on this dead line and the caps 
show burns similar to those on the live lines. 

The curves in Fig. 8 also show the amount of cas- 
eading quite clearly on the lines with and without arc 
protection. The curves show the effectiveness of these 
particular types of are protection in reducing the 
amount of cascading. 


MEASUREMENT OF SURGES 


Four klydonographs were in service on the system 
during the year 1925 and as indicated in Fig. 1, instru- 
ments were placed at Cooke, Shaftsburg, and Battle 
Creek on the 60-cycle system and at Grand Rapids on 
the 30-cycle system.. These instruments were in ser- 
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vice for a period of about eight months, which in- 
cluded the lightning season. 

In Table No. II is a summary of the record of the 
four installations and shows that a total of 567 surges 
of between 1.5 and 10 times normal voltage to ground 
were recorded. It is noted that only the lightning 
surges reach values in excess of five times normal and 
are undoubtedly the cause of the insulator flashover. 
This checks closely with operating records inasmuch 
as flashovers occur during lightning storms and in 
localities where the storms are known to be present. 
With the klydonographs so widely scattered, these 
registrations can only be taken as a partial record of the 
number and magnitude of the surges due to lightning, 
as this type of surge is of steep wave front and is 
quickly attenuated. In one case the klydonograph at 
Grand Rapids registered 10 times normal voltage on 
one phase and nine times on the other two. The 


maximum surge recorded was during a severe lightning 


storm directly over the Cooke station. At this time the 


_ potentiometer, which was of the ring type, supported 


on post type insulators, flashed over from the top ring 
to the bottom of the insulator column. The klydono- 
graph flashed over between all three terminals and to 
ground and produced a very large image across the film. 
It is thought that about 15 times normal voltage would 
be required to flash over the potentiometer so it is 
evident that voltages in excess of this were present in 
the transmission line. 
_ The insulator strings themselves are perhaps the best 
indicator of the magnitude of the surges. Peek’ has 
shown that the lightning sparkover of a string of sus- 
pension units such as used on these lines is between 
1,200,000 to 1,400,000 volts. The results indicate that 
voltages of this magnitude or greater are present on the 
lines and also show the correctness of the use of a 
potential gradient of from 30 to 50 kv. volts per ft. in 
calculating the voltage that may be present in lines 
close to lightning storms. 

The surges due to switching and arcing grounds are 
much less severe than those caused by lightning and 
in so far as the line insulators are concerned, are not of 


TABLE II 
NUMBER AND VOLTAGE OF VARIOUS KINDS OF SURGES ON TOTAL SYSTEM AS RECORDED BY KLYDONOGRAPH 


Number times normal crest 


| |S | EE | ER | aD | ES | a a | EE | ee | ees | eee | enema a frei oe 


voltage to ground 1.5 2 2.5 3 3.5 4 
+ 125 36 8 10 6 3 
Switching surges........... - 1 1 
= + 10 4 3 1 1 
+ 64 16 13 6 2 4 
Lightning surges........... - 1 1 1 
= 2 12 1 8 2 1 
Arcing ground surges...... -+ 11 25 35 25 8 8 
53 11 5 3 
Surges of unknown origin.... — 1 
=+ 7 2 1 


4.5 5 5.5 6 6.5 7 8 9 10 | Total 
1 2 191 
2 
3 22 
2 1 1 2 111 
1 1 2 1 8 
3 2 31 
4 2 118 
1 73 
1 
10 
10 8 2 3 2 1 2 1 567 


7. F. W. Peek, Jr.. Lightning and Other Transients on Transmission Lines, A. I. E. E. Trans., Vol. XLIII, p. 1215-16. 


842 


great concern. Undoubtedly the registrations made by 
them are nearer to their true value than is the case 
with lightning surges, as they travel greater distances 
along the line. 

The records covering the klydonograph installations 
at the different locations did not vary to any great 
extent although the instrument at Grand Rapids 
recorded a greater number of more severe lightning 
surges than the other instruments which undoubtedly 
is consistent with the other flashover data, as this 
instrument was connected to one end of the Junction- 
Grand Rapids line where the most severe conditions are 
thought to exist. 


RELAY PROTECTION 


The relay scheme in use has not been shown. This 
has been developed along with other parts of the system 
over the period of years covered by these data, but in 
general it consisted of the usual standard relays. 

In 1926 a system of ground relays operated by the 
unbalanced residual current in the line when a ground 
occurs was installed on the 60-cycle system and very 
good results have been obtained’, 

We have been unable to connect up all of the flash- 
overs with surges or disturbances on the system, and 
it is thought that in many cases the arc extinguishes 
itself without starting a disturbance that would cause 
surging in voltage or circuit breaker operation. This 
is perhaps another peculiarity of the isolated system. 


INSULATING AND ARCING DEVICES 


Assuming that the lightning sparkover voltage of the 
insulator string varies with its length, it is apparent 
that there is an advantage in increasing the length of 
the string provided sufficient clearance is maintained 
from other parts of the structure. Insulators of 
rather close spacing are in use in a great many instances. 
One object is to reduce cascading as much as possible; 
also to reduce the stress across the individual units. 
The data on this system, however, indicate that even 
with a very closely spaced unit the cascading takes 
place. With the improvements that have been made 
in insulators during the past few years, the danger of 
puncture is much less than heretofore, so that it would 
appear that there is considerable gain in protection to the 
line from lightning flashovers as well as from the cost 
standpoint in using the wider spaced unit in obtaining a 
longer string. 

In sections of the country removed from the sea coast 
and where trouble from fog or dust is not experienced, 
the use of wooden pole structures in the place of steel 
towers appears from the insulation standpoint to have 
some merit. Advantage is taken of the insulation of 
the wooden structure which apparently is considerable, 
and in certain locations like in the vicinity of the Eden- 


8. Directional Ground Relay Protection of High-Tension 
Isolated Neutral Systems, Breiskv, North, and King, Summer 
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ville-Saginaw line, wood pole lines with the conductors 
carried in a horizontal plane at the minimum distance 
from the ground might provide a line that would be 
very free from lightning trouble, without the use of 
ground wires. 

The choice of an arcing attachment for the insulator 
string is somewhat of a problem. Various kinds of 
horns and rings are offered. Some are said to be more 
efficient than others in not only protecting the conductor 
and insulators from the arc, but bettering conditions 
around the insulator string so that the flashover is not 
so apt to occur. Experience on this system has been 
confined to the types of horns shown in Figs. 2 and 3 
and has demonstrated the high efficiency of the small 


arcing horn as protection to the conductor, but which, 


like all plain horns, undoubtedly lowers the flashover 
of the string. Systems where more severe arc con- 
ditions exist might not obtain as good protection and 
would have to consider their own local conditions. 
There does not appear to be any marked difference in 


protective value between the various kinds of plain 


horns. The power arc has a strong tendency to blow 
out away from the insulators in most cases, but devices 
that will prevent the cascading of the string at the time 
of the initial flashover might be of considerable value. 


REMEDIAL MEASURES 


Ground wires are being installed on all tower lines now 
under construction on this system and are either being 
installed or contemplated for at least part of the older 
sections of the system. 

On the Saginaw-Flint line, which has been completed 
for two years, a ground wire will be in place during the 
1927 lightning season, and it is planned to secure data 
showing the effectiveness of this ground wire in reducing 
flashovers. There is a second line between these two 
places, shown on the map with a separation from two to 
eight miles, which has also been carefully inspected to 
determine its present condition in regard to flashovers. 
A number of surge recorders of the klydonograph type 
will be placed at frequent intervals along both of these 
lines and it is hoped to get a good comparison between 
the two lines with and without ground wire. 

Ground resistance measurements are being made over 
a number of other lines with the idea of determining 
more definitely the effect of soil conditions and the 
location of the effective ground level and to determine 
the necessary protective equipment for future and also 
some of the present lines. It is planned to install are 
protection of some type on all of the lines whether or 
not ground wires are installed, as it is evident there will 
still be a number of flashovers in spite of the equipment 
installed to reduce the disturbance caused by 
lightning. 

Consideration is also being given in some locations to 
use of the wooden pole “H’’-frame construction as a 
means of increasing the insulation of the line and placing 
the conductors in a horizontal plane as close as possible 
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to the ground. It would seem that this type of con- 
struction would give the maximum protection in so far 
as the lightning storms were concerned, provided 
some method is worked out to prevent the shattering 
of the poles and crossarms and the possible burning of 
the poles or crossarms in some localities due to leakage 
over the insulators. 

Conductor clearance and separations have been 
increased on all new lines, and provisions made for the 
installation of longer insulator strings, if this seems 
desirable after the effectiveness of the ground wire has 
been determined. __ 

On the strain type construction some means of 
holding the loop or jumper will be installed so that there 
will be no possibility of its coming close enough to the 
tower to cause flashovers. 

CONCLUSIONS 

1. Transmission lines in sections where lightning 
storms are prevalent are subjected to extremely high 
voltages, which will cause quite frequent flashovers of 
the insulators unless constructed in such a manner, or 
protected so as to hold down this voltage. 

2. The severity of the conditions affecting the line 
varies considerably in different sections due to local 
surroundings and perhaps the severity of storms. 

3. Unless equipped with some type of arc protection, 
damage is very apt to result to the line conductors, 
which, if it does not cause failure at the time, weakens 
the wire and creates the hazard of failure at some future 
time. 

4. Cascading of the arc over the insulator strings will 
take place to some extent in nearly all flashovers unless the 
string is provided with suitable preventative equipment. 

5. Surges due to switching or grounds in so far as the 
line insulators are concerned do not appear to be of 
serious consequence. 

6. Careful inspection of lines is warranted on account 
of the defects found that are not apparent from the 
ground, particularly on a system operating with isolated 
neutral. 

7. It seems desirable that a thorough study, including 
conditions affecting the height of line, as well as the 
frequency and severity of storms, be made before a 
line is constructed to determine the necessary protective 
features. ` 


Discussion 


G. H. Doan: The top wire of our 120-kv. lines is very 
much more susceptible to flashover and damage than any of the 
others. We had concrete evidence of that last year when a 
lightning stroke hit directly on a radio tower which was very 
close to the high-voltage lines. A klydonograph about a quarter 
of a mile away showed that there was about 5 times normal 
potential on the top wire, 3.3 on the middle, and 2.7 on the 
bottom. That, however, did not cause flashover, and did not, 
of course, cause opening of the oil circuit breaker. 

This is further borne out by the position of broken insulators. 
The record for last year shows that 77 per cent of the insulator 
flashovers were on the top wire, 19.4 per cent on the middle, and 
only 2.8 per cent on the bottom wire. 
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We have also some very interesting data as to the good ‘of 
ground wires. We started our 120-kv. system, and ran it during 
the season of 1925 without a ground wire on that portion which 
was working. During that season, we had 114 automatic switch 
openings. During the winter it was equipped with a ground 
wire, and the following year (in 1926) we had 7 openings, 
which is a reduction in switch openings of practically 94 per cent. 
The storms which passed over that area decreased 47 per cent, 
so that there is a possibility that the storms which we had were 
not so severe, and we certainly know we didn’t have as many of 
them; but it seems that the ground wire had afforded quite a 
little protection. 

Mr. Hemstreet points out that in dry sandy country he has 
experienced many more flashovers than in the lower districts. 
We also find that is true. In one particular section, where the 
land is rather high, rolling, and sandy, and the ground resistance 
rather high, we have experienced, I think, about 50 per cent of the 
flashovers of which I spoke. 

R. L. McCoy: Mr. Hemstreet has pointed out the advantage 
of the longer-spaced suspension insulator. It has always been 
the policy of the Locke Insulator Corporation to reeommend the 
use of a relatively long-spaced suspension unit. 

A few years ago the major insulator problem was that of pre- 
venting puncture of the units by the voltages impressed upon 
them. That problem is now well in hand and the major problem 
is to prevent lightning flashovers as much as is possible and 
feasibly economical and to prevent the attending damage. 

Researches which have been made by Mr. F. W. Peek have 
shown us the nature of the voltage impressed upon line insulators 
by lightning. 

It is desirable that we study the action and characteristics of 
line insulators under these voltages. The lightning generator 
has given us an opportunity to make these studies. A very 
careful investigation has been made with lightning. We find 
that with all types of suspension insulators regardless of the 
spacing, cascading occurs. This fact is borne out by Mr. Hem- 
street's experience. 


The reason for this is found in the fact that the distribution 
of the voltage impressed on the various units of the insulator 
string is not uniform. The line unit bearing the brunt of the 
surge flashes over before the remaining insulators flash over. 
This, then, makes the second unit from the line at the same 
potential as the line and it flashes over. The flashover therefore 
is progressive, one unit at a time, with the are striking to each 
insulator cap. The power are follows the path of the lightning 
are and starts as a pure cascade. This accounts for a large 
number of cases where we find cascading on all of the units of an 
insulator string when it was flashed over by lightning. Inciden- 
tally, we find this on insulators of all spacings. 

Our problem then is to find a way of using the insulation in the 
insulator to the best advantage to produce high flashover values 
which will reduce number of flashovers, and prevent cascading of’ 
the lightning are. Recent studies with lightning show no appre- 
ciable difference in cascading between insulators of minimum 
spacing and insulators of approximately 6-in. spacing for a 
10-in. disk. 

Flashover values are directly in proportion to the string length. 
The longer spacing is obviously advantageous from this point of 
view. l 

Mr. Hemstreet states further that the power arc has a strong 
tendency to blow away from the insulator if the initial cascade 
caused by lightning can be prevented. The grading shield 
offers a means of doing exactly this. The reason for this is that 
the grading shield reduces the voltage across the line unit and 
makes the voltage duty upon each unit more nearly uniform 
and when the flashover occurs it is a complete flashover from 
ring to ring, or, ring to horn, and the are is started several inches 
away from theinsulator. The chances of its doing damage there- 
fore are much reduced. 
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Recent investigations show that the grading shield can be 
designed to prevent cascading of the lightning arc, and also 
because of better field conditions established, give an increase of 
from 15 to 20 per cent in the flashover value over that of the un- 
protected string. This is interesting, because on 132,000 volts or 
above we are near the point where the insulators have a flashover 
value equal to the voltage imposed upon them. An increase, 
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therefore, of a few per cent in the flashover value may reduce 
very materially the number of flashovers. 

A. O. Austins In view of some of the points raised by Mr. 
Hemstreet’s paper, it would seem that some recent theory and 
investigation should be of interest. 
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Flashovers on transmission lines are reduced by raising the 
effective flashover voltage of the insulator between conductor and 
ground, or by reducing the abnormal potential on the conductor. 
In addition to these two methods or factors, a new method 
has been developed which I have called the counterpotential 
method. 

In this discussion I wish to call particular attention to the 
last two methods. 

The new method eliminates the danger of burning and permits | 
taking advantage of the very high flashover values for lightning 
possessed by wood structures, to which Mr. Hemstreet called 
attention. 


Reduction in the effective height of the conductor and the 
installation of ground wires are two factors which can be used to 
advantage for increasing the ratio of flashover voltage to surge 
potential for steel tower lines. Recent improvement in the 
theory of the ground wire gives a working knowledge of the 


various factors governing its functioning so that it can be 
evaluated for any installation. In applying the ground wire, 
to obtain best results, it is necessary that we have a knowledge of 
just how it functions. 


A charged cloud over the power conductor will induce a charge 
on the conductor. This charge is a bound charge and will be the 
same for a conductor or a ground wire in the same position. 
Following the discharge of the cloud, the bound charge will be 
released and cause the potential of the conductor, if insulated, to 
rise. This rise in potential is of great importance and a study of 
the factors has been made. Before the cloud discharges, the 
conductor may be regarded as forming a condenser with the 
cloud. Following the discharge the conductor forms a condenser 
with ground or objects of lower potential such as a ground wire. 
In general, the potential on a conductor may be said to vary as 
Q/C where Q is the charge and C the effective capacitance of the 
conductor to ground. It therefore follows that factors which 
affect Q and C must be given consideration in determining the 
rise in potential for a given gradient. 
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The charge Q will increase directly with the height in a field 
of uniform gradient while the value of C is reduced with the 
height of the conductor. 
potential Q/C will increase at a more rapid rate for greater 
heights of conductor. This is shown in Fig. 1 herewith. 

Bringing the power conductors nearer together reduces Q, 
but this advantage is partially offset since it also reduces C. 
Where a ground wire is used to increase C, it is evident, however, 
that close spacing reduces Q and increases C. Since the ground 
wire functions by increasing C rather than by reducing Q, its 
location and number should take this into account rather than 
its location for screening. 

By the use of a cathode ray oscillograph of the Braun-tube 
type it is possible to measure induced voltages on model lines 
with ease. 

Fig. 2 shows a study based on string length. In this study the 
induced voltage on the conductors of a two-circuit line is shown 
as measured by this method. It will be seen that the induced 
potential rises very rapidly with the increase in string length. 
Increasing the length of a string 2 ft. not only spreads the con- 
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the tower top is raised by the counter-potential or charging wire. 

By properly spacing the height of the counter-potential wire 
it is possible to control the potential of the support adjacent. to 
the insulator so that the flashover voltage of the insulating zone 
of the tower can be added to that of the insulator, giving 
exceedingly high flashover values for what would otherwise be a 
low or moderate flashover voltage system. In addition to giving 
exceedingly high flashover values it makes it possible to effect 
very material economies due to the closer spacing of conductors. 

Since the danger of burning of the insulated section is removed 
by the counter-potential wire and relay operation is insured, 
this new method of line construction has material possibilities 
which may be applied for improving old lines as well as being 
adapted for new construction where it is desired to reduce or 
eliminate flashovers. 

It is also possible to use the construction in conjunction with a 
ground wire. It is, however, necessary to place the ground wire 
below the insulated zone or to insulate it from the upper section 
of the structure. 

Mr. Hemstreet raises the question as to the effect of ground 
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ductors but raises the top conductor at least 10 ft. Where the 
electrical gradient set up by the cloud is steep, it is seen that 
increasing the string length may result in more flashovers unless 
the height of the conductors is kept down or the factor C in- 
creased by placing ground wires at other points than at the peak 
of the tower. 

In wood-pole structures the problem is different. The 
installation of a ground wire may eliminate insulation sev- 
eral times that of the insulator. It therefore follows that where 
a ground wire is usually an advantage on a steel-tower line, it 
almost invariably increases line trouble when applied to a wood- 
pole line which has effective insulation. The reasons for this 
are clearly shown in Figs. 3 and 4. It will also be noted that 
the insulated ground wire and the counter-potential wire have 
great advantages over the ground wire for preventing flashovers 
induced by lightning. While the insulated ground wire cannot 
be used where unbalanced leakage is likely to burn the pole, the 
counter-potential wire takes care of this and also facilitates 
the operation of relays. 

T'he counter-potential wire may be very effective when applied 
to a steel tower having an insulating zone. In operation, the 
release of a bound charge raises the potential of the counter- 
potential wire and connected tower top or cross arm coincident 
with the rise in potential on the power conductor. Since the 
potential of the insulator support is raised, the stress tending to 
that flash the insulator or conductor will be reduced by the amount 


resistance on flashovers. From a consideration of the counter- 
potential wire it is apparent that if the effective height of the 
conductor has not been increased, a high ground resistance may 
permit the structure to be charged momentarily. This will 
tend to reduce the stress tending to flash the insulator so that the 
danger of arcing would really be less. If the nature of the ground, 
however, is such that the conductors have a very high effective 
height, this may more than offset the high ground resistance and 
result in increased flashovers. 

Impact tests made recently on long strings with much larger 
amounts of energy than have heretofore been available, show that 
many insulator strings or arrangements which it has been as- 
sumed (from tests on short strings), would arc free, frequently 
cascade. These tests apparently give results similar to those 
shown in the examination carried out by Mr. Hemstreet. It is 
hoped that an oscillograph record of the flashovers on test will 
throw much light on the nature of some of the various types of 
flashovers noted on the system. 

While the path of an arc may be determined at the expense of 
flashover voltage, once formed further control of the arc is lost, 
hence operation can best be improved by increasing the effective 
ratio of flashover voltage to the surge voltage. With a better 
understanding of the various factors it is now possible to con- 
sider the cost of the line per mile on a flashover basis as well as 
on a mechanical basis. When this is carried out, great improve- 


ment in the elimination of flashovers will result. 
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W. L. Lloyd: I am glad to note that the operating results 
have checked so well Mr. Peek’s laboratory tests, in that the 
lightning voltage is directly dependent upon the height, of the 

. phase wire above conducting soil. 

With wet soils, the greatest number of flashovers should occur 
on the upper conductor. I understood Mr. Hemstreet to say 
that actually 85 per cent of the flashovers occurred on the upper 
conductor under such conditions, whereas the lower Connreee 
was practically immune from lightning. 


With dry soils, where the conducting level is perhaps far below 
the ground level, and the percentage difference between the 
effective heights of the three vertically spaced conductors is 
greatly diminished, there should be more flashovers; but a more 
even distribution in the number of flashovers should be expected. 
This is in accordance with the operating results reported by Mr. 
Hemstreet. 


On important lines, we recommend the ground wire to re- 
duce the number of flashovers and the grading shield to elimi- 
nate damage to the insulator string or line conductor in the case 
of those fewer number of flashovers which remain. 

I am particularly interested in the klydonograph surge- 
recorder measurements on this system, and am glad to note that 
these measurements check so well with our estimates based upon 
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tests in the laboratory with Mr. Peek’s 2,000,000-volt artificial- 
lightning generator. 


J. G. Hemstreet: It is gratifying and encouraging to know 
that the representatives of operating and manufacturing com- 
panies and those working in the laboratories on this same problem 
are in agreement on practically all of the various points that 
have been brought out. 


It is evident that a great deal of the mystery surrounding the 
transient conditions existing in transmission systems is being 
cleared away and the knowledge that has been gained of these 
conditions from experience in the field and laboratory tests and 
investigations may enable us to provide high-voltage transmission 
lines that will be very free from trouble due to lightning. 


Mr. Austin has introduced somewhat of an innovation in 
the counter-potential method of preventing insulator flashovers. 
Results of experience in the field will be awaited with interest to 
determine if this method is as effective as a ground wire. One 
of the benefits obtained from the use of ground wire is the pro- 
tection to the station equipment by holding down the transient 
voltages in the transmission line. The counter-potential 
method evidently does not accomplish this purpose, but possibly 
a combination of the two using ground wire near the stations 
might actomplish the desired results. 


Ground Relay Protection for Transmission 
Systems 


BY B. M. JONES! 


Member, A. I. E. E. 


Synopsis.—The relay problems of an electric power system 
are most important, and are very vital to the successful opera- 
tion of the system. More and more consideration is being given to 
the relay engineers’ point of view with resultant improvement 
in system operation. Several large, successful companies undertake 
no project having any bearing on the primary electric system without 
due regard to the relay engineer's recommendation. 


With the transmission networks becoming more and more inter- 
connected, and with the injection into the problem the interconnections 


HE question of ground protection has always been 
T a serious one and also a very troublesome one. 
In the days when transmission systems were 
operated with a free or floating neutral and one leg of a 
line became grounded, this would throw a high potential 
on the other two legs and thus subject the lines and 
equipment to an unusual strain and possible damage. 
It would also endanger the lives and safety of people 
who might come in contact with the grounded line. 
To locate such a ground in a network was a very hard 
thing to do and often resulted in outages to a great many 
customers in the process of finding the line with the 
fault on it. 


The subject of ground relaying is becoming more 
important, and is attracting more attention in the opera- 
tion of light and power systems. It is considered 
absolutely necessary to isolate a grounded line imme- 
diately, for several reasons: 


1. To reduce chance of injury to people who may 
come in contact with or approach a grounded line, 
thereby encountering dangerously high ground 
potentials, 

2. To reduce the resultant damage to apparatus 
and lines by removing a ground as quickly as possible 
from the system. 


On systems using overhead construction on wooden 
cross-arms, the ground currents encountered are rela- 
tively small and very sensitive ground relays are 
required to recognize these small currents. 

As a result of the troubles encountered with an un- 
grounded system, a great many companies now make a 
practise of grounding their transmission system. The 
grounding of a system may be done in a number of ways, 
which are shown in Fig. 1. Where the star point of 
transformers or generators is brought out, this point 
can be grounded, either solidly or through a resistance. 
When there is no neutral point available, a grounding 


1. Duquesne Light Company, Pittsburgh, Pa. 
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and 


G. B. DODDS! 


Non-Member 


with other power companies, the absolute necessity of isolating a 
faulty line, (or a faulty piece of equipment), is essential and is be- 
coming more clearly recognized by all large companies. 


Since this article was written, other 66-kv., ground relay tests have 
been made with a resistor grounded neutral and with a solidly 
grounded neutral, and some very interesting and unexpected points 
were discovered. It is hoped these points will be brought out 


during the discussion of this paper. 
* s$ & & a 


transformer may be installed. Grounding transformers 
are usually connected either star-delta, with the star 
point grounded, or zigzag, with the star point grounded, 
both methods having their particular advantages de- 
pending upon the particular application. 

When the star-delta grounding transformer is used, 


Gk D 


Fie. 1—M ETHODS or GROUNDING TRANSMISSION SYSTEMS 


. Early ungrounded systems 

. Solidly grounded systems 

. Resistor grounded systems 

. Star-delta grounding transformer banks systems 
. Zigzag grounding transformer banks systems 


enon 8 


the star point may be grounded either ‘solidly or 
through a resistor. If desired, a load may be taken 
from the delta-connected secondary of the transformer 
bank. Theadvantage of the zigzag-connected ground- 
ing transformer bank is the relative cheapness of it, 
since with it no secondary winding is required and thus 
it is somewhat cheaper than the star-delta bank. 
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Where the system is solidly grounded, the relaying 
for ground faults is comparatively simple if the fault 


current obtained is greater than the load current.. 


In some cases, however, the current for ground faults is 
comparatively small, due either to long transmission 
lines or to contact resistance at the point of the fault. 
Where this condition exists, the phase relays will not 
protect the line for ground faults, and other means of 
protecting the lines for grounds must be used. It is 
nteresting to note in this connection that some com- 
panies with very long high-voltage transmission lines 
protect these lines against ground faults only. 

On systems which are grounded through a resistor 
in the transformer bank neutral, the relaying for ground 
faults is somewhat involved, due to the small ground 
currents obtained and, in the case of a network, to the 
distribution of this current through several sets of lines 
and relays. 


Directional Ground 
Relay 


Eaa 
Directional Short 
Circuit Relays 
cect / | | 
Ene r, 
A? | 
O Oi 
LINE T aA 
raai i 
REAR VIEW 
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0 IE Petena t 
A, O + | Ground Relay la a” 


30 Deg. Lead — ASS 30 Deg. Lead 
NORMAL iaai C$ Relay —— A$ 
0 A Eng 30 Deg. Lead 
A, Be — 


Vector Diagram of Directional 

Relays, using Star Connected 

Potential Transformers t3 
0 Deg. Lead 


A-Ø Grounded 


Vector Diagrams of Directional 
Ground Relays. using inside 
Delta Potential 
Fig. 2—DIRECTIONAL SHORT-CIRCUIT 
GROUND PROTECTION 


AND DIRECTIONAL 


Many different schemes for ground protection have 
been devised, some of which are indicated below: 

1. Overcurrent non-directional relay in neutral of 
current transformer circuit, 

2. Overcurrent non-directional relay interlocked with 
directional elements of phase relays, 

3. Power relay with instantaneous time but inter- 
locked with overcurrent non-directional relay for timing, 

4. Power relay with self-contained timing element, 

5. Impedance ground relay, 
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6. Power directional relay using inside delta voltage, 

7. Balanced current ground relays for parallel lines. 

The overcurrent non-directional ground relay is 
satisfactory for use on radial feeders or other locations 
where directional protection is not required, such as 
bus or transformer differential protection, or on radial 
lines. In connection with such uses, a relay with a low 
operating range and one which puts a small volt-ampere 
burden on the current transformers is very desirable 
and has been developed. This type of relay is very 
sensitive to small ground fault currents and, due to its 
low volt-ampere burden, does not overburden current 
transformers which have other apparatus than relays 
connected to them. 

The overcurrent non-directional relay with its trip 
circuit interlocked with the directional element of the 
phase relays was used quite extensively and proved 
fairly satisfactory in some cases. This type of protec- 
tion, however, has one main inherent defect which is 
impossible to overcome. This defect is that on a single- 
line loop having more than one looped station and 
having a feed from both ends of the loop, a fault may 
occur which, while providing enough current to operate 
the ground relay, will not be of sufficient magnitude to 
overbalance the load current, with the result that the 
directional contacts on the wrong set of relays will be 
held closed and the wrong breaker tripped out. 

The power relay has not proved satisfactory for 
ground protection, due primarily to the fact that a 
sufficiently low range relay has not been used. With 
this scheme, the power relay obtained current from 
the neutral of the current transformers and voltage 
from the inside delta voltage of an auxiliary set of 
star-delta connected potential transformers. With 
this scheme of ground protection and with a fault 
occurring some distance out on a line away from the 
substation at which the relays are located, the resultant 
voltage distortion at the substation may be relatively 
small, even though the fault currents be comparatively 
large. Under these conditions of fairly large ground 
currents and small voltage impressed on the power 
relay, in conjunction with the poor power factor which 
sometimes exists during ground faults, the resultant 
watts in the power relay may be so low that the relay 
will not operate at all or will operate very slowly. 
Due to this condition, the possibility of clearing ground 
faults in a minimum time is decreased. 

The low energy power directional ground relay 
using inside delta potential is one of the most satis- 
factory schemes. A diagram of connections is shown in 
Fig. 2. In this scheme the same potential is used as 
was used in the power relay, but it is used only to 
operate the directional contacts of the relay, the relay 
having a separate overcurrent element similar to that of 
the overcurrent relay. The overcurrent and directional 
contacts are connected in series as in other power 
directional relays. In this type of relay, the timing 
is obtained from the overcurrent element. By using 
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this scheme, the directional elements may be made to 
operate on a very small number of watts, thereby 
making it sensitive to very small ground currents. 
An installation of this type of protection is shown in 
Figs. 3 and 4, which views were taken in a small sub- 
station on a consumer’s property, there being one 22-kv. 
line looped through this station. Fig. 3 shows the front 


Fia. 3—Front View or CoNSUMER’S RELAY INSTALLATION 


view of the relay panel and Fig. 4 shows the rear view 
of the panel with the auxiliary star-delta connected 
potential transformers, and also shows the individual 
relay test switches for each relay. 

The impedance type of relay has been used with 
reasonable satisfaction on systems which are solidly 


Fic. 4—ReEaR VIEW OF CONSUMER'S RELAY INSTALLATION 


grounded. These relays may be self-contained, in 
which case one per phase, or three for a three-phase 
line, will be required, or the double-element phase and 
ground relay combined in one case may be used. These 
relays may obtain their potential direct from the line 
potential transformers or may use low-tension potential 
through compensators. The ground impedance relays 
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have the same time characteristics as the phase impe- 
dance relays, thereby clearing faults close to the station in 
ashort time and increasing the time for faults farther away 
from the station. These relays are not so satisfactory, 
however, for use on a system which is grounded through 
a resistor, since the voltage drop is usually not large 
enough to cause the impedance type ground relays 


to operate in a reasonably short time. 


_ The balanced current type of protection is limited in 
its application to parallel lines. It furnishes a simple 
and fast method of clearing all ground faults and is an 
inexpensive method, for no potential transformers are 
required. The station must have two sources of feed, 
however, and when one of the pair of lines is out of 
service, an extra set of relays is sometimes required in 
order to permit increased time of operation to obtain 
selective action with other stations. This type of 
protection has been described in detail by Mr. H. P. 
Sleeper.” 

There are several methods of checking the current 
and potential phase relations on the ground relays in 
order to determine whether the relay will operate 
correctly under fault conditions. Among these 
methods may be mentioned the following: 

1. By using phantom load, 

2. By using actual load, 

3. By actually placing a ground upon the line. 

The Duquesne Light Company, along with several 
other companies, is strongly in favor of the latter method 
of checking the direction of the ground relays, having 
found by sad experience, when using the first two 
methods mentioned, that mistakes and errors are very 
liable to occur, with the result that under actual fault 
conditions, improper relay and breaker operations 
result. 

In connection with the checking of ground relays 
by actually placing a ground on the line, some very 
interesting results have been obtained, among which is 
the relation of ground current to phase voltage with 
different amounts of resistance in the high tension trans- 
former bank neutral. 

This point was brought out very forcibly during 
some tests conducted by the Public Service Electric 
and Gas Company of New Jersey which were made in 
July 1926. A tabulation of their test data is shown in 
Table I. An analysis of this data shows that with no 
resistance in the transformer bank neutral, a phase 
angle of around 90-deg. lag is obtained, and with a 
resistance of 75 ohms in the transformer bank neutral, 
the phase angle varies from 5-deg. lag to 15-deg. lag, 
while with a resistance of 300 ohms in the transformer 
bank neutral, the power factor ranges from unity to 18- 
deg. lead. Asa result of the poor power factor obtained 
under conditions of the transformer bank neutral being 
solidly grounded, the resultant torque on the relay 

2. H. P. Sleeper, A. I. E. E. Transactions, Vol. 42, 1923, 


p. 513. 
Discussion, A. I. E. E. Journat, February, 1925, p. 182. 
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TABLE I 
DIRECTIONAL GROUND RELAY TESTS 
Test Data of High-Tengion Line Ground Tests Made by the Public Service Klectric and Gas Company 
Test DUMDEr....... cece eee eens 1 2 3 4 5 6 7 8 9 
Dat. oes cts haere a 7/11/26 7/11/26 7/11/26 7/11/26 7/11/26 7/11/26 7/11/26 7/11/26 7/11/26 
TANG ase wh BORO OES 9:55 a.m. | 10:30 a.m. | 10:37 p.m. | 12:15 a.m. | 12:55 a.m. | 2:45 p.m. 3:45 p.m. 4.00 p.m. 430 p.m. 
Voltage of line tested........... 26 kv. 26 kv. 26 kv. 26 kv. 26 kv. 26 kv. 26 kv. 26 kv. 26 kv. 
Bank Kv-8....... ccc ccc ccc eee 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 
Neutral resistamce.........00006 (0) 300 300 300 300 75 75 75 o 
Line grounded............c20e8.% Phase 1 of | Phase lof | Phase 1 of | Phase 3 of | Phase 3 of | Phase 3 of | Phase 1 of | Phase 2 of | Phase 2 of 
X-102 X-102 X-102 S-357 S-357 S-357 R-356 N-196 N-196 
Locatiun of ground............6:+ 1 mi. from | 1 mi. from | 1 mi. from | 4 mi. from | % mi. from | % mi. from | 1 mi. from |1/8 mi. from/1/8 mi. from 
Essex Essex Essex Metuchen | Metuchen | Metuchen Essex Metuchen | Metuchen 
No. of ground relays in series on 
OPT cha EE E ween wea 1 1 1 1 1 1 2 2 
Ground relay current setting. ... 0.4 0.53 0.2 0.53 0.53 0.53 0.53 0.5 0.5 
High-tension ground amperes.... 240 64 49.6 . 90 + 102 178 99 160 420 
Ground relay 
VOl ciren enno a n ee 10 150 + 190 180 164 164 146 152 120 
(F. 8S.) 
Watts teuras aS Meter 120 98 240 245 450 230 280 2 
reversed 
AINDCT OS 80.58 6 6 i oa SOROS 3.0 0.8 0.6 1.5+ 1.7 2.97 1.65 2.0 9.4 
Phase angle................. 93-deg. lag. | 7-deg. load | 10-deg. lead 0 18-deg. lead| 10-deg. lag | 5-deg. lag | 15-deg. lag | 90-deg. lag 
L-t. star volts before test 
TeN rentont arene aes 65.0 66.2 67 63 63 63 63 63 62 
ZN eeo hee eG ee was wae 65.1 65.5 66 62.9 62.6 62.6 62.7 63 62 
FN Sites ab bab SSE Sees 64.5 65.0 65.5 63 63 63 63 63.8 62 
L-t. star volts during test 
SIN APEERE Ch Ra ea aa 64.5 23 23 106 101 99 24 93 64 
2N dita caine Cine be MG des bees 68.8 88 87 98 98.5 97 84 20 33 
n E E EE E EN 63.0 106 106 20 18 18 97 92 82 
L-t. delta volts before test 
a EEE E E E 110 106.5 
2N oona aaa e E S 110.5 107.8 
B-N ieron e E OS 109.2 109 
L-t. delta volts during test 
DN ek Salad wanes OES 109.5 103 
ON 556 b.b so Se eee w Caw ate 111.5 97 
FN py Oa Se OR ee es 109.2 o4 


disk is very small, even though the fault current be 
relatively large, and if the phase angle is greater than 
90-deg. lag, the direction of operation of the relay will 
be reversed. | 

Similar tests were conducted by the Duquesne 
Light Company during May of 1926, in order to de- 
termine the following points: 

1. To determine the minimum amount of ground 
current on which the 50-watt power relays would 
operate, 

2. To make an actual check on the direction of opera- 
tion of the power ground relays, 

3. To determine the effects of putting more than one 
potential element of the ground relays in parallel on 
the same set of auxiliary potential transformers, 

4. To determine the sensitivity of the low-energy 
power directional ground relays as compared with the 
50-watt power relay. 

The test data are shown in Table II and the conclu- 
sions arrived at are as follows: . 

1. The power relays set on a 50-watt tap would not 
operate satisfactorily with less than a 300-ampere 
ground, the ground being located at the substation at 
which the relays were installed. As the ground 
location would become farther away from the substa- 
tion, the ground current necessary to operate the relay 
would become higher, due to less voltage being im- 
pressed on the power relay. 

2. The direction of all ground relays tested was found 
to be correct. 


3. The addition of an increased number of potential 
elements of ground relays to one set of auxiliary po- 
tential transformers did not result in any noticeable 
drop in voltage on the secondary of the auxiliary po- 
tential transformers. This indicated that the auxiliary 
potential transformers could be loaded up to their 
volt-ampere capacity. 

4. It was found that the low-energy power directional 
ground relays would operate satisfactorily on a much 
lower ground current than the power relays. 

Since the above tests were made, low energy power 
directional ground relays have been installed on the 
majority of the lines of the Duquesne Light Company 
22-kv. system, and a large number of these relays has 
been tested by actually putting grounds on the lines 
which these relays protect. 

The equipment used in making the line ground tests 
is shown in Fig. 5. Fig. 5A shows a two-ton trailer 
on which the necessary equipment for making high- 
tension line ground tests is mounted. Fig. 5B shows the 
water rheostat set up and connected to the line. Fig. 
5c shows the water barrel emitting flame during line 
ground tests madeat night. Night testing is sometimes 
necessary due to being unable to obtain the necessary 
outages during the day. The grounding is done by 
connecting a water rheostat between the line and a 
ground connection. The rheostat consists of a barrel 
inside of which is one fixed and ane moveable brass 
plate. The ground current obtained can be varied by 
changing the distance between two brass plates im- 
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Fire fighting equipment, 

Blocks and tackle. 

The above equipment is all carried on the trailer 
and provides all of the equipment necessary for con- 
ducting grounding tests with the exception of portable 
meters which are not transported on the trailer but are 
obtained as required. An ammeter is mounted, 
however, on the portable control panel and is connected 
in the current transformer circuit of the grounding lead. 

In connection with the testing of relay installations 
by actually placing faults on the lines, it may be 
remembered that a paper was presented at the 
A. I. E. E. Spring Convention held at Pittsburgh 
during April, 1923.3 In this paper was described in 
detail the testing of the relay installations by putting 
faults on the 66-kv. line. 

As a result of the experiences of this and other 
companies, it is believed that the inside delta power 
directional ground relaying is the most reliable and 


3. H. P. Sleeper, A. I. E. E. Transactions, Vol. 42, 1923, 
p. 513. | 
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satisfactory type of ground protection that can be used 
on a system having a resistance in its neutral circuit. 
On systems which are solidly grounded, other types of 
ground protection are used, among which are the im- 
pedance ground relay and the same type of power 
directional relay which is used for phase protection, 
except in the case of extremely long lines where, if the 
fault current is less than load current, other means of 
protecting the lines must be found. 

It has also been the experience of this and other 
companies that the most satisfactory method of check- 
ing the connections of ground relays has been by 
actually placing grounds upon the lines in question, 
since there is less chance of error in this method than 
in any other. It is further felt that the increased cost 
of this method of testing is entirely justified from the 
standpoint of the better relay operation obtained, and 
from the standpoint of reduction in number of interrup- 
tions, which is very important. 


Discussion 
For discussion of this paper see page 864. 


Directional Ground Relay Protection of 
High-Tension Isolated Neutral Systems 


BY J. V. BREISKY:, 


Associate, A. I. E. E. 


Synopsis.—This paper discusses the problem of obtaining 
selective relay protection in case of accidental grounds on high-tension 
isolated neutral systems. A relay was developed whose overcurrent 
element operates on the residual charging current which exists when a 
ground occurs on such a system, and whose directional element is 
operated by residual charging current and residual voltage. 
Two schemes can be employed: One using high-tension 
potential transformers for energizing the voltage coil of the 
directional element; the other, which is more complicated but 


INTRODUCTION 


ELECTIVE protection in case of accidental grounds 
S on systems either solidly grounded or grounded 
through a resistance is a problem which has been 
solved for some time in a satisfactory manner. The 
paper which is being presented at this same convention 
by Mr. B. M. Jones and Mr. G. B. Dodds gives an out- 
line covering the different relay systems which are 
commonly in use today. It was only for ungrounded 
systems, however, as well as systems grounded through 
an extremely high resistance, that no satisfactory 
solution had been found. It is true that a residual 
voltage relay has been used to indicate the presence of 
a ground on an ungrounded system, see scheme in Fig. 
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1, but such a relay can be used for indication only, as 
it will operate no matter at which point of the system 
the ground occurs. 

In this paper a relay protective scheme is described 
which offers a solution of this problem. It makes use 
of the residual charging current for timing and of the 
residual charging current and residual voltage for 
directional discrimination. It can be used successfully 
on ungrounded systems operating at high voltages 
and having lines of considerable length. 


1. Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
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cheaper, making use of low-tension potential transformers. 

Tests were undertaken on the 140-kv. system of the Consumers 
Power Co. to determine the effectiveness of this relay system under 
conditions of arcing and solid grounds. These tests were successful 
and it was therefore decided to make general use of such relay equip- 
ment for the high-voltage isolated neutral system. The relay scheme 
was put into operation during March, 1926, and the operating 
records available adequately substantiate the test results. 

s s è $ $ 


THEORY AND DESIGN 


General Theory. As is well known, the charging 
current obtaining on a three-phase system under normal 
conditions is caused by the capacity between wires as 
well as from each wire to ground. Since the capacity 
currents are equal in all three phases, the current in the 
neutral of three current transformers connected to the 
three phases of the system is normally zero. If a 
ground occurs on one of the phases, the balance is dis- 
turbed, however. While the charging current due to 
the capacity between wires is still the same, assuming 
that the ground current is not large enough to influence 
the potential between conductors considerably, the 
capacity from each wire to ground has changed. One of 
the phases is at ground potential, resulting in no charg- 
ing current to ground, and the other two are now 1.73 
times normal line to neutral voltage above ground. 
Therefore, a residual charging current results. This is 
shown schematically in Fig. 2, Fig. 2A showing normal 
conditions and Fig. 2B showing vector relations in case 
of a ground on phase A; charging currents due to the 
capacity between wires are not shown, as they stay 
balanced and do not contribute to the residual current. 
The vectors for residual voltage are also shown in Fig. 2. 
Under normal conditions, the secondary delta of the. 
star-delta potential transformer is closed, giving zero 
residual voltage. The star side of the potential trans- 
former must be grounded. In case of a ground on one 
of the phases, e. g., phase A close to the station, E, 
becomes zero, while Es and E. increase 1.73 times and 
also change in phase position. It is seen that the 
secondary delta is not closed any more and a residual 
voltage equal to three times the normal secondary delta 
voltage appears. 

Studying the phase relations between currents and 
voltages, it will be noted that the normal charging 
current to ground in each phase leads the voltage be- 
tween that phase and ground by 90 deg. and that 
under ground fault condition, the residual charging 
current also leads the residual voltage by 90 deg. 

Graphic Representation of Residual Charging Current. 
In order to gain a clear conception of the operation of 
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this relay system, the distribution of the residual 
charging current over the line must be studied. An 
excellent equivalent method of arriving at the residual 
currents has been published,‘ the gist of which is given 
here. With a solid ground at a certain point of the 
system, the potential between the grounded conductor 
and the ground is reduced to zero at that point, the 
normal potential between line and ground being indi- 
cated by E,, Fig. 3. Instead of studying this problem 
now as a three-phase unbalance, let us assume that all 
constants of the system remain unchanged and that a 
single-phase potential whose value is — E,, is super- 
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Ground. RELAY SCHEME EMPLOYS HIGH-VOLTAGE POTENTIAL 
TRANSFORMERS. 


imposed over the normal potential at the point of 
accidental ground. The sum of these two potentials, 
E, and — E., is zero, corresponding to a solid ground. 
The only difference between the system under normal 
conditions and in case of an accidental ground is now 
caused by this superimposed potential — F’,. Due to 
the effect of this superimposed potential, a ground 
current J, is established which flows into the ground 
and divides itself up through the three parallel branches 


4. See R. Rudenberg, ‘‘Electrisecke Schaltvorgange’’, pp. 
150-152, Julius Springer, Berlin, 1923. 
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of the capacity to ground, C, of the polyphase system. 
It flows through these back to the ground connection, 
on the grounded phase directly and on the two un- 
grounded phases through the windings of the trans- 
formers; see Fig. 3B. In the grounded conductor, the 
ground current due to — E, neutralizes the normal 
capacity current. The latter is not shown. In the 
ungrounded conductors, it adds to the normal capacity 
current. 

The charging currents enter the system equally dis- 
tributed over the entire length so that the current in 
all three conductors increases lineally from the far end. 
An interruption of the linear relation exists in the 
grounded conductor at the point of ground. To the 
right of the ground point, the current flows in the same 
direction as in the ungrounded conductors; to the left, 
that part of the ground current which is caused by the 
grounded line itself flows through its own circuit to the 
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point of ground, increasing in the opposite direction. 
Also, the two currents of the ungrounded conductors 
combine and return over this conductor to the ground 
point. : 

The distribution of the ground or residual current is 
obtained by adding the charging currents in each phase. 
This current is also shown in Fig. 3B. In the earth, 
one part of the current spreads out along the conductor 
path to the right and the other to the left. Both havea 
linear increase. 


This current distribution, due to the accidental 
ground connection, superimposes itself over the normal 
current of the system, both the normal capacity and 
normal load currents,’ and produces a single-phase 
load and therefore dissymmetry in the potential and 
current of the system. 
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The total residual charging current depends on the 
constants of the line and can be calculated rather 
accurately. 

Calculation of Residual Charging Current. 
capacity to ground is given by the formula: 


The 


0.03882 
C =— zr (wf. per mile)’, 
2h 
log io 
To 


where 
h = height above ground in inches, 
ro = equivalent radius of line conductors in inches. 
The value of ro for different circuits may be computed 
as follows: 


One circuit on pole: 


To = V r dæ 
Two circuits on same pole: 
To = </ r d? 


= average physical radius of conductor in inches, 
d = effective spacing of conductors in inches. 
Capacity per mile, in farads: 
0.03882 
2h 


To 


x 10-8 


logio 


Admittance per mile, in mhos: 
Y=2rfC 


The residual charging current in amperes per mile, in 
case of ground on one phase: 
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I = E, Y (E, = line to neutral voltage) 
The series impedance, the impedance which the con- 
ductors offer to the flow of charging current, is negli- 
gible in comparison with the impedance to ground 
through capacity, and therefore has been neglected in 
the above calculations. 


The residual charging current in a grounded poly- 
phase system is three times as great as the normal 
capacity current to ground of each ungrounded 
conductor. 


5. Refer to Standard Handbook for Elec. Engrs., 5th edition, 
p. 82. 
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Behavior of Residual Charging Current. Referring 
back to the distribution of the residual charging current 
as shown in Fig. 3B, bottom, let us now note certain 
important facts in regard to the behavior of this current 
under different conditions of system connections and 
grounds. , 

a. The residual charging current is a maximum at 
the point of fault, and is zero at the far ends of the line. 

b. The total value of residual charging current is 
practically constant for a given length of line, voltage, 
etc., no matter at which point of the line the ground 
occurs, neglecting the series impedance. This is 
illustrated in Fig. 4. 

c. The value of the residual charging current is 


t 

t 
is 
{o 


Fig. 5 


Fic. 5— DISTRIBUTION OF RESIDUAL CHARGING CURRENT 


constant, regardless of the location of generating 
capacity, since no residual current can flow through 
ungrounded apparatus. The three line currents must 
add to zero in the apparatus; see Fig. 5. 

d. In the case of single lines, the value of residual 
current at a given distance from the end of a line, and 
for a given direction of current flow, is constant no 
matter at which point of the system the ground fault 
occurs; see Fig. 4. 


Relay Protection. In order to utilize properly the 
characteristics of the residual charging current, a relay 
is used which has both a current and a directional ele- 
ment; see Fig. 2. The directional element utilizes the 
residual current and residual voltage and closes its 
contacts only if power flows in a given direction. 
The current element is energized by the residual current 
and can be used either on the definite minimum or 
inverse part of the time curve, since the relay can be 
set to close contacts in a given time with a certain 
current flowing. As mentioned before, the current 
through the relay is constant for a ground at any point 
on the system, for a given system connection and given 
direction of power flow. 


Fig. 6 shows a typical radial single line system. 
The time settings of the relays for given currents are 
indicated, as well as the tripping direction of the 
directional element. Grounds are assumed at several 
points to illustrate the operation of the relay system. 


Since there is no residual current at the extreme end 
of the line, charging current ground relays cannot be 
made to operate at that point. However, a residual 
voltage relay, as shown in Fig. 1, can be used at the far 
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end of the line, set for a long time delay, so that it will 
not interfere with the time selectivity at other points. 
Protection of Parallel Lines. The protection of 
parallel lines can be accomplished in two ways. The 
simplest solution is the use of differential current 
ground relays, operating on the unbalance of the 
residual currents in the parallel lines, with a ground 
on one of them. Another solution is the use of di- 
rectional current relays as employed on single lines, 
except that here they must be used on the inverse 
portion of the time curve to obtain proper selectivity. 
This problem is discussed in more detail in connection 


(a) Relay Settings 


—@— 


(D) Assume Ground atA > 


5 
=p 
Relay IV opens first 5 r % 16 0 
. 5 250200 200 100 100 J 
Relay Y opens next Stan 
(c) Assume Ground at B 2 
N Yy uu mM 
o A s RA D isu 
500 
B7 F500 Relay T opens first Generator end of line must be opened 
al by operator, or a residual voltage relay 
Otra y can be used. (Set for 2.1 Secs.) 
B tioo c 
(d) Assume Ground at C ) 
N Y w M 
ü, is as all La Is 1.6. 2! 
oOo ww 10 
C {500  RelayTopens first 
0 w 
c f100 


6—APPLICATION OF DIRECTIONAL RELAY—OPERATING 
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ON RESIDUAL CHARGING CURRENT—TO A RADIAL SINGLE LINE 
SYSTEM 


with the relay system used by the Consumers Power 
Company. 

Design of Relay. The design of this relay was a 
simple problem, after the behavior of the residual 
charging current and voltage had been studied. A 
standard low energy directional relay is used, except 
for the current phase-angle relations in the potential 
coil. As is evident from Fig. 2, the residual charge- 
current leads the residual voltage by 90 deg., neglecting 
a shift due to the series impedance of the line, which 
may shift the current 10 deg. to 15 deg. 

The standard directional relay as used for short- 
circuit protection is designed to give maximum torque 
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if the current in the current coil and the voltage in the 
voltage coil are in phase. This is achieved by lagging 
the current in the potential coil by almost 90 deg., 
since maximum torque in an induction element is 
obtained with the two fluxes, or two currents, 90 deg. 
out of phase. 

Now, in the residual charging current relay, the 
current normally leads the residual voltage by almost 
90 deg. Therefore, to obtain good torque conditions, 
the current in the potential coil is brought practically 
in phase with the potential, by adding a resistor R, 
Fig. 2, in series with the potential coil. The vector 
relations in the relay are shown in Fig. 7. It should 
be pointed out that the current and voltage in the 
relay are zero except in case of a ground, thus per- 
mitting the use of a sensitive device. 

Scheme using Low-Tension Potential Transformers. 
The relay scheme discussed so far necessitates the use of 
high-tension potential transformers, since the unbalance 
of the neutral voltages on the high-tension side is not 
transmitted to the low-tension side through a power 
transformer bank if the high-tension side of the bank is 
ungrounded. 


Naturally, high-tension potential transformers in- 
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volve a great expense on high-voltage systems. For 


_ this reason, another relay scheme was worked out 


which can be used in connection with low-tension 
potential transformers.’ It necessitates complication 
of connections and great care in checking polarities, but 
it will bring about material savings in cost. 

The connections are shown schematically in Fig. 8. 
Three directional relays are required. All three use 
the residual charging current but the potential element 
of each is connected to a different delta voltage. The 
wiring sketch shows the method of connections. When 
any two of the main relays close, either of the two 
auxiliary relays will pick up. If only one main relay 
closes contacts, neither of the auxiliary relays operates. 
The auxiliary relays are so connected that either will 
trip the breaker. 


Vector diagram I shows the normal vector relations 
of a three-phase system. Vector II shows conditions 
with line A grounded, Iar being the residual charging 
current. Diagram III is intended to show the currents 


6. This scheme was developed in cooperation with Mr. H. A. 
Travers. 
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in the relay current coils with grounds on the different 
phases. Jaz, Isr, and Ice are the residual charging 
currents for conditions of lines A, B, and C respectively 
grounded. Of course only one of these currents exists 
at atime. The currents in the potential coils are made 
to lag 30 deg. behind their respective voltages. 

If we now consider the condition of a ground on line 
A, we will have the current Jae flowing in the current 
coil of each relay. If the relays are adjusted so that 
with the current in the potential coil leading the 
charging current between 0 deg. and 180 deg., the 
contacts will close, while if the current in the potential 
coil is lagging 0 to 180 deg., the contacts will be held 
open. It is evident from an inspection of the diagram 
that relays carrying potential coil currents Isc and 
Ica will close their contacts, while the relay carrying 
potential coil current Ias will remain open. Since two 
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of the relay contacts close, the auxiliary relay will close 
and the breaker will be tripped. If, without changing 
anything else, the current Iar flows in the opposite 
direction, it is clear that the reverse action would 
occur; t.e., two relays would remain open and one 
would close, thus not operating the auxiliary relays and 
not tripping the breaker. With a ground on phase 
B or C, similar action takes place. Taking advantage 
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of this fact, directional protection can be secured. 

As mentioned before, the currents in the potential 
coils are made to lag 30 deg. behind their respective 
voltages. This scheme will function correctly if the 
position of Iar, Js», and Icr does not shift more than 30 
deg. in the lead or lag direction, from the position 
shown in diagram III, which assumes that the residual 
charging currents lead their respective neutral voltages 


by 90 deg. In practical applications, it will be found 
that the residual charging current leads by somewhat 
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less than 90 deg., on account of the series impedance of 
the line, making it more advantageous to somewhat 
increase the lag of the current in the potential coils,by 
changing the series resistors. 


APPLICATION 


System Connections. The Consumers Power Com- 
pany has a 140-kv., 60-cycle isolated neutral trans- 
mission system having a total connected length of 
approximately 380 mi. and extending from hydroelectric 
generating plants in the northern part of the state 
down along the eastern side through Saginaw, Flint, 
and across to Battle Creek. This is known as the 
“H-8” system and is shown in a simplified manner in 
Fig. 9. Power is supplied from hydroelectric generating 
stations on the Ausable River and the steam generating 
stations at Saginaw, Flint, and Battle Creek. Important 
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loads are served from this transmission system at 
Saginaw, Edenville, Flint, Owosso, Lansing, Charlotte, 
and the Battle Creek stations. 

Protective Requirements. The usual transmission- 
line faults may be classified as phase-to-phase short 
circuits or line-to-ground failures and any system of 
relay protection installed should effectively isolate the 
particular section of transmission line in trouble from 
the rest of the system with the least possible disturbance 
and under all operating conditions. An additional 
requirement of this particular system is that the relays 
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Line length Generating Capacity 
Test |—-——_———_—_ |__| __—_—_. 
No. Total *Eff Station | Generators | | Reactors 
1 128.9 89.2 Cooke 3-3333 kv-a. | 6000 kv-a. 
Foote 2-3333 Kv-a. ee 
2,3 188.9 149.2 Cooke 3-3333 kv-a. | 6000 kv-a. 
Foote 2-3333 Kv-a. dt 
Alcona 2-4444 kv-a.| 6000 kv-a. 
4,5,6 149.2 149.2 Alcona 2-4444 kv-a. 6000 kv-a. 


*Effective line length is the length of the connected line on opposite 
side of ground relays from ground fault. (Effective in producing residual 
Charging current through relay.) 


must allow large amounts of power to be fed in either 
direction under normal conditions, since generating 
capacities and large loads are located at various points. 

After studying the problem, type C Z directional 
impedance relays were recommended to take care of 
phase-to-phase short circuits since they would satis- 
factorily fulfill the requirements. Directional over- 
current relays could not be used as they would not 
allow large blocks of power to be fed in either direction 
and at the same time take care of minimum short- 
circuit conditions. Also, they would not give positive 
selective action for faults occurring on the Saginaw- 
Flint tie lines. Current balance relays could not be 


2-3333 Kv-a. 
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used on the tie lines because of the possibility of not 
operating them in parallel. 

Protection in case of line-to-ground faults could not 
be obtained with the ordinary schemes of ground 
relaying since this is an isolated neutral system and the 
unbalance of the charging current to ground is the 
only definite indication of ground fault conditions; 
therefore the relaying scheme described in the first part 
of this paper was developed to take care of such fault 
conditions. : 

Field Tests. In connection with the application of 
this ground relaying scheme, it was decided that a field 
test should be made to check the theoretical calcula- 
tions of the amount and distribution of residual charg- 


To 22 Kv. Bus k 
(open) To Emery Je. 


Edenville 


Fig. 11—RELAY SCHEMES USED FOR GROUND TESTS 


A. High-voltage potential transformer scheme 
B. Low-voltage potential transformer scheme 


ing current under ground fault conditions and also 
to observe the actual operation of the special directional 
ground relays which had been developed. Fig. 10 
shows the system connections, generating capacity, 
test connections, and fault conditions during the tests. 
Power was supplied by hydroelectric generating 
stations on the Ausable River feeding through the 
140-kv. lines to the Saginaw River Steam Plant and on 
to Edenville. The connected length of line and the 
generating capacity used during the tests are indicated. 
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Both solid and arcing ground tests were made, the 
latter conditions being obtained by connecting a line 
wire to approximately 300 ft. of wire lying on the 
ground. 

Two different schemes of ground protection had been 
developed, one using high-tension potential trans- 
formers and the other using low-tension potential 
transformers. Both schemes were tested out at this 
time and the detailed test connections used are shown 
in Fig. 11, Aand B. The regular high-tension potential 
transformers were not available for these tests and 
therefore a large bank of Y-Y-connected, 140/22-kv. 
power transformers was used to step the voltage down 
from 140 kv. to 22 kv. The neutrals of this Y-Y 
transformer bank were grounded when testing scheme 
No. 1, but not when testing scheme No. 2. In each 
ease, 24,000,/120-volt potential transformers were used 
to supply potential for the relays and they were con- 
nected Y-Y for testing scheme No. 1 and Y-delta for 
scheme No. 2. | 

Four special type C R directional ground relays were 
provided, one for scheme No. 1 and three for scheme 
No. 2, together with various indicating meters at the 
Saginaw River Station. A standard 100/5-ampere, 
15-kv. instrument current transformer was connected 
in the ground lead at the point of fault and a high 
speed graphic ammeter, having a roll speed of approxi- 
mately nine in. per min., was used to give an indication 
of the actual amount of ground fault current obtained. 
The various tests were made as follows: 


— 
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The results of the above tests were satisfactory and 
a summary of them is given in Table I. 

Some line trouble in the nature of high-resistance 
intermittent grounds was experienced before and during 
the tests, which trouble was later found to be due to 
the line arcing into trees north of Saginaw. This 
somewhat. affected the results, especially the accurate 
observation of current and voltage readings. It should 
be noted here that, judging from subsequent data on 
relay operations, during fault conditions, the actual 
ground currents obtained must have been within 10 
to 20 per cent of the calculated values since the actual 
tripping time of the relays was very close to the calcu- 
lated time. The test demonstrated that scheme No. 1, 
using high-tension potential transformers, will work 
satisfactorily with either a solid or with an arcing 
ground. 

Because of the line trouble experienced, the test of the 
scheme using low-tension potential did not give con- 
clusive evidence of satisfactory operation, although 
correct indications were observed. Therefore a further 
test of this scheme was made extending over a period of 
several weeks, this being in the nature of an operating 
test with the relays connected so that their operation 
under actual system conditions would be recorded. 

Fig. 12 shows the connections used in making this 
operating test and it will be noted that the current 
elements of the three special C R relays were connected 
in series with a graphic ammeter in the neutral circuit 
of the bushing current transformers on one of the 140- 
kv. line breakers. The relays received their potential 


“rouna from delta-delta-connected potential transformers 
Test no. Relay scheme Location Nature located on the 22-kv. side of 140/22-kv., delta-delta- 
; TewteioniNe.o% | deni aia connected power transformers. Graphic voltmeters 
2 Low tension (No. 2) Edenville Arcing and indicating lamps were connected in series with the 
3 High tension (No. 1) Edenville Arcing 
i High terision (No. 1) Sacinaw Rive Salla relay contacts across a 125-volt storage battery SO that 
5 Low tension (No. 2) Saginaw River Solid in case any of the relays operated, a definite indication 
jN ee E see eee oe and record was obtained. These relays were intended 
TABLE I 
SUMMARY OF RESULTS OF GROUND TESTS 
Currents at relay Total 
Trans. line |— — ——————_|—_—_ —_____|—___| __ 
. Test ground Length M Line Residual Res. | Cur. 
Test|! Relay |————— | | e | —__ | —__ —___|—__|___] P.. F.] See. 
no. | scheme | Location | Nature| ¢ | Total] Eff.* X Y Z Test | Calc. | Test | Calc. % Volts | Relay Operation 
x-Y|- 
1 No.2 | Edenville | Solid Y |128.9| 89.2 80 190 45 58 104 84 62 Open Closed Closed 
116 
Reversed relay current coil connections .. Closed Open Open 
2 No.2 s Arcing 188.9| 149.2 90 240 96 50 82 120 122 80 98 Open Closed Closed 
3 No. 1 sas i 188.9| 149.2} 112 200 78 56 97 92 122 45 121 Opened strong 
Reversed relay current coil connections os Closed strong 
Relay 
4 No. 1 Saginaw | Solid Y | 149.2] 149.2} 120 200 140 40 97 101 97 30 Closed strong 
212 
X-Z 
5 | No.2 “ Solid | Y |149.2|149.2| 80 | 112 | 85 62 | 97 | 95 Open Closed Closed 
110 
6 No. 2 “ Arcing ' Y | 149.2) 149.2 75 112 85 Indef. 97 100 103 Indef. Indef. Indef. 


*Note: Effective line length is the length of the connected line on opposite side of ground relays from ground fault. 


charging current through relay.) 


(Effective in producing residual 


860 


to operate as follows: When a line-to-ground fault 
occurred on the 140-kv. system, either one relay alone 
should operate, or two should operate and the other 
one not operate, depending on which side of the 140-kv. 
oil circuit breaker the fault occurred. 

This test installation gave good results; for example, 
a ground fault occurred on the Y-phase of the 140-kv. 
line, approximately 80 mi. out on the Battle Creek line, 
and during this case of trouble, No. 2 indicating lamp 
flashed for approximately 15 sec. and No. 3 indicating 
lamp flashed for approximately 60 sec. This relay 
operation was checked and the vector diagrams shown 
in Fig. 12 indicate that the operation was correct. 

Bushing Type Current Transformer Tests. At the 
time the application of these ground relays was being 
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TION TEsTS AT FLINT, GARFIELD AVENUE SUBSTATION (Low- 
TENSION PoTENTIAL TRANSFORMER SCHEME) 


studied, there was little information available regarding 
the actual ratio and phase-angle characteristics of bush- 
ing type current transformers, especially under con- 
ditions of low or unbalanced primary currents and high 
secondary burdens. The amount of residual charging 
current available is small even under the best conditions 
and its phase relation is such that the phase-angle errors 
of the current transformers should be known, partic- 
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ularly for the low-tension relay scheme. The direc- 
tional ground relays impose a considerable burden on 
the current transformers, it being in the nature of eight 
ohms or one volt-ampere per relay at the minimum 
tripping current. For these reasons, special ratio and 
phase-angle tests were made on several bushing type 
current transformers under conditions of primary cur- 
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rents and secondary burdens approximating those which 
were REA in service with the ground relays. The 
results of these and subsequent tests may be sum- 
marized as follows: 

1. The true effective ratio of bushing current trans- 
formers of a given design depends on the primary cur- 
rent and the secondary burden. Under balanced 
conditions and with a constant secondary burden, the 
true ratio improves as the primary current is increased 
up to the saturation point of the core and then in- 
creases. At low values of primary current, such as the 
residual charging current, practically all the current is 
utilized for excitation and very small currents are 
obtained in the secondary circuit. 

2. Under unbalanced conditions, such as line-to- 
ground faults, and with a heavy neutral burden, the 
current in the neutral circuit of such transformers is 
considerably less than the ordinary ratio characteristics 
would indicate. This is due to the other two current 
tranformers and their secondary circuits forming a 
shunt across the transformer in the grounded phase and 
part of the fault current flowing through them rather 
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than through the neutral circuit, thus giving a higher 
effective ratio for the neutral circuit. 

3. The phase-angle error of bushing current trans- 
formers is quite large, varying in some eases from one- 
deg. lag to 15-deg. lead over a range of 50 to 200 per 
cent of rated primary current and at moderate 
burdens. - 

In view of their variable ratio characteristics, all 
bushing current transformers are tested after installa- 
tion under conditions approximating actual operating 
conditions. In the case of transformers used with 
ground relays, they are now tested under both balanced 
and unbalanced conditions and the relay settings are 
based on the true ratio characteristics. Bushing 
current transformers cannot be used with the type of 
ground relays as applied here unless the minimum 
residual charging current is 80 amperes or more. In 
some installations it has been found desirable to use 
two transformers per phase, connected in series, where 
the available residual current is low. Such an arrange- 
ment materially improves the true ratio at low values of 
primary current. 

Installations. One type C R directional ground cur- 
rent relay is used for ground protection on each of the 
140-kv. lines at the Saginaw River Steam Plant and 
connected as shown in Fig. 13. The oil circuit breakers 
are equipped with three bushing type current trans- 
formers and the current coil of the ground relay is 
connected in the neutral circuit of the bushing current 
transformers. Two banks of high-tension potential 


TABLE II 
TOTAL RESIDUAL CHARGING CURRENT 


Transmission line section Length I 
Ausable to Saginaw............ 149.2 97 
Edenville to Saginaw........... 39.7 26 


Saginaw to Flint (H-8)......... 
Saginaw to Flint (K-11)........ 
Flint to Battle Creek........... 111 72 


transformers rated 838200,’69.2 volts and connected 
Y-Y grounded are used, together with 70/120-volt 
auxiliary potential transformers connected Y-delta 
to furnish the potential for the ground relays. The 
auxiliary potential transformers are necessary because 
the high-tension potential transformers must be con- 
nected Y-Y and used for other relaying and synchroniz- 
ing purposes. The potential coils of the ground relays 
are connected inside the delta circuit of the auxiliary 
potential transformers. One set of potential trans- 
formers is connected to each 140-kv. bus and auxiliary 
relays are provided to automatically transfer the poten- 
tial circuits of the relays from one set to the other in 
case either one is de-energized. 


A similar installation of directional ground relays 
and potential transformers is provided for the various 
140-kv. lines at the Flint-Garfield Avenue Substation. 
The directional ground relays cannot be used at the end 
of a single line and therefore they are not installed at 
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the present time at Edenville or Battle Creek. Also, 
no residual voltage relay is used at these stations since 
no high-tension potential transformers are available. 

Ground Current Calculations. The amount and divi- 
sion of ground current flowing under various conditions 
of line-to-ground faults was calculated in order to 
determine the proper relay settings. These calculations 
were based on the line capacity and residual charging 
current formulas previously given. All the necessary 
circuit data are given in Fig. 9, except for the average 
height above ground, which is 50 ft. Therefore, for the 
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lines on this particular system, h = 600 and ro (average) 
= 18.2. Substituting these values in the formulas: 


0.03882 


Capacity (C) = x 10-§ = 0.0214 x 10- 


To 
farads per mi. 
Admittance (Y) = 2f C = 8.06 X 10— mhos per mi. 
Residual charging current (I) = E, Y = 0.65 amperes 
per mi. 
The total residual charging currents for the various 
sections of transmission lines are given in Table II. 
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As previously mentioned, the division of residual 
charging current depends on the transmission line 
lengths and connections. The calculated division of 
residual charging current and the relay operation for 
several assumed conditions of line-to-ground faults are 
given in Fig. 16, A, B, and c. In Fig. 144, a line-to- 
ground fault is assumed on the H-8 north line at Sagi- 
naw and the total residual charging current at the fault 
is 248 amperes; of this, 152 amperes pass through 
breaker No. 177 and the rest flow in the opposite direc- 
tion. The current through breaker No. 177 further 
subdivides as indicated. The 152 primary amperes 
give 2.0 secondary amperes and with the relays set 
on current tap 0.5 and lever No. 1, they will operate 
in 0.6 sec. as shown by their time-current character- 
istic curve, Fig. 14D. Figs. 14B and 16c show the divi- 
sion of residual currents in case of a line-to-ground 
fault on one of the Saginaw-Flint tie lines at Saginaw. 
Under such conditions and with the tie line relays set 
on current tap 0.5 and lever No. 3, the relays on breaker 
No. 288 at Saginaw will operate in 1.2 sec. and those on 
breaker No. 277 at Flint will operate in 2.15 sec., total 
time from occurrence of fault. The current and time 
settings used on all the relays are given in Table III. 

The values of residual ground current obtainable 


TABLE III 
RELAY CURRENT AND TIME SETTINGS 

Circuit breaker Relay settings 

Station Number Current Time 

Saginaw 177 0.5 Amp. Lever No. 1 
“ 277 0.5 No. 1 
“ 188 0.5 e “ No.3 
A 288 0.5 “ “ No.3 

Flint 177 ` 0.5 s “ No.3 
“ 277 0.5 “ “ No.3 
" 188 0.5 a “ No. 1 


are small and the relay current settings were therefore 
made as low as possible. The relays on each end of the 
Saginaw-Flint tie lines were set to operate on the in- 
verse part of the time-current curve so as to operate 
selectively under all conditions. The time settings 
selected were such as will give a rather long time delay 
in order to allow minor flashovers to clear themselves 
before the relays operate. This helps to prevent dis- 
connecting the lines unless serious trouble develops. 


Testing Directional Connections. Each directional 
ground relay must be connected so that it will operate 
in the proper direction when a ground fault occurs on 
its particular line. The residual charging current has a 
90-deg. phase relation with the residual voltage and it 
would be desirable to be able to test these relays by 
actually putting a ground on the line but this cannot 
be conveniently done on this system and therefore the 
proper conditions have to be approximated by an 
artificial similation of grounded conditions using 
normal voltage and load currents. 


De-energizing one phase of the auxiliary potential 
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transformers gives a potential across the ground relay 
terminals which will have the same relative phase 
relation as the residual potential across the relay 
terminals when the X-phase of the line is grounded. 
The relay should thus operate properly with this poten- 
tial and with a current leading it by 90 deg. If actual 
load currents are used, the direction of power flow must 
be ascertained in order to determine whether the direc- 
tional contacts of the relay should open or close under 
the test conditions. 


The actual procedure used in testing the directional 
setting of these ground relays is as follows: (refer to 
Fig. 18). 

The fuse in the secondary circuit of the X-phase 
potential transformer is removed and the primary of the 
X -phase auxiliary potential transformer short-circuited. 
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Fig. 15—Vector Diagrams, METaOD or TESTING 
DIRECTIONAL SETTINGS 


Fig. 154 shows the vector diagrams of voltage and ` 


line-to-ground charging current under normal balanced 
conditions. Fig. 15B shows the vector relations between 
voltage and residual charging current with the X-phase 
grounded, and Fig. 15c shows the vector relations 
between the voltage and load currents with the fuse in 
the X-phase of potential transformers removed and 
with a load of unity power factor. It will be noted that 
the potential across the relay terminals with the 
fuse removed has the same relative polarity and is of 
14 the value of the potential with the X-phase grounded. 
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The phase relation of the normal voltage between X 
and neutral, low-tension side of high-tension potential 
transformers, and the load currents in phases X, Y, and 
Z are next determined by means of a phasemeter. 
The potential across the relay terminals is then com- 
pared with the normal voltage between X and neutral 
by checking with any one of the load currents pre- 
viously used. These tests definitely fix the phase 
relation between the load currents, the normal poten- 
tial between X and neutral and the test potential 
on the relay. 

The actual direction of power flow in the line is next 
determined and the relays set to operate as follows: 

a. With power flowing from the line into the bus, 
the relay should close its contacts with the current 
leading the voltage by 90 deg. 

b. With power flowing from the bus out to the line, 
the relay should open its contacts with the current 
leading the voltage by 90 deg. l 


OPERATION AND RESULTS 


Potential Transformer Secondary Fuses. In checking 
some relay operations soon after they were placed in 
service, it was discovered that trouble was being 
experienced due to the blowing of the fuses in the 
potential transformer secondary circuits. No par- 
ticular attention was paid to this feature at the time 
of installation, it being felt that it could be treated the 
same as any other potential transformer installation 
and secondary fuses of three-ampere capacity were 
used. The blowing of these secondary fuses consti- 
tuted a very serious condition for several reasons. 
These potential transformers are used for relaying, 
metering, and synchronizing; thus, with these fuses 
blown, the relays were helpless; there was no indication 
of potential and it was impossible to synchronize the 
lines. 

The three-ampere fuses were replaced by ten-ampere 
ones and tests arranged to determine the cause of the 
high current flow. One feature of the situation was 
that the abnormal current did not depend upon line 
trouble in all cases but occurred very often during 
switching operations. The tests were made with one 
set of potential transformers connected to a long 
section of line and entirely isolated from the rest of the 
system. Various switching operations were performed 
with this section of line and the voltage and currents 
of the potential transformer circuits noted. The 
results of these tests were very interesting. It was 
discovered that the heavy current flowed in the trans- 
former circuits when de-energizing the line rather than 
when energizing it, the current flow being of very short 
duration, less than one sec. Also, there was no notice- 
able voltage surge. The current observed at this time 
was of the order of 20 amperes but the duration was so 
short that the 10-ampere fuses were not blown. It was 
felt, therefore, that ten-ampere fuses were of ample 
capacity. These fuses, however, were later blown 
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during line trouble and a graphic ammeter left in the 
circuit indicated a current of nearly 40 amperes on one 
occasion. Fuses of higher rating were installed, 
finally reaching 30 amperes, but still some trouble was 
experienced. In the meantime, the problem had been 
investigated more thoroughly and it was suggested 
to install a 50-ohm resistor in parallel with the ground . 
relay potential coil. This suggestion was based on 
the following consideration. The potential trans- 
formers in question are the only pieces of apparatus on 
the system whose neutrals are grounded. When 
the transmission line is de-energized, the static charge 
on the line tries to dissipate itself through the primary 
windings of these transformers going to ground. 
In so doing, a high-frequency current of varying value 
is produced for a short time in the secondary circuit. 
It was felt that increasing the resistance of the circuit 
would cause the amplitude of the oscillations to decrease 
faster and, therefore, dampen out the disturbance more 
rapidly. 

These resistors were installed the latter part of 1926 
and since that time several cases of serious line trouble 
have occurred, as well as the usual switching operations, 
but no fuses have been blown. 

Relay Operation. Approximately 75 per cent of the 
operations of these ground relays during 1926 have 
been found to be definitely correct. The remaining 
25 per cent of the operations were questionable, as no 
indication of trouble was found. In connection with 
the questionable cases of operation, it should be under- 
stood that with the isolated neutral system, a great 
many cases of insulator flashovers have occurred and 
cleared themselves before any serious system dis- 
turbance developed. With: the trouble which was 
experienced with potential transformer fuses blowing, 
there was always a question as to whether these fuses 
did not blow before the relays had a chance to operate , 
in case of line trouble. Also, while these flashovers 
constitute a ground fault, the relays may operate before 
the damage to insulators or conductors is of sufficient 
magnitude to be noticeable on casual inspection. 

Since the resistors were installed to prevent the fuses 
in the potential transformer secondary circuits from 
blowing, there has been no questionable operation. 
Several definite cases of ground faults have been 
isolated by these relays, and we feel confident that they 
will continue to operate in this satisfactory manner. 

A point to be particularly mentioned in connection 
with these relays is the necessity of keeping the system 
connected at all times in order to obtain as much 
residual charging current as possible. Formerly, during 
times of storm, the system was split up in order to 
isolate any possible cases of trouble. With this method 
of relaying, however, it is essential to keep the system 
all connected together, and this is favorable to the 
present load conditions, as it is frequently impossible 
to split the system due to need for all of the generating 
equipment on the line. 
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Future Installations. Due to the very favorable 
operation of the relays which are installed at the 
Saginaw River Steam Plant and Garfield Avenue 
Substation, it is planned to increase the number of 
installations on the system. At large substations 
where it is planned to use high-tension potential 
transformers, the present relay scheme will be used. 
At the smaller stations having no high-tension potential 
transformer, the relay scheme utilizing the low-tension 
potential transformers will be used. With this second 
scheme, it is much more difficult to obtain the correct 
directional setting, but after the relays are installed 
and adjusted, they should work satisfactorily. Within 
the next year, these ground relays will probably be 
installed on the 140-kv. lines at our Owosso, Charlotte, 
and Blackstone substations. 


Discussion 


GROUND-RELAY PROTECTION FOR TRANSMISSION 
SYSTEMS 
(JONES AND Donpps) 
DIRECTIONAL GROUND-RELAY. PROTECTION 
(Breisky, Kina, AND NORTH) 
Detroit, Micu. June 21, 1927 


H. P. Sleeper: I was not aware that we had progressed to the 
extent indicated by Mr. Breisky’s paper, where we can actually 
place ground protection on a system where there is no ground 
current. 

However, the method described by Mr. Jones in his paper is one 
which I believe indicates a distinct advance in the art. Perhaps 
five or six years ago it was a hard proposition to sell to operating 
engineers the idea of ground protection. At that time short- 
circuit protection was pretty much standardized, and tbey saw 
no necessity for complicating the situation. 

However, today that is not the case, and I believe that ground 
protection is fully justified for two reasons in particular. In 
the first place, ground-relay protection will tend to minimize the 
damage at the point of fault. On the system with which I am 
identified, that of the Public Service Electric and Gas Company 
of New Jersey, we have several hundred installations of the type 
of ground-relay protection described by Mr. Jones. We are 
operating a 26-kv. system with 75 ohms in the neutral. This 
limits the current to ground to 200 amperes, high voltage. We 
find that its operation is extremely successful. 

To illustrate the limiting of the damage at the point of fault, 
an example is a case which occurred recently when a ground was 
found at the joint of a 26-kv. cable. The line tripped out at 
both ends, and finally, by tests, the fault was located in the joint. 
The joint presented no external appearance of any abnormal 
condition within. The sheath was not enlarged nor blown apart, 
and there was no hole through it. The joint was opened, and 
there was a little hole through the compound, possibly as large 
as the end of one’s little finger, showing where the current had 
gone to the sheath without burning through. On the conductor 
there was an extremely small amount of burning; so little that 
the joint was very easily re-made and re-insulated without the 
necessity of any additional line conductor being added. 


The second effect, which really is an indirect one of the first 
result, is that of reducing the distress on the system. Prior to 
the installation of the 75-ohm resistor, we used the solid neutral 
on this system. A wire falling to the ground would give a 
severe voltage disturbance to the system, a 10 or 20 per cent dip 
being not uncommon during the trouble. 


Now, a successful operation of the ground relays gives from 
2 to 4 per cent voltage dip at the ends of the line which is not 
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discernible on lights. I believe that this is very essential to 
the satisfaction of customers. 

Another point that I should like to mention in connection 
with ground protection, is what I believe to be the necessity of 
making research faults on the system. I have made quite a 
few of such high-voltage grounds on the lines while investigating 
the efficiency of ground-relay protection, and in most cases to 
say the least I have found that the executives of the company 
were not heartily enthusiastic about the idea of making these 
faults. I believe that a certain amount of such testing is neces- 
sary as aresearch proposition. 

That brings me to the third point which I should like to 
mention; namely, the methods of testing ground relays, to be 
certain they are properly connected and will operate correctly. 

Mr. Jones has described the use of a phantom load, the use 
of the line load, and the actually making of faults on the high- 
voltage system, to check the ground relays. I have never been 
able to find a successful system of using phantom loads to do this. 
However, I find that the use of line load and line voltage can be 
used very successfully to check these relays. 

We have devised a method of short-circuiting one current 
transformer while the line is carrying the load, and of opening 
one high-voltage disconnect switch without in any way dis- 
turbing the connections to the high-voltage system. With this 
method it is possible to obtain a set of phasiug results on direc- 
tional ground relays, which, to date, has given us no incorrect 
operations. I do not believe that the actual grounding of the 
high-voltage system is necessary. 

I should like to say a word regarding Mr. Breisky’s paper on 
the ground protection of isolated-neutral systems. As I under- 
stand the situation, the relay which has been developed to do this 
job is essentially the same relay that Mr. Jones has described 
Wherein the system is actually grounded, the difference being 
that the relay on the isolated-neutral system uses charging cur- 
rent to operate it, and hence, different voltage relations result on 
the relay protection. 

I should like to ask Mr. Breisky if it is not possible to use the 
same relay for both applications, thereby greatly simplifying a 
problem which is a difficult one for us right now. We have a 
system which has a neutral resistor at one station. If for any 
reason that one resistor must be removed from service, it becomes 
necessary or desirable to ground the system at some other point. 


We have one system which has no duplicate resistor; therefore, 
the problem arose, shall we dead-ground the system or leave it 
ungrounded during the time the resistor is out? We tried dead- 
grounding the system but it was an unsatisfactory experience, 
for we found our ground-relay system worked backwards. I 
am referring to the grouhd relays which were tested to operate 
correctly with the 75-ohm resistor in the neutral. Hence our 
running orders are to leave the resistors isolated while the resistor 
is out. This we do not consider satisfactory. It occurs to me 
that possibly some method of external use of resistors and re- 
actors would make it possible to use the same relay under all 
these conditions. 

H. M. Trueblood: I have been interested in the two papers 
on ground relaying from a standpoint of which I think no mention 
has been made by tho authors of either paper: I refer to the ques- 
tion of the control of inductive disturbances in exposed communi- 
cation circuits at times of faults to ground in power systems. 
This in my judgment is one of the most important questions that 
we have in the field of inductive coordination. | 


Without desiring to enter upon any discussion of the relative 
merits and disadvantages of the various means that have been 
used or proposed for establishing and maintaining a relationship 
between a power system and the ground, I should like merely to 
say thatitisaninteresting thing that inthe paper by Mr. Jones 
and Mr. Dodds, a reason is given for which a certain amount of 
resistance in the neutral ground connection is beneficial from the 
power operating standpoint. In the subsequent discussion of 
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that paper, we have heard statements to the effect that from the 
standpoint of power operation, such resistance is advantageous 
for two other reasons, limitation of damage at the point of fault 
and lowering of stresses on equipment. 

We can take it for granted, I think, that so far as inductive 
coordination is concerned, the limitation of ground-fault current 
is desirable, and it is very agreeable and satisfactory to note that 
good reasons also exist for which such limitation is desirable from 
the standpoint of power system operation. 

It would be interesting to know whether data exist, and if so, 
what they show regarding the optimum value of resistance from 
the standpoint of ground-relay operation. It would seem from 
the paper by Mr. Jones and Mr. Dodds that beginning with zero 
neutral resistance, a rapid increase in the wattage available for 
relay operation will at first be realized as the neutral resistance is 
increased, and that as further increases are made in resistance, 
the benefit will accrue less rapidly. This has been pointed out 
to me by Mr. A. E. Bowen, who has also noted that if the resis- 
tance is increased beyond a certain value, the wattage for relay- 
ing would probably decrease. It seems probable that there will 
generally be a considerable range of magnitude of neutral re- 
sistance over which the watts available for relay operation would 
be favorable, and not greatly dependent upon the magnitude of 
the resistance. 

E. E. George: Our operating experiences on the Tennessee 
Electric Power Company system confirm a good many of the 
recommendations suggested by the Duquesne Light Engineers, 
but there are several points of difference,—some of which are 
undoubtedly due to different operating conditions. 

Our system operates with solidly grounded neutrals at all 
generating stations, all substations which can supply power 
outward, and at a few receiving stations. The size of grounding 
transformers on the 120,000-volt system ranges from 7500 kv-a. 
to 50,000 kv-a. and from 200 kv-a. to 25,000 kv-a. on the 44,000- 
volt system. 

We are certain that directional ground relays are abso- 
lutely necessary on our high-voltage transmission system, more 
especially since our parallel balanced lines are very few, and since 
trunk tie lines with other companies without isolating trans- 
formers are becoming more common. 

However, our scheme of directional ground relaying is different 
from the scheme outlined this morning, and is, we think, simpler, 
and more reliable, at least for systems which have transformers 
suitable for grounded-neutral operation at practically all switch- 
ing points. Weare using directional ground relays operated by 
two currents instead of by a current aud potential. One current 
element of the relay is supplied from the neutral or residual of the 
bushing current transformers in the line to be protected, and the 
other element is supplied from a current transformer in the 
neutral ground lead of the grounding bank. We formerly used 
relays which had separate over-current and directional elements 
with the directional disk operated by the two currents and the 
overload disk operated by one current. Weare now using relays 
which have the over-current and directional elements combined 
in one disk. 

Very probably all reverse power or directional ground relays 
on our system installed hereafter will have only one common disk, 
as we have found that relays with separate over-current and 
directional elements are likely to trip incorrectly due to surges 
which will close the instantaneous directional element regardless 
of fault location after the overload element has closed. 


We have no objection to the system of protection outlined by 
Mr. Jones and Mr. Dodds and expect to use it at any point where 
we are unable to secure grounding transformers, since the instal- 
lation of star-delta high-voltage transformers will undoubtedly 
be cheaper than buying a grounding bank in most cases. 

We have had very poor success with ground relays interlocked 
with reverse power relays. We have only one such installation 
and it will be removed this year. We have had some sad ex- 
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periences with this scheme on tie lines where there is a possibility 
of surging of power or reactive kv-a. during trouble. We have 
had reverse power relays on both sides of a large load center set 
to trip outward, drop the load during trouble that should have 
operated neither relay. We have also had a large number of 
cases where the power load was heavier than the ground current 
and the reverse power relays could not operate. Even with 
heavy grounding transformers we find that ground currents are 
often less than load currents and ground protection independent 
of load protection is absolutely essential. 


The application of reverse power relays on large transmission 
systems is apparently very limited. We find that the reversal 
of power is an infrequent indication of trouble and often occurs 
during abnormal operating conditions, and we have eliminated 
all reverse power relays on this system, except at two stations. | 

We have had very satisfactory operation with balanced ground 
relays after we learned to interlock them through “A” switches 
on the breakers so that the second line could not trip immediately 
after the first line, except by back-up over-current ground relay. 


Weare absolutely in accord with the Duquesne Light Company 
on the necessity of placing grounds on the system to test out 
important relay installations. We have not standardized the 
equipment or procedure of this as we have only made five such 
tests to date, but on four cases we have solidly grounded the line 
with reduced generation on the system and read the ground 
current at a station distant from the point of grounding. Ona 
long line between the grounding transformer and the artificial 
ground, the ground current is limited so that it can be left on 
long enough to take meter readings without damaging power 
equipment or interfering with the public telephone and telegraph 
circuits. 


H. A. P. Langstaff: One advantage of the ground relay 
which has not as yet been mentioned is the reduction in duty on 
oil circuit breakers. The West Penn System, like all others, 
had breakers which were unable to withstand the duty to which 
they would be subjected unless some modifications were made, 
and the ground relay along with the neutral resistor was of con- 
siderable advantage. When relays were originally applied, we 
used overhead ground wires on all 25-kv. circuits, and the 
majority of line failures were to ground, meaning a large per- 
centage to ground-relay operation. The installation of higher 
capacity breakers and the removal of overhead ground wires has 
shifted the percentage of failures to phase relays rather than 
ground relays. 


The clearing of faults by means of the ground relay materiall 
reduced system voltage disturbance. We have replaced the 
watt-relay by the directional relay, having two separate 
elements, —namely, the current element and directional 
element, —thereby allowing all ground relays to have the same 
characteristics and simplified settings. 


Another point which has not been mentioned is the protection 
supplied for reserve bus breakers. All operating companies 
experience line failures when lines are operating on reserve bus 
breakers, thereby removing from service the balanced relaying 
schemes. This, of course, subjects the system to greater dis- 
turbances due to higher settings, and I believe that this should 
receive serious consideration by all operating companies. 


As to the checking of ground relays, we used originally a 
phantom load for the watt-relay. Then we started to apply 
grounds to the system to check the selectivity of the watt-relay 
against current relays. After changing to relays of similar char- 
acteristics, we continued the ground application scheme of 
checking, but found that the phantom-load scheme was satis- 
factory, especially when we use the scheme mentioned by Mr. 
Sleeper, namely, diverting phase currents having known direction 
through the ground relay, and opening one leg of the potential 
transformers. Our ficld testing crews are obtaining very reliable 
results from this scheme of testing and the only time we apply 
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the ground is after an occasional faulty operation to check not 
only the ground relays but phase relays as we!l, in some cases. 

G. H. Doan: I realize that there is a vast difference between 
the protection of a resistance-grounded system and that of a 
solidly grounded one. I should like to point out the scheme, 
however, that the Detroit Edison Company is using. In general, 
we have used for a number of years on all transmission lines 
120-kv. and 24-kv.—a mechanically balanced differential relay. 
The operating experience with this for the past year has been 
in results, somewhere in the neighborhood of 98 and 99 per cent 
perfect. 

This system is very advantageous, we think, in that it is almost 
instantaneous. Objection has been raised to the reduction of 
voltage at the time of fault. We realize that we do get. voltage 
reduction at the time of fault, but we have found that if we can 
clear a fault quickly, we don’t need to worry about the reduction. 
This relay has been doing it for some time. 


Mention was made of low-energy relays. Again, we are dif- 
ferent in that we believe that most of the relays furnished are not 
nearly sturdy enough and don’t take nearly power enough, nor 
have sufficient force always to operate when you want them. 

Manifestly, with a large system which is rather compact, it 
is rather difficult for us to see how we could go out and ground 
our lines for cheeking relays. Asa matter of fact, I believe that 
our present cheek, made through the use of portable test trans- 
formers, (putting primary current through the current trans- 
formers as a current-transformer check and carefully tracing the 
potential-transformer circuits to the relays, added to a check on 
the relays as they are put into service to make sure that they are 
going in the right direction), has, so far, resulted in practically 
perfect connections. I cannot recall a single case of error of 
relay connections in the last two years. Unfortunately, we have 
had one or two cases of incorrect relay settings. 

L. N. Crichton: The question has been raised as to the 
operation of ground relays on a system having its neutral dead- 
grounded. 

The relay connection under consideration is the conventional 
one using a wattmeter type of relay, connected in the delta 
circuit of a bank of star-delta potential transformers. It happens 
that the voltage actually apphed to the relay is the drop between 
the relay and the source of power, and consequently the phase 
relation between the current and voltage depends upon the char- 
acteristics of the power supply rather than the characteristics of 
the trouble. 

When you take the resistance out of the neutral, the current 
lags far behind the voltage, and in addition, you get distorted 
phase relations due to unbalance in the voltage triangle, resulting 
in the current lagging more than 90 deg.; actual tests on a system 
showed 92 deg. Then, if vou take into account other errors that 
are likely to creep In—unbalancing of potential transformers, 
and so on,—you will see that the relay has a poor chance of 
working correctly, if it is a true wattmeter. The trouble can 
be taken eare of by making a relay which will work more effi- 
ciently on lagging current, and such a relay has recently been 
developed. 

The question of removing the resistance from a number of 
systems is now under consideration and on these installations, 
the present relays ean be kept in service by putting small phase- 
shifting devices on them. 

The type of relay having its greatest terque with lagging 
current should be used, in general, on all systems, even those 
having a high resistance in the neutral, so that the installation 
will not require change if it should later be decided to remove the 
resistance. 

J. Allen Johnson: ‘communicated after adjournment) I do 
not think that Messrs. Jones and Dodds intended to eonvey the 
impression that the use of “power relays with self-contained 
timing element” may not be entirely successful and satisfactory 
under some conditions, but such an impression may be created 
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by their statement in the last paragraph of the first column on the 
second page of their paper. 

The Niagara Falls Power Company has had in successful 
operation for several years on its 66-kv. circuits a system of 
ground protection using a specially designed low-energy power 
relay. The conditions here are very difficult as the neutral 
ground resistance may be as high as 750 ohms and the current 
transformers which supply current to the relays have a 600,5 
ratio. Thus the ground-fault current may be as low as about 
50 amperes, which may be divided over two parallel circuits, 
giving only about 25 amperes primary current in the current 
transformer or slightly over 0.2 ampere relay current. 

The relays were designed to operate with 0.15 ampere with full 
voltage on the potential coil. Voltage for the relays is obtained 
from a potential transformer having a ratio of 34,500,115 con- 
nected directly across the 750-ohm neutral resistor. On account 
of the high neutral resistance, a very large proportion of the fault 
voltage always appears across the neutral resistance and potential 
transformer, and this resistance being practically non-inductive, 
the voltage is always nearly in phase with the fault eurrent. This 
results in very positive relay action. 

The excellent operating record of this installation during the 
315 years of its service is shown by the following record of 
operations. 


Ground relay operations on tt-kv. system 


Correct Desired Incorrect | Undesired 
ed vento ey Lead 28 28 (0) 0 
Bao ores ate be Eas 28 28 (0) 0 
DUG lng d5G ose wa Re eee 11 11 O 0 
1927 (to June 25)........ 2 2 (0) 0 
Totals... eek 4 ace oie eases 69 69 0 0 


V. P. Brodsky: (communicated after adjournment) I should 
like to ask a question regarding the use and interpretation 
of the vector diagrams illustrating this paper. Subtractive- 
polarity current and potential transformers are used in the con- 
nection diagrams given in the paper. This may be seen from the 
polarity marks on these diagrams, and is also in accordance with 
the present standards. 

In a subtractive-polarity transformer the primary (impressed ) 
voltage is opposed in the internal circuit by the secondary 
(induced) e. m. f. This also applies to the currents. 

However, in the external circuit, a subtractive-polarity trans- 
former does not introduce a change in polarity, which remains 
the same as if the transformers were not existing. It is therefore 
the reversed secondary voltage or reversed secondary currrent 
delivered to the relays which should be made use of in these 
applications. 

I notice that in the vector diagrams given in the paper, the 
primary current is opposed by the secondary current, and the 
primary voltage by the secondary voltage. 

I should like to ask whether the writers have considered the 
internal cireuit of the transformers or the external circuit. 

B. M. Jones: Mr. Sleeper asked about the use of the same 
relay for solidly grounded or resistor-grounded systems. I 
understand that one manufacturer has actually developed inter- 
nal additions to present ground relays to cover just that field. 
This worried us considerably, too, as we contemplated grounding 
solid. l 

We very strongly favor actually grounding the svstems for 
testing the directional ground relays. We have just finished the 
program of applying 305 grounds on our 22-kv. system to cheek 
484 relays and found 17 field errors which our best inspectors 
couldn't find by any phantom method. 

We have also finished a program of grounding our 66-kv. 
system to test the ground relays and found six incorrectly econ- 
nected. We start about midnight and finish about four or 
five in the morning; we make 35 or 40 grounds a night. We have 
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the relay testers scattered over the system. It isn’t very ex- 
pensive and we feel that the expense is justified. 

Mr. Johnson is right in assuming that the authors did not 
intend to convey the impression that the use of power relays with 
self-contained timing elements might not be entirely successful 
and satisfactory under some conditions. The statement made 
was that ‘‘the power relays have not proved satisfactory for 
ground protection due, primarily, to the fact that a sufficiently 
low-range relay has not been used.” 


The relay described by Mr. Johnson and used on the Niagara 
Falls Power Company System, operates on a very small number 
of watts and, as Mr. Johnson points out, the conditions on their 
system and their source of voltage for the relay are such that the 
voltage impressed on the relay under fault conditions is of a 
fairly high value; also, this voltage must be very nearly in phase 
with the fault current, thus insuring positive action of the relay. 

The Niagara Falls Power Company’s solution of its problem 
was very good, but this solution is not open to a great many 
power companies since many companies do not have ground 
connections at a large number of their stations. 


As Mr. George of the Tennessee Electric Power Company 
points out, a great many of the points of difference are due to 
different operating conditions of various power companies. 
The scheme used by the Tennessee Company of getting its 
directional ground protection by the relative directions of two 
currents in the relay, one current being obtained from the line 
protected by the relay and the other from the grounded neutral 
of the power transformer bank, is a very cheap method of ob- 
taining directional ground protection. 

Again, however, this method is limited to those companies 
having their transmission systems grounded at their substations. 

In regard to Mr. Brodsky’s question as to whether the vector 
diagrams shown in the paper had reference to the internal circuit 
of the transformers or the external circuit, the vector diagrams, 
themselves, show only the phase relation existing between the 
current and potential on the relays, while the arrows in the 
relays indicate the instantaneous directions of the currents and 
voltages at a given time. For example, suppose we take the 
instant of time when a phase voltage is at a maximum, and 
assume that current is flowing out on the high-voltage line in the 
direction indicated by the arrows from the oil circuit breaker. 
Then, due to the subtractive polarity of the current transformer, 
the direction of current in the A-phase relay would be as indicated 
by the arrow. However, the voltage applied to this relay 1s 
the voltage from A-phase to C-phase, and since the instant of 
time was assumed when a phase voltage was at a maximum,, 
then the C voltage would be at about half maximum value, 
and A-phase, being at a higher potential than C-phase, the 
direction of potential would be from A to C in the external circuit. 

The arrows and direction in the other two relays are also taken 
at the instant of time when that particular phase voltage is at its 
maximum value. 

J. V. Breisky: Mr. Sleeper has asked whether the same 
relays could be used on systems grounded through resistance 
as on ungrounded systems? This can be done by somewhat 
changing the phase relations in the present design of relay, 
either by making changes internally or by means of external 
resistors and reactors as suggested by Mr. Sleeper. A relay 
could probably be developed which could he used interchangeably 
on these two types of systems since the limits of the phase 
position of the ground currents on both kinds of systems are 
quite well fixed. Of course this relay can be used on the un- 
grounded system only if the residual charging current is of 
sufficient magnitude to operate the relays as designed at present. 
It would be more satisfactory probably to dead-ground the system 
when it is necessary to remove the resistor and use a phase 
shifter to give correct operation (as mentioned by Mr. Crichton) 
with the present relay, which is designed to operate on systems 
grounded through resistance. 
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As pointed out by Mr. George, it is possible on systems 
grounded at every substation, through power or grounding trans- 
formers, to secure good ground protection by using relays operat- 
ing on the product of the current through the transformer neutral 
and the line residual current. In this case, most of the ground 
current is supplied by the transformers adjacent to the grounded 
section and the relays may be operated on the inverse part of 
their curve to get good discrimination between the various 
sections. Such a relay is also directional, since the current 
through the transformer neutral always has the same direction, 
and it takes the place of voltage in serving as the reference 
quantity. Relays of this type have been used on the Pacific 
Coast with good success for several years and are being installed 
on several new jobs. 


Certain types of over-current relays have slow-opening con- 
tacts. If, however, the fast-opening type is used with the 
directional contacts correctly spaced, I feel that the trouble 
mentioned by Mr. George, that of improper operations caused by 
closing of directional contact after over-current contacts have 
closed, will not be experienced. This could happen only after a 
breaker had opened, clearing a fault, and the flow of power had 
changed due to the distribution of load. If the over-current 
contacts are of the quick-opening type, they will be open by the 
time the directional elements close and the breaker will not 
operate. If for any reason the direction of power flow should 
change after a fault has occurred on a system and before it is 
removed, relays with a single element as well as those with 
separate over-current and directional elements would operate. - 


The trouble mentioned by Mr. George, of a load current of 
greater magnitude than the ground current preventing the re- 
verse-power relay from operating correctly, can occur only when 
a non-directional ground relay is interlocked with directional 
elements operated by line current and voltage. The scheme 
outlined by Messrs. Jones and Dodds used when the system is 
solidly grounded with a suitable phase-shifting device as men- 
tioned by Mr. Crichton, in which the relay is operated by residual 
current and voltage, is entirely independent of load currents. 

Mr. George’s statements that ‘‘the application of reverse- 
power relays on large transmission systems is apparently very 
limited and that reversal of power is an infrequent indication of 
trouble’ are not quite clear to me. The reversal of power 
accompanied by an abnormal current is certainly an indication 
of trouble. and reversals unaccompanied by over-current will not 
cause operation of relays. There are thousands of relays of this 
type giving satisfactory service and in many eases it is the only 
type which will give the necessary protection. 

The scheme of using mechanically balanced relays, as men- 
tioned by Mr. Doan, is, in general, very satisfactory except that 
its use is limited to cases where there are enough lines in parallel 
so that there will always be at least two left under any operating 
condition. Such cases are not common except in large urban 
cable systems. Undoubtedly, as Mr. Doan points out, it 
would be desirable to use relays which would take more power 
to operate but which would be more positive in their operation. 
Unfortunately, however, the demand seems to be for a relay that 
will require less and less power to operate it except possibly on 
large cable systems where a large amount of power is concentrated 
into a relatively small area. So far as sturdiness is concerned, 
however, we seldom hear of the mechanical failure of a relay. 

In answer to Mr. Brodsky’s question regarding the vector 
diagrams, I should like to mention that it does not matter 
whether the secondary quantities are shown reversed or not, 
since this will affect both current and voltage similarly and the 
phase relations will remain unehanged. Although veetor diagrams 
are not entirely standardized, I believe the line quantities and the 
relay quantities are usually drawn in the same direction when 
subtractive polarity transformers are used since this is in line 
with the idea that the transformers may be considered as straight- 
through connections. 
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The Electric Arc 
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Synopsis.— DEFINITION OF ARC. Anarcisa discharge of 
electricity, between electrodes in a gas or vapor, which has a voltage 
drop at the cathode of the order of the minimum ionizing or 
minimum exciting potential of the gas or vapor. 

ARC CHARACTERISTICS. The relation of arcs to glow dis- 
charges and coronas is illustrated by discussion of ‘‘generalized”’ 
curve of the gas discharge characteristic. Empirical equations for 
arc characteristics are interpreted, and a dependence on the boiling 
temperature of the anode is shown. Sceliger’s experiments on 
the transition from glow to arc, accompanied by the development 
of a cathode spot, show that the mechanism of the current at the 
cathode is fundamentally different in the two types of discharge. 

CATHODE SPOT. An analysis based on heat conduction in 
the cathode shows that the cathode spot has no sharp thermal defi- 
nition, but does have a sharp boundary if defined by visual brightness 
or by thermionic emission. The phenomenon of moving cathode 
spots presents the problem of accounting for the observed 
temperatures. 


N the brief space at the writer’s disposal, it is im- 
possible to treat the subject in a comprehensive 
manner and there will therefore be discussed princi- 

pally certain recent developments which have added 
much to our understanding of the processes involved 
in arc discharges. 


DEFINITION OF ELECTRIC ARC 


One is struck, in reading the literature of this subject, 
at finding no precise definition of an arc. This is due 
to the fact that, although we readily distinguish com- 
mon forms of ares from sparks, glow discharges, and 
coronas, yet there are gradations from one form to 
another so that the distinction is sometimes difficult to 
make. Child! describes an arc as “‘a continuous current 
of several amperes or more, passing through a gas and 
having a cathode drop which is comparatively small.” 
Hagenbach? says, “In order to be able to define the are, 
the cathode fall must be taken to be characteristic. As 
compared with the glow discharge, it is small . Pi 


The arc is characterized by a larger current and a 
lower voltage than any other type of gas discharge. 
It is generally obtained in gases or vapors whose 
density, at the cathode, corresponds to a pressure of the 
order of a millimeter of mercury, or more. Every are 
has a region of luminous gas near the cathode. 
Whether or not there is another region of luminosity, 
the positive column, depends on the gas pressure, the 
distance from the cathode to the anode, the current, and 
the shape of the containing vessel if the arc is enclosed. 
High pressure, large distance, and constricted container 
favor the appearance of the positive column in an are. 
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THEORIES OF CATHODE FALL. Compton's theary is 
based on space charge considerations and the assumption that 
the thickness of the fall space is equal to the electronic mean free 
path. Langmutr’s theory differs from Compton's in assuming 
this thickness to be considerably less than a free path. Considera- 
tions of energy balance at the cathode definitely support Langmutir’s 
rather than Compton’s theory. 

ENERGY BALANCE AT CATHODE. Calorimetric mea- 
surements permit an estimate of the fraction of the current at the 
cathode which is carried by electrons. Though uncertain, the 
data are accurate enough definitely to support Langmuir’s theory 
and to indicate that, in many cases, thermionic emission of 
electrons from the cathode is supplemented by a ‘‘pulling out” 
of electrons by the electric field which is concentrated at the cathode 
surface. 

Factors which determine the anode drop and the potential fall 
and ionization in the negative glow and the positive column are 
briefly discussed. 


The total voltage across the arc is the sum of (1) the 
cathode drop, which has a value characteristic of the 
gas; (2) the anode drop, which depends on the size and 
shape of the anode as well as the nature of the gas and 
its degree of ionization, and which may be positive or 
negative in sign; (3) the drop along the positive column, 
which is generally proportional to the length of the 
positive column and depends on the current and the 
nature and density of the gas; (4) a voltage drop, 
generally negative but usually small, between the region 
of the cathode fall and the beginning of the positive 
column. Of these parts it is only the cathode drop 
which appears to have a definite characteristic value; 
the other three may be altered by altering the current, 
the pressure, or the geometry of the are path. Hence 
the total are voltage is not particularly significant, 
although it may be considered as a characteristic 
parameter if the arc conditions are specified as, for 
example, an arc between plane parallel electrodes of 
large extent, with more than a minimal separation, and 
placed in a gas at a given pressure. The volt-ampere 
characteristics of an arc is generally negative, 7. e., the 
voltage across the arc falls as the current is increased. 
It may, however, be zero (voltage drop independent of 
current) as would be the case if the cathode drop con- 
stituted the entire voltage drop in the are. Probably a 
slight positive characteristic could be obtained in an are 
whose anode is of very small dimensions and is located 
within the region of negative glow just beyond the 
boundary of the cathode fall space. 

In view of these considerations, which will be ampli- 
fied later, the following definition of an arc is proposed: 
An arc is a discharge of electricity, between electrodes in a 
gas or vapor, which has a voltage drop at the cathode of 
the order of the minimum ionizing or minimum exciiing 
potential of the gas or vapor. 
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It must be remembered, however, that there are 
transition stages between typical arcs and typical glow 
discharges which cannot be defined as either. These 
transition stages are generally extremely unstable, so 
that they are seldom encountered in practise. Unless 
an extremely high series resistance and a correspond- 
ingly high source of e. m. f. are used, the transition from 
arc to glow or from arc to nothing is abrupt and these 
transition stages are not obtained.’ ` 


DISCHARGE CHARACTERISTICS AND TYPES 
OF DISCHARGE 


The relation of the arc to other types of gas discharge 
is well illustrated by the generalized discharge character- 
istic’. The simplest gas discharge circuit consists of a 
source of e. m. f., E, a discharge between electrodes, D, 
and a series resistance, R, together with an ammeter 
and a voltmeter to measure the current 2 and the 
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voltage drop V across the discharge. 
circuit characteristic is obviously 


E=V +R.. (1) 


The nature of the discharge apparatus itself is given by 
an internal characteristic 
V =f(î). (2) 
In Fig. 1 the external characteristic is represented by a 
straight line of slope — 1/R and voltage intercept E. 
The internal characteristic is represented by the curve 
00’'GG'AA’. The possible values of current and 
voltage are given by the intersection points of these 
curves (1) and (2). 
` Tf, keeping R constant, E is gradually increased from 
an initial value O; the current is first small and the volt- 
ampere characteristic is positive. This is the region of 
corona, or Townsend currents OO’. Beyond O’ the 
current rapidly increases, the volt-ampere character- 


The external 
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istic is negative and we have the region of the glow 
discharge GG’. The current jumps discontinuously 
from point B to point C on the curve. Obviously, the 
entire glow discharge may be skipped over if the 
resistance R is small, t. e., the slope of the line E BC 
large. In this case the discharge passes abruptly from 
the corona to the arc type. On the other hand, if the 
resistance R is very large and the line E BC almost 
horizontal, the entire change from corona through 
glow to arc may be passed through continuously. 

At G'A there is a transition from glow to arc. 
Sometimes this transition is gradual and sometimes 
abrupt, in which cases the curve is rounded or sharp 
at the transition region G’A. If the transition is 
abrupt, there is evidence that the glow and arc charac- 
teristics intersect and may be prolonged as G’ G” and 
A° A, and it is then possible to have either an arc or a 
glow discharge at the same voltage, or at the same 
current, and we have, within a small range, the anoma- 
lous situation of a glow discharge carrying larger cur- 
rents than the arc at the same voltage. 


In general, it is possible to determine the entire dis- 
charge characteristic of any given type of discharge 
apparatus by using sufficiently large ballast resistance, 
R, and correspondingly large e.m.f., E. Once this 
characteristic is known, the various changes in the 


- discharge, which will be found when any variations of 


E or R are made in the circuit, may be predicted. 


In this connection, mention only may be made of a 
very complete discussion of the question of stability of 
gas discharges given by Dallenbach' and summarized 
by Bar’. The fundamental condition for stability’ is 


d V , 
that- -77 < R, i. e., that the slope of the internal 
characteristic curve (2) be greater than that of the 
external characteristic curve (1). In addition to this, 
inductance and capacity and inertia of ions must be 
taken into consideration. 


EQUATIONS OF THE ARC CHARACTERISTIC 


Several empirical equations have been proposed to 
describe the current-voltage characteristics of arcs. 
The best known of these are 


Frolich® V =a+bl (3) 
c+dl 
Ayrton? V=a+bl+ —_ (4) 
l +d) 
Steinmetz” V =a + ee (5) 
Vil 


These may be interpreted as follows. The constant 
term a is the sum of the cathode and anode drops. 
The term b lis the voltage drop in the positive column, 
whose length is taken to be equal to the total arc length 
l. The terms involving-current iin the denominators 
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of (4) and (5) take care of the negative characteristic 
feature of the arc. In (4) the term c/2 involves the 
negative characteristic of the negative glow and per- 
haps of the anode drop, while the term d 1/1 gives the 
negative characteristic of the positive column. These 
same features are described somewhat differently in (5). 
In any case, these equations are known to be only 
empirical approximations. 

Recently Nottingham" has shown that a new equation 


V = A 4+ B/i" (6) 
is very accurate for all the large number of arcs tried, 
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provided one of the electrodes, usually the anode, 
reaches a definite temperature which is usually fixed 
by its boiling point. In this case, n is found to depend 
on the boiling temperature T of the metal through the 
relation 

n = 2.62 (10)-4 T (7) 
and A and B are constants for a given metal and arc 
length. The experimental determination of n is 
illustrated by the case of copper, Fig. 2. Here V and i 
are plotted logarithmically, so that n is given by the 
slope, which is seen to be the same for all are lengths. 
The accuracy of relation (7) over the entire range of arc 
temperatures is shown by Fig. 3. Recent unpublished 
work has extended this curve to cadmium at T = 1051 
deg. K. The significance of this dependence of n on the 
maximum electrode temperature is not yet understood, 
but the fact cannot be doubted. 


FUNDAMENTAL IMPORTANCE OF PHENOMENA 
AT CATHODE 


All lines of evidence indicate that the essential feature 
of an arc is the emission of electrons from the cathode 
which produces sufficient ionization of the surrounding 
gas to give a positive space charge just outside the 
cathode, thus facilitating ionization and permitting a 
large, generally saturation, electron emission at rela- 
tively low voltage. All other characteristics of ares 
appear to be either consequences of this emission or 
prerequisites to it under the particular physical con- 
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ditions in which the arc is produced. Thus it is possible 
to produce arcs in which the anode drop in potential is 
practically eliminated, in which the potential gradient 
in the gas is nearly zero or is reversed, in which there is 
no chemical action or consumption of the electrodes, 
or in which the gas or anode temperature is low. The 
cathode drop and its emission of electrons are indis- 
pensable, however. Theoretically any mechanism or 
process for supplying electrons from a cathode in suffi- 
cient numbers to produce, at low voltages of the order 
of the minimum critical potentials of the gas, enough 
ionization to give a positive space charge should suffice 
to maintain an arc. Actually, however, only two 
emission processes seem capable of supplying electron 
emission in sufficient amount: thermionic emission and 
the pulling of electrons from the cathode by the large 
field in the cathode fall space, or a combination of these 
two. J.J. Thomson” and Stark" first suggested the 
former theory and Langmuir" the latter one. The 
present evidence, some of which we shall now review, 
points to the truth of each in particular cases, and gener- 
ally toa combination of both. We shall proceed, there- 
fore, to an examination of the conditions at the cathode. 


CATHODE SPOT: AREA, TEMPERATURE, CURRENT 
DENSITY 


In all arcs, except those in which. the cathode has 
small area and cannot lose heat rapidly by metallic 
conduction (as in ares with hot filament cathodes as 
used in Tungar rectifiers) the current at the cathode is 
concentrated in a small area which is generally called 
the “cathode spot.” To study the physical condition 
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of the cathode, we must therefore examine this cathode 
spot. This is extremely difficult, however, owing to 
its small size, its frequent rapid motion, and the diffi- 
culty in defining it. Until very recently there were no 
measurements of the area of the cathode spot except in 
the case of carbon arcs, but recently measurements also 
have been made on several metallic ares. These 
results are shown in Table I. 


In the case of carbon, the spot is stationary and the 
chief source of error is probably in the measurement of 
the photographic plate, owing to photographic broaden- 
ing with overexposure and to failure to use reliable 
methods in correlating distribution of photographic 
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density with intensity of light. It should be remarked, 
moreover, that different grades of carbon give different 
results, presumably due to the effect of alkaline im- 
purities on the amount of thermionic emission. In the 
metal arcs, the spot usually wanders rapidly, so that 
Giintherschulze photographed it as a band after reflec- 
tion from a revolving mirror. Seeliger’ was unable to 
repeat Giintherschulze’s work. Nottingham has used 


TABLE I 
Current 
density 
amp. 
Arc per cm.’ Observer Reference 
Carbon in air..... 210 Reich Phys. Zeits. 7, 73, 1906. 
318 Granquist Phys. Zeits. 7, 79, 1906. 
470 Guntherschulze | Zeits. f. Phys. 11, 71, 1922. 
Mercury vacuum.| 4000 j Zeits. f. Phys. 11,74, 1922. 
Iron in air........ 7200 t Zeits. f. Phys. 11,74, 1922. 
Tungsten in air...| 3200 Brauer Ann. d. Phys. 60, 95, 1919. 
700 Nottingham To be published. 
Cadmium inair...| 5000 p To be published. 


an accurate photometric method of measuring his 
photographic plates, but did not use a revolving mirror; 
the internal evidence in his work, however, justifies 
considerable confidence in its correctness. 

Similarly, the temperature of the cathode spot is not 
very accurately known. The best determination for 
carbon arcs is probably that of Reich's, who gives 3413 
deg. K, although other observers give values from 
2903 deg. K. to 3593 deg. K". Hagenbach and Lang- 
bein'® give for iron 2430 deg. K., nickel 2365 deg. K., 
tungsten 3000 deg. K., silver and copper below 1800 
deg. K. Nottingham, however, has found fusion of 
tungsten in the cathode spot, which would prove its 
temperature to be at least 3643 deg. K. It is quite 
possible that the small size of cathode spots has led to an 
underestimate of their maximum temperature. 

The cathode spot of a mercury arc has been estimated 
as between 2000 and 3000 deg. K. on account of a con- 
tinuous spectrum emitted from it and ascribed by 
Stark" to local high temperature, in spite of the much 
lower boiling temperature of mercury, thus supporting 
his theory of the thermionic origin of the electron emis- 
sion from the cathode. This spectrum, however, is not 
characteristic of so high a temperature and may be 
otherwise accounted for, and there is no certain evi- 
dence that the temperature is so high. Seeliger!’ 
applied Knudsen’s equation to rate of evaporation asa 
function of temperature, using Giintherschulze’s mea- 
surements of rate of evaporation!’, and calculated a lower 
limit of 673 deg. K. We shall present evidence below, 
however, indicating that the mercury loss measured by 
Giintherschulze was partly in the form of a spray 
rather than true evaporation, so that Seeliger’s lower 
limit should be considerably less than 673 deg. K. 
Thus we really know very little regarding the tempera- 
ture of the cathode spot in mercury arcs. 

A very illuminating study of the theory of the cathode 
spot has been made by Seeliger'®. Consider first a case 
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where heat is liberated at a rate Q per cm.? ata fixed 
circular area A on the plane surface of a metal block of 
indefinite extent. This corresponds roughly to the 
heated region of a cathode surface. Because of heat 
conduction in the metal, a temperature gradient is set 
up radially outward on the surface of the block as well 
as into its depth. The final steady surface tempera- 
ture distribution is calculated by the known theory of 
heat conduction and is found to be of the form shown 
by the curve T, Fig. 44. It is quite obvious that there 
is nothing in the nature of a sharply defined “hot” spot. 

The spot is observed, however, by means of the light 
radiation from it, and it is well known that visual 
brightess L increases as a high power of the tempera- 
ture T, being given approximately by the relation 


T- 11230 r 
— 5.867 — log L (8) 
in the temperature range involved here. From this, 
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and assuming that the maximum temperature in curve 
T, Fig. 4A, is 3300 deg. K., the visual brightness curve 
L is found to be as shown. This does limit quite a 
sharply defined region, which does not differ much in 
area from A. Thus, as seen by the eye, the cathode 
spot is sharply defined. 


Electrically, however, it is neither the temperature 
nor the brightness, but the thermionic emission which is 
important, and this may be calculated as a function of 
temperature by Richardson’s equation 

I= ATP e (9) 
Taking b = 6 (10)‘ for carbon, this leads to curve I for 
the current density of thermionic emission from various 
regions of the spot. Here again the spot is quite sharply 
defined and has approximately the dimensions of A, 
although it is somewhat smaller than the “visual” spot. 
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It is certain that considerations such as these are 
involved in stationary cathode spots, especially if the 
electron emission is primarily of thermionic origin. 
The problem is further complicated, however, in cases 
where evaporation or sublimation tends to cool the 
cathode, and of course electron emission is itself a cool- 
ing process. Thus these cooling agencies, acting in 
addition to conduction through the body of the cathode, 
must tend to limit the temperature in the hottest 
regions of the spot, and thus to alter the distributions 
of Fig. 4A to something like the form of Fig. 4B, which 
helps to explain the fact that the area of the spot is so 
nearly directly proportional to the current. 3 

In the case of metallic arcs whose spot wanders 
rapidly over the cathode surface, there is a real difficulty 
in explaining the high temperature of the spot, since the 
time available for heating is very short. In a mercury 
arc, for instance, the spot frequently wanders at a rate 
of at least 300 em. per sec.!?:2 and may move 30 times 
this fast. Giintherschulze', Stolt”, and Seeliger have 
attempted to calculate the maximum possible rise in 
temperature if all the energy i V. liberated at the 
cathode goes into the metal and is carried away by heat 
conduction into the body of the cathode. Both calcu- 
. lations are rough approximations and they lead to 
opposing conclusions; 7. e., Giintherschulze concludes 
that the cathode spot even in mercury arcs rises to 
temperatures above 2000 deg. cent., while Seeliger and 
Stolt conclude that the temperature rises to only a few 
hundred degrees in mercury and copper arcs. The 
evidence is that Giintherschulze’s conclusion is right, 
for at least in copper the metal is found to be fused 
where the hot spot passes, although both Seeliger and 
Stolt criticize his computations. It is difficult to 
estimate the value of these computations, not only 
because of uncertainty regarding the data and the 
constants (such as heat conductivity at elevated tem- 
peratures) but also because the spot may not wander 
continuously, but jump from point to point, remaining 
at each point long enough to heat it. 

It is evident from this brief survey that, in spite of 
the attention which has been focussed on the cathode 
spot since its crucial importance in the theory of the arc 
has been realized, there is as yet no agreement as to 
whether the cathode spot always reaches such tempera- 
tures as to warrant a purely thermionic explanation of 
the electron emission from it. 


THERMIONIC EMISSION FROM THE CATHODE 


Table II gives thermionic emission values calculated 
from Richardson’s equation (9). In comparing these 
values with current densities at the cathode spot in 
ares, certain facts should be kept in mind. The emis- 
sion values for carbon were given by Langmuir” for 
carbon as pure as could be obtained and with great care 
to avoid contamination. Such purity is utterly im- 
possible in are earbons, and the impurities which are 
known to be present are such as to increase the emission 
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very considerably. An upper limit for arc carbons 
would be the values given for lime-impregnated carbon”. 
The actual thermionic emission from an arc carbon 
must lie between the values 26.7 and 4400 amperes per 
cm.? Further than this we cannot say at present. 
But this makes it evident that much, and possibly 
practically all, of the arc current, see Table I, is simply 
thermionic emission of electrons from the cathode. 
Similarly, in the case of the tungsten arc in air, the 
thermionic emission at the temperature of the cathode 
spot is adequate to account for the arc current, if 
Nottingham’s values are correct. 


TABLE II 
Carbon Impregnated carbon Tungsten 
A = 1.49 (10)75 A = 3.3 (10) A = 1.55 (10)? 
ò = 48,700 ò = 42,000 ò = 52.500 
Amps. Amps. 
T deg. K. | percm.? | T deg. K. percm.? | T deg. K.| percm.? 
2700 1.9 2700 500 2400 0.365 
3000 13.2 3000 2390 2800 8.98 
*3140 26.7 *3140 4400 3200 96.9 
3300 54.7 3540 509 
3500 127 +3640 977 


The most accurate identification of are current with 
thermionic emission from the cathode is obtained in arcs 
from a small non-vaporizing cathode, such as in Tungar 
rectifiers or Pointilite lamps in which there is no “hot’’ 
spot, but the entire cathode is at practically unifo-m 
temperature. In these cases, the temperature may be 
measured with an optical pyrometer and the thermionic 
emission current rather accurately estimated. In such 
cases, the arc current is generally found to be accounted 
for by thermionic emission”, although in very intense 
arcs in gas at high pressure the arc current is somewhat 
larger than the calculated thermionic emission. 

In the case of arcs from more easily volatilized cath- 
odes the data, as we saw above, are too uncertain to 
support any very positive statement regarding the 
adequacy or inadequacy of thermionic emission in 
accounting for the are currents. On the whole, the 
writer is inclined to the opinion that in these cases, as 
well as in the intense high pressure arcs above, the 
ordinary thermionic emission is increased by an effect 
of the intense electric field at the cathode in actually 
pulling electrons away from the cathode which would not 
otherwise be emitted. This theory, due principally to 
Langmuir, is discussed later. It is significant that some 
agency in addition to thermionic emission appears to be 
needed to account for are currents in just those cases in 
which conditions for such a “pulling out” effect would 
be most anticipated. 


DEVELOPMENT OF AN ARC 


Seeliger has recently made an instructive ex- 
periment on the development of an arc from a glow 
discharge, and the relation of this to the formation of 
the cathode spot. He used a very high resistance 
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to stabilize the discharge and very pure electrodes, 
and followed through the variations in current density 
as the total discharge current was increased, beginning 
with a normal glow discharge covering only part of the 
cathode. The results are shown diagrammatically in 
Fig. 5. 

In interval, a b, the current density was constant, the 
cathode fall of potential was constant at about 300 volts, 
and the glow did not completely cover the cathode. 
At b, the glow completely covered the cathode. Fur- 
ther increase in current was accompanied by increase 
in current density and large increase in the cathode 
drop, which may rise to several thousand volts. At c 
there was first observed a tendency for the cathode glow 
to concentrate into a hot spot, which tendency increased 
with further increase in current. Simultaneously the 
current density increased at an accelerated rate, while 
the cathode drop began again to diminish.. At the 
point d, the cathode drop had fallen to a value less than 
the original normal cathode drop, and it was falling so 
fast and the current density was rising so fast that the 
series resistance was insufficient to stabilize the dis- 
charge and it passed abruptly to condition e, from which 


point on the discharge was a true arc, the glow was 
replaced entirely by the hot spot, and the cathode drop 
was in the neighborhood of 10 volts. 

This illustrates the fact that the mechanism of current 
transfer in the glow and arc discharges is quite different. 
In the glow discharge the current at the cathode is 
carried principally by positive ions, and the electron 
emission from the cathode is “‘secondary’”’ emission due 
to positive ion bombardment and photoelectric action. 
In the are discharge the current at the cathode is carried 
principally by electrons, which are probably liberated 
thermionically, assisted by the “‘pulling out” action of 
the field. The thickness of the cathode fall space in the 
arc is certainly thousands of times smaller than that in 
the normal glow discharge. 

Qualitatively, the progressive stages in the develop- 
ment of an are may be “‘explained”’ by the principle that 
the potential distribution in a gas discharge adjusts itself 
so as to give maximum current, subject to the limitations 
imposed by Poisson’s equation. This principle appears 
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to be new in the theory of gas discharges and has 
recently been applied with success to the theory of the 
normal glow discharge”. Further applications of it 
should be attempted. 


COMPTON’S THEORY OF CURRENT AT CATHODE” 


The existence of the cathode fall of potential is proof 
that the space charge near the cathode is positive, 7. e., 
that the concentration of positive ions exceeds that of 
electrons. Let 2 be the electron current density and 
J + J be the positive ion current density. 7 is that part 
of the positive ion current which just neutralizes the 
space charge of the electrons, and J is the excess, which 
accounts for the positive space charge, whose density 
we shall call p. By Poisson’s equation, 


d? V 


de 7 oe 


J 
—4tp=— 4r a 
where v is the average velocity of advance of the posi- 
tive ions in the field — dV dx. If this field were uni- 
form, and if the ion made numerous collisions with 
atoms, and if these collisions were either “head on” or 
inelastic, v would be given in terms of ionic charge e, 
mass M and mean free path L by *8 
_./ = JL Y. 
BN oN or dz 
If we consider the impacts to be elastic, not all “head 
on,” but rather as if made by a sphere moving under 
constant force among similar spheres distributed at 
random, the factor v 7/2 changes to very nearly 
.96 v2, which is a little larger. If, however, the field 
is not constant, but is increasing toward the cathode, 
as is almost certainly the case, this factor is less, but 
cannot be less than .96 v 2’ 2 and is certainly much 
nearer the higher value if the positive ions make at 
least two or three collisions while traversing the cathode 
fallspace. With these uncertainties in mind, we cannot 
be far wrong if we take equation (11), as was done in the 
original publication of the theory. 


Substituting for v in equation (10) from equation 
(11), and integrating, we obtain 
2M 


(iz) 
(12) 


The integration constant C, is determined by the con- 
dition that d V/d x = 0 at the outer boundary of the 
cathode fall space. Taking x = 0 at the cathode 
surface and x = c at the boundary of the fall space, we 


have 
= [> Biia] > 


Integrating again, and putting V = 0 when z = 0, 
V = V.when x = c, and solving for the cathode fall of 
potential, we have 


(11) 


3 , | we 
= > BJ zx +C, where B = 47/y/ — L 
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Resubstituting the value of B from equation (12) gives 


3 6 2/3 12/3 -$/3 
_3 (6 m)? J? c (13) 


5 (> ee L) 
2 M 
We are entirely without experimental evidence regard- 
ing the thickness of the cathode fall space in arcs, except 
for the knowledge that it is extremely small. It seems 
certain that it does not exceed the electronic mean free 
path J, since the electrons have their best chance to 
ionize at their first impact owing to the fact that electric 
intensity diminishes with distance from the cathode. 
In the present theory it is assumed that c = l, though 
it may be that this is an upper limit. Now the ionic 
free path L is v 2 times the molecular free path X, 
since the ions have a higher order of speed than do the 
molecules. Also, the electron free path l is 4/2 
times A, and hence 4 times L, owing to the negligibly 
small dimensions of an electron. Thus, writing c = l 
and L = 1/4, and solving equation (13) for J, we find 


TEH Le h a 
J =F 5 M ) E .) p inc. g. s. units. 


V 3 f 
0.76 (10) yep i amperes per cm.’, with 
M in ordinary molecular 
weight units. (14) 


If c in equation (13) should have been taken to be less 
than l, then J would be larger than calculated by 
equation (14). 

Consider now that part of the positive ion current 
density j required to neutralize the electron spdce 
charge. An exact calculation of the relative times 
required for an electron and a positive ion to pass 
through the fall space appears impossible, but the fol- 
lowing approximation is probably accurate enough for 
the present purpose. Assume first that the field in the 
fall space is uniform and hence equal to V, ‘1. The time 
t required for an electron, starting from rest at the 
cathode, to traverse the fall space is given by 


1 eE eV. 
l= > at*, wherea = —— = , whence 
2 m ml 
2m 
t- =l 15 
N Ea (15) 


The positive ions, on the other hand, move forward 
with average velocity given approximately by equation 
(11). Putting dV dz = V. l,and L = 1/4, and tak- 
ing the time t+ as distance l divided by mean velocity 
v, we have 


i 8 M 


e V. ra 
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Since j = n+ e vt and i = n- e v-, and since nt e = me 
for exact compensatioh of space charge, we have 


In the actual case, however, the field is not constant 
but varies from a maximum value at z = 0 to zero at 
x = l. Thus the electrons always move faster and the 
positive ions slower than we have assumed, and the 
ratio 2 7 is larger than the value given by equation (17'. 
A graphical integration, using the actual field distribu- 
tion as given by equation (12) to find t- and t+, led toa 
value of 2 7 not much different from 


= a eS x EN (18 
J m 

which was the relation taken in the original statement of 
the theory”, but derived there in a manner quite incon- 
sistent with the actual physical conditions in the fall 
space. We shall use equation (18), therefore, in the 
belief that it is at least a fair approximation to the 
requirements of the theory. 


Expressing currents in amperes, potential drop in 
volts and ionic mass M in ordinary atomic units, we 
have the results of this theory expressed by the 
equations: 


` 


Total current density I 
Neutralizing current density 2 


+j +J | 
242 \ Mj 


ED { 


Mee | 
(19) 
Applications: Carbon Arc. At atmospheric pressure 
and 3300 deg. K., which is close to the cathode tem- 
perature l = 0.66 (10)-3 em., V. is given as about 8.6 
volts”, although no determination by a reliable method 
has ever been made, and the true value is probably 
several volts higher. Substitution in equation (19) 
gives J = 1.6 amperes per cm.” Since the total cur- 
rent density J is of the order of 320 amperes per cm.’,* 
J ‘I = 0.005. Similarly 7/J = 0.001. Thusaltogether 
about 0.006 of the total current is carried by positive 
ions. 


Mercury Arc. The vapor density at the cathode is of 
the order of an atmosphere*! and its temperature is at 
least 400 deg. K., and may reach 2000 deg. K., although 
reasons are given later which weigh against this high 
value. We shall not be far wrong as to order of magni- 
tude if we take 600 deg. K., which gives / = 0.000040 
em. V, lies between 5.5 and 10.3, and is probably 
about 8.6. This leads to J = 162 amperes per cm.’ 
Giintherschulze finds the current density J at the 
cathode to be 4000 amperes per cm.?, whence J I = 
0.040. Similarly j;/I = 0.0003. Thus about 0.04 of 
the total current is carried by positive ions. 

Other cases agree in indicating that only a small 


Space charge current density J = 0.76 (10)-? 
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fraction of the total currentjat the cathode is carried 
by positive ions. 

A test of this theory is afforded by comparing these 
calculated values for the fraction of current carried by 
positive ions with the values calculated from considera- 
tions of thermal equilibrium at the cathode. Before 
doing this, however, we shall consider an alternative 
theory of the cathode fall space which has been pro- 
posed by Langmuir. 


LANGMUIR’S THEORY OF CURRENT AT CATHODE" 


On this theory, the cathode fall space is simply the 
positive ion sheath produced around the cathode by the 
incoming positive ions. If it is assumed that the posi- 
' tive ions traverse this fall space without colliding with 
gas molecules, 1. e., if d < l, the space charge equation 
of Child? and Langmuir may be applied in the form, 


3 [3 Var 
J = x i 2 in c. g. s. units 
T 
yV 3:2 i 
= 0.543 (10)-? Mie @ in ordinary electrical and 


molecular units. (20) 
This does not appear to differmuch from equation (19) of 
Compton’s theory, but in reality it may be quite different 
since it does not assume d to be equal to the electron 
free path J, but leaves d undetermined. In order to 
use this equation, information from some other source 
must be obtained regarding either J or d. 
Two courses are open for finding independently the 
. positive ion current density, J + j, in order to test 
.Compton’s theory or to complete the information 
necessary for Langmuir’s theory. J +) may perhaps 
be measured directly by Langmuir’s exploring electrode 
method™, although this has never been done near the 
cathode and presents experimental difficulties, or 
J +7/I may be calculated from considerations of 
thermal equilibrium at the cathode, as follows: 


ENERGY BALANCE AT CATHODE 


Let f be the fraction of the current at the cathode 
which is carried by electrons and 1 — f that carried by 
positive ions. Then, per ampere of current, we have 
the following rates of heat development, in watts: 

A. Heating of Cathode. (1) By incoming positive 
ions, which fall through the cathode drop V., (1 — f) 
(V. + +), where g, is the heat of neutralization of 
positive ions at the surface of the cathode; (2) by out- 
going electrons, some of whose energy may be returned 
to the cathode, [f(V.— (1 — f) V.] F; here f V.is the 
energy gained by the electrons in the cathode fall space, 
(1— f) V; is the energy of these electrons which is used 
in ionizing the gas whose ionizing potential is V,, and F 
is the fraction of the remaining energy which returns 
to the cathode in the form of radiation, etc.; (3) by heat 
supplied by an external heating source, if there be 
one, H. 
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B. Cooling of Cathode. (1) By escape of electrons, 
f  -, where o _ is the electron “work function,” or heat 
of evaporation; (2) by conduction through the body of 
the cathode, C; (3) by gaseous conduction and convec- 
tion, C’; (4) by radiation, R; (5) by evaporation of 
cathode material, Æ. 

Grouping all these items, we find the equilibrium 
condition to be given by 


p- Vet er—PVi+H-C-C'-R-E 
7 Vit ¢it+¢--—F(V. + Vi) 


An experimental determination of the factors in this 
equation should therefore permit a calculation of the 
fraction f of the current at the cathode which is carried 
by electrons. Let us consider the various terms in 
this equation: 

The cathode fall of potential V. in various arcs has 
been measured with the following typical results: 


(21) 


TABLE III 
Arc V; (volts) Reference 

Carbon in air (current J).........-.00ecee00. 7.6 + 13.6/I (24) 
Carbon (impregnated) in air................. 8.5 (31) 
Magnetite in air........ cc te eee 13.9 (32) 
Copper in air at reduced pressure............. 13.7 (32) 
Mercury in vacuuM..............ccceececces 5.27 (33) 
*Argon gas and heated non-vaporizing cathode. 11.6 (34) 
*Helium gas and heated non-vaporizing cathode 20.0 (35) 
Mercury vapor and heated non-vaporizing 

cathódó insna eh ee es be aaa we hike 5.5 (35) 


As all values except those marked * were obtained by 
the old probe method which is known to give incorrect 
results“, they are only approximate and are probably 
several volts too low. More accurate values are 
greatly needed. 

The heat of neutralization, or condensation, of posi- 
tive ions y , was formerly calculated from a theoretical 
relation g, = V: + L— g_ derived by Schottky and 
von Issendorff*' and by Compton, Recent experi- 
mental measurements” have shown that the true value 
is much less than this, and nearly zero. The discrep- 
ancy must be due to the fact that some of the energy 
liberated at the electrode surface during neutralization 
of an ion is radiated away and hence does not contribute 
to the heating of the electrode. Compton and Van 
Voorhis® give reasons for modifying the above equa- 
tion to the form 

g,=7V;,+ (L)- ¢-_, (22) 
where r is a “radiation factor” a little less than 0.5, 
and L is the Jatent heat of condensation of the neu- 
tralized ion on the electrode, in case the ion remains 
there deposited. If the material of the ion does not 
remain on the electrode after neutralization, L is to be 
omitted from equation (22). 

In this connection, the writer would suggest that the 
luminosity of the cathode in mercury arcs, which has 
been taken to indicate high local temperatures exceed- 
ing 2000 deg. K., may be simply this radiation ac- 
companying ion neutralization at the cathode surface, 
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- and showing as a continuous spectrum because of the 
intense field at the surface. Evidence that electron 
emission in this case is not of ordinary thermionic 
origin will be presented below. 

The ionizing potential V, is accurately known for 
most gases and vapors. In the case of arcs in air be- 
tween vaporizing electrodes, there is uncertainty re- 
garding the type of gas which is being ionized. 

The fraction F of the excess energy of the electrons 
which is returned to the cathode is unknown. It 
cannot exceed 0.5. It is probably much nearer 0.0, 
expecially in the case of a rapidly vaporizing cathode, 
where a blast of atoms would tend to carry away any 
high speed atoms which might have been indirectly 
accelerated by the electrons. Radiation of energy 
back to the electrode from the gas would be a small 
positive factor. 

H, C, C’, R, and E may all be measured or computed. 
In considering the cooling E by evaporation of cathode 
material, one must be cautious, however, since there 
is evidence in cases like the mercury arc that not all 
material lost is by true evaporation, but part of it is by 
mechanical loss as a “spray” which does not contribute 
_to the cooling. Also, the radiation loss R may be 
partially compensated by radiation gain from the 
anode, which must be taken into account. 

Evidently our present knowledge and our experi- 
mental technique are too limited to permit us to use 
equation (21) for accurate results. It may be used, 
however, to show orders of magnitude and to set cer- 
tain upper and lower limits which permit us to draw 
some important conclusions. 

Applications: Carbon Arc. Take, for a 10-ampere 
arc, V. = 9.0 volts, g_ = 3.9 volts, g, =0, V; = 16 
volts. A rough estimate of conductivity loss based on 
a hot spot area of 0.04 cm.?, temperature gradient 2500 
deg. per cm. and conductivity 0.01, gave C = 0.04 volt, 
though the data are uncertain and the writer is inclined 
to believe that the result is too low. Net loss by 
radiation, calculated as if cathode and anode hot spots 
were black body radiators at 3140 deg. K., and 3700 
deg. K., respectively, gave R = 0.75 volt. E is rela- 
tively small, and so is C’, provided the arc is not cooled 
by an air blast. With these values we find 

f = 0.64, assuming F = 0; 

f = 0.63, assuming F = 0.25. 
f could be raised as high as 0.70 by neglecting all heat 
losses, C + C’ + R + E, which is clearly an upper 
limit. No reasonable value of œ, differing from 0 
would produce much change in f. The assumed value 
of V.is probably several volts too small, but no reason- 
able increase would increase f greatly. œ — could only 
be given a smaller value if the electrons were pulled out 
of the cathode by the field, rather than spontaneously 
emitted thermionically, and we have previously seen 
that the evidence proves certainly that no large effect of 
this kind can be important in the carbon are. We thus 
seem forced from energy considerations to conclude that 
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the fraction of current carried by electrons at the 
cathode is of the order of 60 to 70 per cent, rather than 
99.4 per cent as predicted by Compton’s theory. The 
fact that an earlier calculation® appeared to support 
Compton’s theory was due, first, to the use of a value of 
+ now known to be inadmissible? and second, to the 
use of an impossibly high value for F. 

Mercury Arc. In this case, recent experiments by 
Giintherschulze“* give apparently accurate data for 
most of the quantities involved, except for minor cor- 
rections pointed out by Seeliger'® and included here. 
The data are, in watts (volts) per ampere of are current, 
C = 2.68; E = 2.8 to 3.9, depending on the assumed 
temperature of the cathode spot; R = 0.04. Taking 
yg. = 3.9, V; = 10.4, 9, =0, V. = 8.6 volts (as a ` 
reasonable value owing to the fact that it must lie 
between lower and upper limits of 5.3 and 10.3 and 
probably nearer the upper value*?) knowing C’ to be 
negligible and H zero, and assuming F = 0, we find 
f = 0.25 to 0.16. If F is taken to be greater than zero, 
f becomes still smaller. 

Even if cooling by radiation R and evaporation E is 
entirely neglected, which could only be justified if all 
mercury were lost from the cathode mechanically rather 
than by evaporation, and even if the cooling @_ by 
electron emission were neglected, which would be 
justified if the emission were due entirely to the “‘pull- 
ing out” effect of the field, still equation (21) gives only 
f = 0.70. In any case, therefore, the fraction of cur- 
rent carried by electrons must be less than 70 per cent, 
whereas Compton’s theory predicted 96 per cent. 

CONCLUSIONS 

From this consideration of.energy balance at the 
cathode, therefore, it would appear that Compton’s 
assumption that the thickness of the cathode fall space 
is equal to the electron mean free path is incorrect, and 
that this thickness is much smaller. If it is much smal- 
ler, the positive ions must move through it generally 
without colliding, and we have exactly the space charge 
condition leading to equation (20) of Langmuir’s theory. 
We must therefore consider the evidence as strongly 
supporting Langmuir’s theory. 

Further than this, these energy considerations lead 
us to some conclusions regarding the mechanism of 
electron emission from the cathode of a mercury arc. 
Since almost certainly the cathode drop does not exceed 
the ionizing potential V; = 10.4 volts, it is obvious that 
no electron can ionize more than once near the cathode. 
The fraction f cannot, therefore, be less than 0.5 and 
could only be that small in case the probability of 
ionization were unity, which cannot be so. From this 
consideration, f must exceed 0.5. An examination of 
equation (21) in connection with Giintherschulze’s 
data shows that a value of f > 0.5 can only be obtained 
if œ < 3.9 and E < 2.8 by large margins. In other 
words, the field at the cathode surface acts to pull 
out electrons which would not otherwise be liberated, 
and some of the mercury is lost from the cathode 
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mechanically, rather than by evaporation. The former 
of these possibilities was suggested by Langmuir, whose 
measurements of positive ion current densities led him 
to estimate the field at the cathode of a mercury arc 
to be of the order of 108 volts per cm. Such fields are 
known to pull electrons from metal surfaces in the 
presence of gases or vapors, and would probably be 
especially effective if the metal surface is heated, as 
in an arc, so that many electrons need only the addi- 
tional assistance of the field to permit their escape“. 


CONDITIONS JUST BEYOND THE CATHODE FALL SPACE 


This region, generally called the negative glow, is a 
region in which the concentration of ions is maximum. 
The electric field is of minimum strength and is often 
reversed in direction, the current being by diffusion of 
electrons in the direction of decreasing concentration?’ 46, 
Probably much of the radiation from this part of the arc 
is the result of recombination of ions and electrons”. 


CONDITIONS IN THE POSITIVE COLUMN 


Here ionization occurs to just a sufficient extent to 
balance the loss of ions by recombination or diffusion 
to the walls, if the are be enclosed. This ionization may 
be produced thermally, by electron impact, photo- 
electrically, or by a combination of these. There are 
reasons for ascribing much of it to high temperature in 
the carbon arc*, while this certainly plays no role in the 
mercury arc, where the ionization is due to electron 
impacts, probably of a cumulative nature. The light 
from the positive column is almost certainly due to 
excitation rather than to recombination“. 

CONDITIONS AT THE ANODE 

The anode drop in potential may be positive or 
negative according to conditions first explained by 
Langmuir and Mott-Smith* as follows: Surrounding 


the anode is an atmosphere of ions and electrons moving 


with more or less random motion. If, in this random 
motion, the excess of electrons over positive ions striking 
the anode would be greater than the total current in the 
circuit, then a negative, or reverse, anode drop is set up 
so as to hold back enough electrons to keep the current 
to the value demanded by the constants of the circuit. 
On the other hand, if the number naturally striking the 
anode is insufficient to carry the current, then a positive 
anode drop is set up so as to draw in more electrons. 
From these considerations, it is evident that anode drop 
decreases with increasing anode area and with increased 
ion concentration, as can be obtained by using a hollow 
anode or by promoting ionization near the anode. 
The heating of the anode depends on three factors: 
(1) the heat of condensation of electrons w_; (2) the 
average energy V _ of the electrons in their initial ran- 
dom motion; (3) the anode drop V,, if this be positive. 
Although this subject has been studied calorimetrically* 
and the order of magnitude of these predictions always 
verified, thus far only Van Voorhis*? has measured all 
the quantities necessary to make an accurate quantita- 
tive test, which has exactly verified the above state- 
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ments. A. W. Hull reports that calorimetric work 
on high-power mercury arcs at the General Electric 
laboratory is also in quantitative agreement with these 
ideas. 

From the preceding discussion it will be seen that 
much progress in the understanding of are phenomena 
has been made during the past few years, and that 
there are at present numerous possibilities for 
further experimental research, guided by theoretical 
considerations. 


ADDENDA 


(1.). Complete discussions of earlier work on arcs, 
with bibliographies, may be found in 

“The Electric Arc,” Mrs. Ayrton (The Electrician 
1902) 

“The Electric Arc,” Child (Van Nostrand 1913) 

Lichtbogen, “Handbuch der Radiologie,” Vol. IV, 
pp. 211-444, Hagenbach (Akademische Verlagsgesell- 
schaft, Leipzig, 1917) 

L’Are Electrique, Leblanc Fils (Journal de Physique 
1922) 

Lichtbogen, “Handbuch der Physik,” Vol. XIV, 
Hagenbach (Springer 1927) 

(2) In terms of mechanism, the are may be defined 
as a gas discharge in which the ionization near the 
cathode is produced by electrons which have fallen 
through the cathode fall of potential and thereby gained 
the energy necessary for ionization, whereas in the glow 
discharge the ionization is produced while the electrons 
are falling through the cathode fall space. In the glow 
discharge the ionization increases exponentially with 
distance from the cathode: in the are there is no ex- 
ponential building up of ionization. This definition is 
equivalent to the one already given. 

(3) Different arc types are sometimes found under 
conditions in which transitions from one form to another 
may occur. It is suggested that the primarily ‘‘ther- 
mionic” arc and the primarily “pulling out of electrons” 
are may be two such types. In Table I those arcs 
whose current densities are thousands of amperes are 
probably of the latter type and those with smaller 
current densities of the former type. Both types are 
shown for tungsten in Table I. There is some evidence 
of still another are mechanism (Dr. _ Slepian, 
unpublished). 
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Discussion 


Joseph Slepians There is hardly a scientist on whose work 
I lean more than Professor Compton’s. 

I remember as one of the best of Professor Compton’s papers 
the one on the theory of the are which he gave in the Physical 
Review in 1923, in which he so ably defended the thermionic 
theory which he has discussed tonight. Today, however, Pro- 
fessor Compton apparently feels that perhaps this theory may 
not always hold after all. 


Remarkable also have been his papers on abnormally low- 
voltage ares. The first deals with the theoretical difficulties, 
almost proving that an are with a voltage less than the ionizing 
voltage of the gasisimpossible. A later paper, however, demon- 
strates the existence of arcs with voltage less than the ionizing 
potential but greater than the resonance potential. Then 
followed a paper showing that where arcs with voltages lower 
than the resonance potential had apparently been obtained, 
oscillations had been present which momentarily would raise 
the voltage above the resonance potential. Then came still 
another paper showing that ares with total voltage less than the 
resonance potential were possible under suitable conditions. 


Another paper which I found exceedingly valuable, stimulating, 
and instructive, is that one on the Mobility of Ions in Discharges 
in which he very boldly sets out to calculate the ways in which 
ions will move in gases of considerable density under the action 
of the electrical fields, taking account of various kinds of col- 
lisions which electrons can have with molecules. This was an 
exceedingly difficult problem, and I marveled that anyone had 
the temerity to tackle it. Yet with a few skillful manipulations 
and ideas, Professor Compton derived equations which are 
quite easy to understand and exceedingly valuable. 


There are some experiences which I have had in connection with 
my engineering work which I think will be interesting in relation 
to the theory of the are. The various theories of the cathode of 
the arc mentioned by Professor Compton require that a con- 
siderable portion of the current be carried by electrons leaving 
the cathode. The question then arises as to how these electrons 
get out of the cathode, as ordinarily electrons will not pass from 
a metal into an adjoining gas. One agency which will assist 
electrons in escaping from a metal is heat. When its temperature 
is sufficiently high electrons can pass freely out of a cathode. 


` This is essentially the thermionic theory of the cathode of the 


are, Which Professor Compton advocated a number of years ago. 


Another possibility which Professor Compton has mentioned 
is that a very high electric gradient may develop at the cathode 
surface in the arc a gradient so high that the electrons are pulled 
out of the cathode even though it is not hot enough for thermionic 
emission. 


At the time of the experiments which I am going to describe, 
I, along with almost everybody else, believed in the thermionic 
theory of the cathode; that is, that in an arc it was necessary to 
have a cathode hot enough for thermionic emission. If the 
cathode was not hot enough for this, an are discharge would be 
impossible, and if any discharge was obtained it would have to be 
a glow or other high-voltage form. I tried to apply these ideas 
to the development of the are which follows the breakdown of a 
spark-gap by application of high voltage. 

Since the electrodes of the spark-gap are initially cold, it 
seemed necessary that the discharge should start as a glow and 
only after some point of the cathode reached a sufficiently high 
temperature should the discharge change into an arc. I tried 
to calculate the time for the heating up of the cathode spot, and 
therefore the time for the flow to change into an arc, using data 
for the watts input at the cathode of a glow on copper obtained 
from other experiments. I found it would take seconds before 
the copper would get to the melting point, let alone a temperature 
sufficient for thermionic emission. But the experiment showed 
that the arc struck almost at once. Immediately after the gap 
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broke down, the voltage dropped to 20 volts, which is too low 
for a glow. 

I had been of the opinion that the cathode had to be hot in 
order to maintain an arc; yet here, where the electrodes did not 
have time to get hot, I was getting a discharge with only 20 volts. 
More recently, this experiment has been repeated, using the 
DuFour Oscillograph, and it has been found that the time for the 
discharge to change from glow to arc is of the order of a micro- 
second. 

Since the cathode couldn’t have become hot in soshort a time, 
this experiment made me feel that the thermionic theory of the 
cathode couldn’t be correct; at least not all of the time. 

Another experience in connection with my engineering work 
which made me believe that probably the cathode didn’t have to 
be hot was in studying the operation of switches. I have seen 
switches in which the are was blown rapidly along the arcing 
horns operate, and examined the horns afterward, finding 
stretches on the arcing horn absolutely free of burning. There 
might be some oxidation but no evidence of a very high 
temperature. 

This seemed strange and would be hard to explain if the cathode 
had to be hot enough for thermionic emission. I looked into this 
a little more closely, and considered the hypothesis that perhaps 
the arc hopped from point to point, without passing over the 
intervening stretch, so that this stretch might not appear burned 
because the arc had not actually played on it. 


I 
Vo in. 


CROSS SECTION 


Fia. 


I eliminated this possibility by bringing the electrodes very 
close together, and also took photographs with a high-speed 
camera. I found that even at those spots where the arc had 
played, as indicated by the photographs, there was no burning. 

A German, H. Stolt, has also carried out similar experiments, 
published in the Annalen der Physik. Stolt caused an arc to 
move over a cathode so rapidly that apparently there was no 
heating of the cathode. The claims of Stolt were criticized by 
Guntherschulze, who is mentioned frequently in this paper of 
Professor Compton’s; but Stolt replied quite well to the criticism 
of Guntherschulze, and I believe that Stolt’s conclusions are 
fairly well established. Stolt did get a low-voltage discharge 
from copper and other metals, which moved so rapidly over the 
copper surface that no spot of the copper surface became hot 
enough to melt, let alone have thermionic emission. This 
seemed to me to disprove definitely the theory of the necessity for 
thermionic emission. I have carried experiments similar to 
Stolt’s somewhat further, and have used currents as high as 
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20,000 amperes; that is, I have moved a 20,000-ampere are, over 
a cathode surface so rapidly that there was no melting of the 
copper but merely a trace of oxidation. Incidentally, the current 
density in these experiments was of the order of 30,000 amperes 
per cm.” 

The application of the method of energy balance at the 
cathode which Professor Compton has used in his paper for esti- 
mating the fraction of the current carried by electrons is cer- 
tainly very interesting, and the values f = 0.25 to f = 0.16 
obtained for the mercury are seem significant. If the ionization 
of the gas next to the cathode is primarily due to collisions from 
electrons coming from the cathode, f could not be less than 0.50. 

Some time ago, I suggested in the Physical Review that per- 
haps no part of the current at the cathode was carried by elec- 
trons, but that all of the current was carried by positive ions 
coming from the highly ionized gas next to the cathode. The 
cause of the high state of ionization in the gas was to be sought 
in the very intense energy concentration there. The values of f 
which Compton finds indicate that this suggestion may be near 
the truth. Indeed, if a necessary correction to the energy balance 
equation is applied, the value of f comes even closer to zero in 
accordance with my suggestion. The correction is as follows. 
As item (1) under A, “Heating of the Cathode,” Professor 
Compton has “By incoming positive ions, which fall through the 
cathode drop Be, (1 — f) (Be + $+). But all the positive 
ions do not fall through the cathode drop unimpeded. Some 
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will collide with molecules and lose energy to the gas. Also, 

many positive ions will be reflected from the cathode thus in- 

creasing the chances of collision with molecules. Let @ be the 

fraction of the energy acquired by falling through the cathode 

drop, which a positive ion, on the average gives up to the cathode, 

Then item (1), under A, becomes (1 — f) (œ B. + 4). 
Equation (21) then becomes 


aB.+6,—-FB;+H-C-C'’-R-E 


= æ B, +o, +$- — F (B. B;) 
If we substitute the numerical values used by Compton we get 
8.6 a— 5.5 8.6 a@ — 6.6 
= 360739 IT 866439" 


If we take œ = I ve get, of course, the valucs of Compton, 
f = 0.25 and f = 0.16. If, however, @ is as low as 0.64 by the 
first formula, or 0.77 by the second formula, we get f = 0. 

Now what is a reasonable estimate of the value of œ? We 
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may obtain some idea by determining the number of positive ions 
which cross the cathode space without colliding with a molecule. 
The electronic mean free path as given by Compton in this paper 
for the mercury-are cathode is 4 X 10-ecm. and therefore the 
ionic mean free path is 1.0 X 10-§cm. On the other hand from 
equation (20) taking — J = 4000 as given by Guntherschulze, 
we find, for d, the cathode-fall space d = 4.95 X 10-6. The 
fraction of the positive ions which will have free paths greater 
than the cathode-fall space will therefore be 


4.95 x 10-8 
e 10X10 = ,-0.495 _ 06I. 


That is only 61 per cent of the positive ions crossing the cathode- 
fall space fail to collide with a gas molecule. Hence a value of 
@ equal to 0.77 does not look altogether unreasonable. 

J.C. Lincoln: At the plant of The Liveoln Electric Com- 
pany, we have run across a new phenomenon which has to do 
with the nature of the are and which has changed my notion of 
what happens in the are. This phenomenon occurs in a device 
which we call an “electric torch.” 

The illustration herewith, shows the arrangement of the parts 
making up the torch. Thecopperelectrode holder for the negative 
termina! is water-cooled as well as the copper positive terminal 
where the path of the cooling water is indicated. The copper 
anode has a tapered hole of the dimensions indicated on the 
sketch cut in it. The opening in the anode is round and the 
dimensions are those of a section through the center of the 
opening in the anode. 

After the parts are set up an arc is started between the carbon 
cathode and copper anode by short circuiting them with a 
carbon pencil. While the are is maintained, a flame projects 
from the anode as shown in the illustration. 


Observation of the are shows that the size of the flame pro- 
jecting from the anode is roughly proporticnal to the amperes 
across the are, as might be expected. 

Furthermore, with a given current, the flame is larger when the 
distance D is smaller, the size of the flame decreasing as the 
distance D is increased. 

A change of current causes a much greater difference in the 
size of the flame than is caused by a proportionate change in 
the distance D. 

The flame is apparently due to very hot carbon particles. 

If the flame is cooled, carbon is deposited on the cooling sur- 
face just as it would be if the flame from a wick were cooled. 

A series of tests was made varying the current and the spacing 
D. The eurrent was furnished by one of the company’s 200- 
ampere, d-c. welders and was adjusted to 50, 75, 100, and 150 
amperes across the are. The distance D was adjusted to 3/16, 
3/8, and 9/16in. For the results shown in the accompanying 
table, the flame was above the torch, as shown in the illustration. 

To determine the amount of heat in the flame, the amount of 
cooling water passing through the torch and its rise in tempera- 
ture were measured. In the tests the initial temperature of the 
cooling water was 19.1 deg. cent. and 5.375 lb. per minute was 
used. From these measurements, the heat absorbed by the 
water was calculated. The rate at which this heat was absorbed 
was then expressed in watts. It was assumed that the watts 
input, minus the watts carried off by the water, equals the heat 
energy in the flame, and the table shows the percentages of heat 
in the water and the flame respectively. 

The results indicate in general that the greater the current, 
the greater is the energy in the flame; also, that the smaller D is, 
the greater is the energy in the flame. 

The table shows that from !,'s to 7/3 of the heat appears in the 
flame, and I beheve that if none of the heat developed in the flame 
was radiated and absorbed by the copper and water, an even 
larger proportion of the total heat in the arc would appear in 
the flame. 

The direction of the flame can be affected by a magnet. By 
presenting the south-seeking pole of a bar magnet to the are, the 
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Temp. 


rise of Percer tage 
Din f cooling | Watts of heat 
sixteenths water, jabsorbed 
of an Watts deg. by In In 
inch Amperes| Volts input cent.* water | water | flame 
3 50 47 2350 5.9 1002 42.5 7.5 
6 50 48 2400 6.9 1170 45.8 | 51.2 
3 75 51 _ 3820 8.9 1535 40.2] 59 8 
6 75 40 3750 9.9 1695 45.2 | 54.8 
9 75 48 3600 11.9 2020 36.0 | 44.0 
3 100 55 5500 10.9 1850 33.6 | 66 4 
6 100 51 5100 13.9 2360 46.1 53.9 
9 100 49.5 4950 16.2 2750 55.5 | 44.5 
3 150 57 8560 18.4 3130 36.6 | 63.4 
6 150 51 7670 20.9 3560 46.5 | 53.5 
9 150 51 7670 23.9 4040 52.7 417.3 


*5.375 lb. of water passed per min. 


flame is pushed to one side. So far as I could judge the flame 
itself is not affected by the magnet. The direction of the flarne 
is a function of the current from the carbon cathode to the anode. 
To put it another wav, the magnet had no effect on the direction 
of the flame except when close to the are between the carbon and 
copper anode. 


The current between the carbon and copper anode is effected 
in just the way one would expect from the laws governing 
electromagnetic action. 


When there is no external magnetic field at the are, the current 
flows radially between the carbon and the copper anode. When 
the are is subjected to an external magnetic field, the current is 
forced to only a part of the radial path between carbon and copper 
and at the same time the flame is deflected so that it is more at 
right angles to the current. 


What bearing do these results have on our conception of 
what takes place in the arc? 


The present view is that the voltage across the arc is made up 
of three portions: (1) the drop at the negative terminal, which 
must be great enough to heat the terminal to the point where it 
will throw off ions readily, (2) the Z- R drop due to the resistance 
of the gas stream between anode and cathode, and (3) the drop 
at the positive terminal which is fixed by the nature of the 
material and in the carbon are is much greater than the drop at 
the negative terminal. The results of the measurements would 
indicate that in the carbon are there is a drop at the positive 
terminal that may be fixed by the nature of the material, but 
that this drop is not nearly so great as has been supposed. The 
heat at the positive terminal in the ordinary carbon arc is the 
sum of the heat due to the inherent drop and the heat of the flame 
or blast from the negative terminal. The heat due to the flame 
or blast has been separated largely from the inherent anode drop 
in the electric torch and measured. The measurements indicate 
that the heat in the flame or blast is greater on the average than 
the sum of the anode drop, the cathode drop, and the /-R drop 
due to the resistance of the gaseous part of the arc. 

I do not think it is far from the truth to say that two-thirds 
of the energy in the carbon are appear as heat in the flame or 
blast from the cathode. The question naturally oceurs—W hat 
is the nature of the flame? Two things can be said of it. First, 
particles of very hot carbon are shot off the end of the cathode 
and these draw the air with them so that the flame from a match 
is sucked downward through the opening in the anode when the 
apparatus is set up so that the flame is below the torch. The 
current of air was doubtless much stronger when the apparatus 
was turned over, for it was not possible to get the 9,/16-1n. read- 
ing with 50 amperes, for the are would not persist long enough 
to permit of measurement of the heat. 
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I assumed that this was due to the stronger current of air 
through the opening in the anode when the apparatus was set 
up to take the measurements contained in the table. 

The second thing is that the actinic value of the flame near the 
opening in the anode is very much greater than the value in most 
of the flame. When the flame was focused on the ground glass 
the image of the flame covered nearly the whole plate, but a 
short-time photograph showed a very small figure on the plate. 
The pictures were taken in 1/500 to 1/1000 sec. and at this 
speed, not more than 10 per cent of the flame that showed on the 
ground glass plate appeared on the photograph. 

A picture of the flame was taken with the camera behind a 
piece of 1{-in. thick pasteboard to see if the active part of the 
flame contained X-rays. The results were negative. 

When the current was reversed in direction, the apparatus 
refused to work as a torch and the arc apparently tried to run up 
the carbon when it was made the positive terminal of the are. 
This is a most noteworthy fact, for it depends on something be- 
side the electromagnetic forces. In any piece of apparatus with 
which I am acquainted, the direction of motion is independent of 
the direction of current, for the reversal of current reverses the 
flux and with both flux and current reversed, the direction of 
motion is unchanged. 

What is this blast or flame from the cathode? Apparently 
it is not a stream of electrons, for if it were, it would be affected 
by a magnetic field. At the same time it must be remembered 
that approximately two-thirds of the total energy in the are 
appears in this flame. It is my opinion that the blast from the 
cathode in the carbon are is due to vaporized carbon from the 
carbon pencil. 

We do not know much about the latent heat of carbon, but it 
is possible and even probable that it is very high. If I am correct 
in the opinion that most of the energy of the carbon arc is 
expanded in vaporizing carbon from the carbon cathode and 
that most of the heat that appears at the positive anode is due to 
the solidification of the vaporized carbon at the anode, this 
would be evidence of a large amount of energy required as latent 
heat to vaporize carbon. 


It is my belief that to get a more accurate conception of what 
occurs in the are, we shall have to substitute the idea of the blast 
from the negative terminal as being the central and important 
thing which occurs in the are, for the idea that there are inherent 
anode and cathode drops. 

The tests described in this paper show that the flame is a 
phenomenon associated with the negative terminal. 

The old way of looking at it would be to say that the inherent 
drop at the positive terminal was great enough to produce the 
heat that actually appears there. This old conception has, 
I think, been shown to be wrong by these tests. 


The old idea was that the current passed across the are in a | 


solid stream and that a cross-section of the current in the are 
would be a circle. 


The experiment with the torch, as well as some others not 
described, indicate that the core of the are is the blast from the 
negative terminal and that the current flows outside of the 
blast and that the section of the current across the are would be 
an annulus and not a circle. In such a cross-section, the inner 
circle would be the cross-section of the blast from the negative 
terminal and the annulus outside of this inner circle would be the 
cross section of the current. There is no doubt that this is 
the true picture of the cross-section of the current in the case of 
the torch, and I believe it is the true picture in any carbon are. 


P. P. Alexanders: I should like to ask Professor Compton 
to say a few words about the ionizing potentials of different gases. 
These are well known at ordinary temperatures, but at the 
temperature of the are core, apparently, they are entirely 
different. For instance, the ionizing potential of nitrogen at 
ordinary temperature is something like 11 volts; at the tempera- 
ture of the are core, it appears to be several hundred times less. 
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I should like to ask Professor Compton if experiments have 
been made to determine the various ionizing potentials at high 
temperatures, because knowledge of these potentials is quite 
essential to the correct interpretation of are phenomena. 


V. Karapetoff: Dr. Compton’s paper is mainly concerned 
with simple, steady arcs, and it is only right that an involved 
phenomenon should first be studied in its simplest form. In 
practical applications, we have mostly variable ares, and our 
problem is two-fold: (1) To make an arc as steady as possible; 
for example, in are furnaces, in electric welding, in are lamps, 
rectifiers, ete.; or else, (2) to make an arc as unstable as possible 
so as to extinguish it quickly; for example, in switches, spark- 
gaps, relay contacts, flashovers, ete. 

In either group of problems, it is of importance to know the 
factors which contribute both to the stability and instability of 
an arc, so as to intensify the desirable factors at will. This 
means that engineers will have to pay more and more attention 
to the physical nature of the arc, and Dr. Compton’s paper, with 
its references to literature, should prove a valuable introduction 
to the subject as well as a guide to future investigators. 

Dr. Compton quotes several empirical equations for the ob- , 
served relationship between the voltage and the current in a 
steady arc. In a transient are, or spark-over, both the current 
and the voltage are functions of time, and the apparent total 
resistance of the arc is variable. Dr. Max Toepler! has proposed 
the following function for this resistance: 

R, =kF/A¢ (a) 

Here k is an empirical constant, F, the length of the are, and 
A, the total quantity of electricity which has passed through the 
arc from the instant ¢ = 0, when it was struck, to the instant ¢ 
under consideration. 

For a transient arc, there is some reason for Tvepler’s formula, 
in that the ionized state of the gas is established only gradually, 
and may be considered a function of the quantity of electricity 
which has passed through the arc, the conductance increasing 
with this quantity. 

On the other hand, Toepler’s formula has some serious defects; 
namely, 

1. The resistance, according to formula (a), being infinite 
at the instant of striking, no finite voltage should be able to start 
an arc; 

2. Should the are continue over an indefinite period of 
time, its resistance, according to Toepler, should drop to zero; 

3. The ratio of the voltage to the current is assumed to be 
proportional to the length of the arc; in reality there is a con- 
siderable and concentrated fall of potential at the cathode, and 
some drop at the anode. 


It is proposed, therefore, to generalize Toepler’s formula as 
follows: 
R, =(kKF + k')/(Ag+q) +r (b) 
In this expression, k!, q, and r are additional constants, intro- 
duced for the purpose of correcting the above-mentioned defects 
of the original formula. When Q, = 0, i. e., at the beginning 
of the discharge, R, is no more infinitely large, but has a high 
finite value, Ro = (KF + k')/q +r. With a steady are, when 
Q: = ©, the resistance is no more equal to zero, but has the 
limiting low value of R= r. Furthermore, the resistance is 
assumed to increase more slowly than the length F of the are, 
there being a correction term k!. 


Dr. Otto Mayr has given a general theory of condenser dis- 
charge through a resistance and a sphere-gap, using Toepler’s 
formula for the resistance of a transient are’. He has also 
determined some values of k from the available experimental 
data. The next step should be to extend his theory on the basis 
of generalized formula (b), and to determine the numerical values 
of the constants which it contains. 


1. Archiv fur Elek., 1925, Vol. 14, p. 306. 
2. Archirfur Elek., 1926, Vol. 17, p. 53. 
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E. C. Starr: I should like to ask Dr. Compton and the 
gentlemen who have discussed his paper if they have any data on 
the order of magnitude of the transient resistance of an arc. 
I have reference to the type of arc that is initiated by a potential 
of -everal thousand volts between electrodes in air at normal 
pressure and temperature. 

The size and shape of the electrodes, as well as the spacing, 
no doubt affect the resistance considerably. For example, the 
ionized path between the points of a needle-gap is not uniform 
in intensity of ionization and the effective cross-sectional area 
of the path is relatively small compared to the area of the path 
between large spheres or parallel disks. Hence it is to be ex- 
pected that the resistance of an are between the latter type of 
electrodes should have a lower value throughout the entire period 
of the transient than in the case of a needle-gap of the same 
spacing. 

Dr. Slepian spoke of measuring the voltage transient of an are. 
Perhaps he also recorded the current transient and could there- 
fore readily determine the resistance characteristic. 

The transient resistance equation suggested by Prof. Karapetoff 
should be of considerable value in the calculation of transients in 
` circuits containing spark-gaps if the values of the constants can 
be determined. 


R. W. Sorensen: (communicated after adjournment) 1 
should like to supplement what has been said by telling some of 
the interesting things relating to arcs that Dr. Millikan and I 
have found, as we have endeavored to produce a non-arcing 
switch for use on electric circuits. At California Institute of 
Technology we have been interrupting high-voltage, high-power 
electric circuits by means of switches enclosed in a vacuum 
chamber. To date, we have been very successful in our at- 
tempts to do this, largely because the are at the opening of the 
switch is very small, and apparently removes a negligible amount 
of material from the switch terminal when the arc is struck. 
We have some switches showing practically no burning or pitting 
of contacts after 4000 operations. Also, by means of relatively 
small contacts, currents of several thousand amperes at approxi- 
mately 50,000 volts, have been successfully interrupted. In 
performing these interruptions, the switch terminals have not 
been unduly pitted and since there is no pitting of the metal, 
it is rather difficult to account for the energy dissipation at the 
switch during the time of opening. 


Dr. Compton has defined an arc “as a discharge of electricity 
between electrodes in a gas or vapor, which has a negative or 
practically zero volt-ampere characteristic and a voltage drop 
at the cathodes of the order of the minimum ionizing or minimum 
exciting potential of the gas or vapor,” all of which may be true 
but we have found from our many experiences that if gas or vapor 
is required to maintain an arc, the amount required is indeed 
very small. Perhaps if we could hypothecate a liquid or gas, 
which will not vaporize at are temperature, it would still be possi- 
ble, though it may appear improbable, to start an are in such a 
liquid. I should like to ask Dr. Compton how it would affect 
his definition to leave out the words ‘‘gas or vapor” and have his 
definition read “an are is a discharge of electricity between 
electrodes, which has a negative or practically zero volt-ampere 
characteristic and a voltage drop at the cathode of the minimum 
ionizing or minimum exciting potential of the material stripped 
from an electrode at the temperature of the are.” In other 
words, is it essential that there be a surrounding medium of gas 
or vapor in order that an are may be struck by the electrodes. 

If for the moment we assume a medium of gas or vapor not 
essential to the establishment of an are, we must, of course, look 
for some other means of explaining the process by which an are 
between electrodes is sustained even for a very short period of 
time. This presents a difficulty, which, however, may not be 
insurmountable. Contrary to public opinion, the best known 
vacuum is not a perfect insulator, in the sense that no electric 
current can be made to pass across such a vacuum, because we 
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now know that electrons can be shot across vacuous spaces. 
When an arc is struck by the two separating electrodes, there 
must be present a host of ions or ionized particles, as well as free 
electrons which serve as the carrier for the are. Is it not possible 
to picture a condition under which these carriers may be provided 
entirely from the electrodes, and not by a surrounding gas? 


K. T. Compton: The work to which Dr. Slepian calls 
attention is, I think, some of the most interesting in connection 
with the theory of the arc. I made a reference to it in the paper, 
but I should like to call attention to just one thing for fear of 
being misunderstood. 


There were two theories of Langmuir that have been discussed. 
One theory has no reference to the origin of the electrons. It 
would apply independently whether the electrons have ther- 
mionic or any other origin. It is merely a space-charge theory. 


As to the other theory, i. e., that electrons may be pulled out 
of the cathode by high electric fields, I think that we have there a 
possibility of two types of electric ares. Of course there are often 
two or even more types of arcs. The character may change 
from one to the other, but both are recognized as ares. It seems 
to me we have brought out in this discussion opportunity at least 
for two of these. 

Dr. Slepian mentioned the case of a copper arc in which the 
cathode was not melted, and obviously didn’t get to the melting 
temperature. On the other hand, we certainly do have copper 
arcs in which the copper does melt. 


In Table I we notice two tungsten ares, one with a current 
density of 3200 amperes per sq. cm., and the other with 700. In 
the latter case the thermionic emission can be calculated from the 
temperature that the arc reached. The tungsten melted, and at 
least reached the melting point of tungsten. In that case (see 
Table II) the thermionic emission, calculated from the constants 
of tungsten, comes as near 700 amperes per sq. cm. as the purity 
of the tungsten would justify. On the other hand, 3200 is 
clearly too high to be accounted for by thermionic emission. In 
tungsten we have these two different types, one evidently of 
thermionic origin and the other of different origin,— perhaps with 
electrons pulled out (Langmuir) or perhaps arising from intense 
lonization in front of the cathode (Slepian). 

Nottingham used a special type of arc, especially designed to 
reduce heat conduction so that cathode temperature could rise. 
He got a large cathode spot. In the case of carbon also we have 
pretty good evidence of the large proportion of the emission 
thermionically, and in the case of Pointilite lamps and Tungar 
rectifiers where we can use a pyrometer to determine the tempera- 
ture of the various parts of the cathodes, one gets pretty good 
agreement with the theory of thermionic emission. 


In Table I, in the cases where we have current densities running 
into thousands of amperes per sq. em. I think, with Dr. Slepian, 
that thermionic emission is not adequate to account for currents 
of that order. Another agency must be operative in such cases. 

There are two ways in which the temperature may affect the 
ionizing potential. In the first place, the gas to be ionized may 
be dissociated from its molecular state into an atomic state as a 
result of high temperature. That such action is possible has 
been shown in experimental cases where it is possible to produce 
this dissociation under conditions that ean be controlled, namely, 
in hydrogen, iodine, ete. In those cases the effect is always to 
reduce the ionizing potential. This action of temperature is 
indirect. 


As regards any direct effect of temperature on the ionizing 
potential of the gas, this effeet will probably be rather small 
because translating degrees centigrade into volts, about 8000 deg. 
cent. correspond to only one volt. There are no laboratory 
experiments that reach a temperature as high as 8000 deg. So 
the average energy imparted to electrons as the result of high 
temperature or to the molecules by high temperature would in 
general be only a fraction of a volt. 
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I don’t know whether or not there are other ways in which the 
ionizing potential of the gas might be affected than these. The 
only ones I know that have been directly investigated have been 
dissociation of molecular gases into their constituents, and the 
direct thermal ionization of alkaline vapors in electric furnaces, 
as done at the Mt. Wilson Observatory. 

With regard to the question by Mr. Starr, I am sorry that I 
cannot give the desired information because I have made no 
study of transient arc phenomena. 

Professor Sorensen’s suggestion that the ionization of materials 
stripped from the electrodes at the temperature of the arc be 
substituted for that of a surrounding gas or vapor appears to me 
to be quite permissible as including the interesting discharges 
which he described as true ares. In fact such material is in- 
eluded in the term ‘‘vapor’’ in the sense that I have used. The 
important thing, as I see it, is the presence of some ionizable 
material in the space between the electrodes. 


The great success of this current interrupter seems to be due to 
the fact that, at such low gas or vapor pressures, the mobility of 
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the ions is so great that they effectively disappear from the arc 
space during the time of low voltage between voltage reversals. 
In high-pressure ares as in oil-immersed circuit breakers, on the 
other hand, the ion mobility is so small that ions remain in 
in sufficient concentration to re-strike the are after the voltage 
reversal. 


In answer to Prof. Karapetoff I wish to say that I never dis- 
cuss the question of an electric arc with anyone who has had any 
real practical experience with an electric are without feeling how 
limited is the experience which we have in the laboratory. As I 
said, we physicists work with ares on a small scale, and the atten- 
tion of physicists has been devoted to arcs under the simplest 
conditions in order to find out something about the things going 
on in the are. Unfortunately those aren’t the arcs met with in 
engineering practise, where simplicity and even understanding 
of the phenomena are not the prime considerations. It may be, 
I am afraid, another generation of physicists which will be able 
to answer some of the questions which are uppermost in the 
minds of engineers. 


Printing Telegraphs on Non-Loaded Ocean 
Cables | 


BY HERBERT ANGEL* 


Associate, A. I. E. E. 


Synopsis.— This paper discusses the application of printing 
telegraphs to ocean cable operation. Reference is made to various 
improvements in apparatus and operation, tending toward increased 
output, and the effect of the application of these improvements from 
the laying of the first cable to the present time. Telegraph codes and 
their relation to speed and their applicability to printer operation are 
also discussed. 


. HISTORY 


INCE the laying of the first successful ocean cable 
S between Heart’s Content, Newfoundland and 

Valentia, Ireland, cable engineers have worked to 
increase the output or speed by improving the terminal 
apparatus and by the use of more efficient operating 
methods. 

The first cables were operated by the manipulation 
of two kevs at the sending terminal of the cable, one 
used for a dot and the other for a dash of the cable 
Morse code. At the receiving end these signals were 
received on the well-known mirror galvanometer. The 
moving vane of this galvanometer carried a small 
mirror by means of which a beam of light was projected 
on a screen and deflected momentarily to the left or 
right, corresponding to the dot or dash of the Morse 
code, the center representing a space. 

This form of reception was obviously a slow one and 
was later superseded by Lord Kelvin’s siphon recorder. 
This was a great advance over the former method in 
that it gave a legible and permanent record of the 
Morse characters and increased the speed of reception 
and, therefore, the output of the cable. The next 
important improvement was the duplexing of the cables 
permitting simultaneous transmission in each direction 
which practically doubled the speed of operation. 

Further increase in output was obtained by the de- 
velopment of automatic transmitting devices by which a 
cable could be operated at its maximum signaling speed, 
another step in advance over the original manual 
method. Still later came the introduction of magni- 
fiers which so increased the visibility of the received 
signals that a further increase in the speed of operation 
was possible. The development of the cable printer 
permitted a further substantial increase of speed and in 
addition made the operation entirely automatic. 

The progress made in cable operation since the early 
cables were laid will be more readily appreciated if we 
note the various steps of increased output of a given 
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Transmission methods, shaping of the signals, variable lag, and 
the cffect of earth currents are also described in the paper. Manual, 
semi-automatic, and full automatic operation of long ocean cables are 
covered briefly. The characteristics and advantages of regenerative 
repeaters are pointed but and the operation of printers on cables 
described. 


cable, laid approximately 50 years ago and which is 
still in service. 

The original speed or output of this type cable when 
operated with the mirror galvanometer was about 70 
letters per minute. By the use of the siphon recorder 
this speed was increased to 80 letters per minute or 
13.3 words per minute. With the application of the 
duplex principle, by which two messages are sent at the 
same time, one in each direction, the output was practi- 
cally doubled to 160 letters per minute. Then followed 
the introduction of the automatic transmitter raising it 
to about 220 letters per minute. The addition of the 
magnifier further increased the output to about 300 
letters per minute. With printer operation the output 
of this cable has been increased to something like 375 
letters per minute. 

From this review, it will be seen that the original 
output of this cable of 70 letters per minute has been 
increased over 500 per cent, all of which has been 
brought about by the eee ot transmitting and 
recelving apparatus. 


OBJECT OF PRINTER OPERATION ON OCEAN CABLES 


There were at least two objects in view in applying a 
printing telegraph system to ocean cables, one being 
to further increase the output of the cable and the other 
to make the operation wholly automatic. 

Up to the time of introduction of the cable printer, 
cable operation might be considered as semi-automatic, 
that is, while the transmission was automatic the re- 
ception was not, as it was necessary that the siphon 
recorder signals be manually translated by skilled opera- 
tors, whereas with printer operation the signals are 
translated mechanically and printed on a page or tape 
as mav be desired. 


PROBLEM OF TRANSMISSION 


Before discussing the actual work of the printing 
system it may be well to consider first the problem of 
transmission. This being fundamental it should be 
clearly understood in order to more fully appreciate 
what follows. In all systems of wire communication 
a necessary element is the code of signals or telegraphic 
alphabet to be used for transmitting the message. 
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In this discussion the term code may be interpreted 
as a series of predetermined combinations of one or 
more electrical impulses or time units. These code 
combinations must be transmitted over the cable and 
translated into the letters of the alphabet at the 
receiving end. The selection of the code, for 
there are several kinds, determines the number of 
letters or words per minute which can be transmitted 
over a cable. The reason for this is that different 
codes have different time unit lengths. Not only do 
different codes vary in time unit length, but a particular 
code may in itself have combinations of variable time 
unit lengths. 


For example, the international Morse code has an 
average length of about eight and one-half time units per 
combination or character, some of the combinations 
containing only four units and some twenty units. In 
the cable Morse code, which also has combinations of 
variable length, the average time unit length is 3.7 
units. Such codes may be classed as non-uniform 
codes. Then there are the uniform codes in which each 
combination is of equal length such as the Baudot 
code of five time units and the Cook code of three 
units, so that we have at least four kinds of codes 
available for transmitting intelligence over the cable. 


The next logical step is to determine the best code to 
use for the work to be undertaken. For this purpose 
reference will be made to the code used on the cable 
selected for this comparison and the speed at which the 
cable is operated. The speed of a cable is usually 
referred to in terms of the number of letters that can 
be transmitted and recorded in one minute. This is 
determined in practise by finding the highest rate of 
speed or frequency at which alternating current, or as 
termed in cable practise, reversals of current, can be 
transmitted over the cable and that will arrive at the 
recelving end with sufficient amplitude to properly 
operate or deflect the delicate recording instrument. 
This rate of speed is termed the working fundamental 
frequency. It does not, however, mean it to be the 


maximum frequency of the cable which is probably 


much greater. 


With the code originally used on this particular cable 
as a basis, it can be determined which code should be 
used for printer operation, bearing in mind that the 
printer must necessarily yield an output as good as, or 
preferably better than the cable Morse code. 


CODES 
This particular cable was, previous to the installation 
of the printer, being operated at the rate of 150 letters 
per minute using the cable Morse code of 3.7 units. 
This means that the maximum number of time units 
that can in practise be transmitted over this cable is 
150 x 3.7 = 555 units, which reduced to terms of 


5 
fundamental frequency is 60 or 4.6 cycles per 


x2 
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second. The output in letters per minute for any given 
code is found by dividing the known speed of a given 
cable in time units per minute, by the figure represent- 
ing the average number of units of the code under 
consideration. 

Applying this formula to the particular cable just 
mentioned, the speed of which was 555 time units per 
minute, the output in letters per minute for the different 
codes would be: 


International 
(Two-current 
non-uniform code) 

Cable Morse 
(Three-current 
non-uniform code) 

Baudot 
(Two-current 
uniform code) 

Cooke 

= (Three-current 
uniform code) 


= 65.3 letters per minute 


150 letters per minute 


jj 


111 letters per minute 


185 letters per minute 


Of the four codes available for printer operation, it 
is obvious that the International code gives too low an 
output and may therefore be eliminated for this reason, 
and also because a non-uniform code requires a more 
complex printer mechanism than does a uniform code. 
The Cable Morse or three-current code may also be 
eliminated because of its non-uniformity. 

This leaves two codes for consideration, the Baudot 
five-unit and the Cooke three-unit. The five-unit 
code was chosen for the first experiment. 

The question may arise as to why the longer code of 
the two was selected if increased output is to be a 
factor in the development of a printing system. The 
answer is that while both the Baudot five-unit code 
and the Cooke three-unit code are uniform, so far as 
their unit lengths are concerned, there is still another 
important difference. The Baudot is a two-current 
code while the Cooke is a three-current code. The 
two-current code is made up of positive and negative 
impulses and the three-current codeof positive, negative, 
and zero impulses. The two-current code is more 
desirable for printer operation than the three-current 
code because it makes for greater simplicity of 
mechanism. 

A further and important reason for selecting the two- 
current Baudot code of five units is that it is adaptable 
to a method of transmission, discussed later in the 
paper, which permits the actual doubling of the number 
of letters per minute shown in the above table of 
speeds. In this case we have the apparent paradox 
of the longer code giving a higher output than the 
shorter code. The three-current code is not adaptable 
to this method of transmission. 

Notwithstanding these differences, however, both the 
Baudot and Cooke codes were tried out in actual service 
for purposes of comparison. 

The first cable printer experiment with the five-unit 
code was tried over an ocean cable previous to the 
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outbreak of the World War. The results of this ex- 
periment were considered satisfactory but a continua- 
tion of the test was interrupted due to the war’s out- 
break and the investigation was then confined to the 
laboratory. The second ocean cable experiment was 
tried out in 1916; this was with the three-unit code. 
The results of this experiment were also considered 
satisfactory and this system was operated under regular 
traffic conditions between Ireland and Newfoundland 
during 1919 and 1920. Later the investigation led 
back to the five-unit code which was also operated 
between Ireland and Newfoundland and has been in 
continuous operation for several years. 


PRINCIPLE OF OCEAN CABLE PRINTING TELEGRAPH 
SYSTEM 


A printing telegraph system applied to an ocean cable 
does not necessarily introduce new features with respect 
to the actual operation of the cable itself. It merely 
provides an organization of apparatus for transmitting 
the signals representing the letters of the alphabet and 
for causing them to be automatically translated into 
printed characters at the receiving end of the cable. 
Heretofore, this translation has been the work of the 
skilled operator. 


BASIS OF THE SYSTEM 


The basis of the cable printing telegraph system is a 
selective sending and receiving apparatus synchronously 
operated. 

The sending apparatus includesa perforating machine 
resembling a typewriter keyboard which is used by the 
operator for preparing the message on a strip of. paper 
tape, a constant-speed distributor or transmitter, 
driven by a tuning or driving fork, combined so as to 
select and transmit in proper sequence the code or 
letter combinations set up in the strip of tape. 

The receiving apparatus includes a constant-speed 
distributor, also driven by a fork, and an automatic 
typewriter or printer, combined to select automatically 
the received signals or letters and cause them to operate 
the tvpe bars of the automatic printer. 

In Figure 1 is shown schematically a single channel 
printing system. In the transmitter at the upper left 
of the figure, T is the perforated strip of tape which 
feeds continuously through the transmitter at a con- 
stant speed. | 

The five reciprocating pins or rods U P of the trans- 
mitter are operated seriatem by the five cams on the 
cam shaft C S. When a pin finds a hole in the tape it 
rises through the tape and rocks the pole-changer P C 
to its marking contact M C. The absence of a hole 
causes it to be rocked to its spacing contact SC. The 
pins U P which rise one after another are slightly 
staggered to compensate for the moving tape. The 
pole-changer operates a transmitting relay A, through 
circuit C T, which in turn operates the regular cable 
sending-on relays B that transmit into the cable through 
the sending condenser K. At the receiving end of the 
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cable in the cross circuit of the duplex bridge are located 
the magnifier and cable relay. These instruments are 
comparatively sensitive to small currents, the magnifier 
requiring only five or six microamperes to operate it 
and the relay something in the order of 50 to 80 micro- 
amperes to give a good working signal. The contacts 
of the relay are shown connected to two local relays C 
which operate into the printer circuit. 

From here the circuit extends through C X and C W 
into the two control relays C R’ and C R? and the printer 
relay P R of the printer circuit, returning to the battery 
source at C Z. 

The two control relays C R!, C R? control the fork 
through magnet F" and keep it vibrating in synchronism 
and in phase with the distant transmitter. The driving 
fork in turn operates a step-by-step distributor through 
its contacts F T' and F M' and the distributor magnet. 
The magnet rotates a cam shaft containing a series of 
cams, C, which raise the levers Al to A6 in sequence. 
These in turn close the selecting contacts 1 to 5 of the 
printer selecting magnets. 

This arrangement of sending and receiving apparatus, 
operating synchronously, causes the five selecting con- 
tacts of the receiving apparatus to function in step with 
the five reciprocating pins of the transmitter, so that 
an impulse transmitted through the medium of any one 
pin of the transmitter will be received on the corre- 
sponding selecting contact of the receiving distributor. 
Mounted on the shaft with the five cams referred to is 
a sixth cam, the purpose of which is to cause the 
printer to function after the five selecting cams have 
completed their cycle. 

To illustrate the actual transmission and reception 
of a signal the letter O, which we may assume has been 
prepared on the tape by the operator, will be followed 
through the transmitter. If we keep in mind the fact 
that the transmitter and receiving distributor are run- 
ning in exact step, it will be quite simple to follow the 
train of events which occur to bring about the printing 
of any given character. We will assume that the tape 
is being fed into the transnutter and that the holes for 
the letter O are just passing over the transmitter pins. 
In this case the fourth and fifth pins become operative 
and rock the pole-changer to its marking contact M C 
for a two-unit time length. The marking sending-on 
relay then operates and transmits negative or selecting 
current to the cable which in turn deflects the magnifier 
at the receiving end and correspondingly the cable 
relay to its marking contact for two units of time. 

In this case the local marking relay, the control relay 
C R' and printer relay P R are operated by the cable 
relay and therefore move their tongues to their marking 
contacts M. The control relay C R? moves its tongue 
to its spacing contact because its winding isin opposite 
direction to that of relay C R'. Neglecting the opera- 
tion of the intermediate control relays we pass on to the 
printer relay P R which as stated was operated to its 
marking contact by the cable relay. From here the 
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current path is through the selecting contacts 4 and 5 of 
the distributor, which correspondingly closed in step 
with the pins of the transmitter, causing the operation 
of selecting magnets 4 and 5 of the printer which control 
the O type bar. 

The current which operates the selecting magnets has 
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and fifth selecting contacts to their associated printer 
selector magnets 4 and 5. 


While the above description discloses in simple form 
the operation of a one-channel printer system as applied 
to ocean cables, it does not attempt to describe the 
operation in its entirety. 
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Frc. 1—ScuHematTic- DIAGRAM OF CABLE PRINTER CIRCUITS 


its source from the middle point of the potentiometer 
R! R2, condenser K' fork tine F and contact F M 
(when closed), resistance R S?, tongue T of printer relay 
P R, contact M, resistance R S, to the common connec- 
tion of the upper distributor contacts C C, thence 
through the corresponding lower springs of the fourth 


There are at least two features in connection with this 
cable printing system which may be considered as out- 
standing, to which reference should be made. 

One feature is the relatively low fundamental line 
frequency required for a given output in words per 
minute as compared with so-called five-unit single 
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channel printing systems used in land line operation. 
The reason for this is what may be called‘‘continuous 
transmission,” that is, the five code impulses of the 
cable printing system are transmitted successively with- 
out any additional intervening impulses being sent 
between the fifth and first impulse. Up to the time 
that the cable printer was developed, the land line single 
channel systems transmitted seven impulses per 
revolution of the distributor. This lengthened the code 
to seven time units, five units being used for the code 
and two units for synchronizing and overlapping time 
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between the fifth and first impulses. The difference 
between 5 and 7 units gives the cable printing system 
about 1.5 times more letters at any given frequency. 

The other feature was earlier referred to in this paper 
as a method of transmission by which it becomes pos- 
sible to double the output of a five-unit code printer 
system. That is to say the five-unit code is made to 
yield an output better than the shorter cable Morse 
code. This is brought about in the following manner: 

Referring to the paragraph under Codes, it was shown 
that the practical fundamental frequency of the cable 
in question was 4.6 cycles per sec. or 555 half waves 
per rhin. Also that these waves or signals in cable 
Morse operation must be of sufficient amplitude to 
properly operate the delicate cable relay. Further it 
was shown that at the above frequency the cable Morse 
yielded 150 letters per minute and the five-unit code 111 
letters per minute. 

Heretofore, in cable work, it has been the practise 
only to increase the speed of transmission to such a point 
that the attenuation of the arrival signals does not 
decrease the amplitude below that required to properly 
operate the delicate receiving relay. In this method of 
transmission when applying printer operation to long 
cables, increased speed is brought about by taking 
advantage of the attenuation.’ 

This is accomplished by increasing the rate of trans- 
mission to practically twice the rate of the cable Morse 
speed. In this case the fundamental waves or alterna- 
tions are attenuated to such an extent that they are 
practically undiscernable at the receiving end of the 
cable and, of course, cease to deflect the cable relay. 

2. This principle was first suggested by K. Gulstad in 1898S, 


and was applied to the operation of comparatively short sections 
of cable. 
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To all intents and purposes these waves arrive as zero 
impulses similar to zero impulses as employed in cable 
Morse code operation. A wave of two-unit length, 
however, will now arrive with the same amplitude and 
duration as a single wave in cable Morse operation. 

It will be understood from this then that a single 
wave or a series of alternating waves will arrive at the 
distant end of the cable as zero waves and that the 
cable relay will now be deflected only by a wave two or 
more units in length. In the case of the non-arrival of 
the single waves, a local impulse or wave producer is 
employed to fill in the missing impulses and to recon- 
struct or regenerate the received signals so that they 
resemble the original transmitted signal.* 

This wave producer forms a part of the printer 
regenerative circuit. It is shown theoretically in 
Fig. lat F, FT, F R, F S,and F P to potentiometer 
R: R?. This circuit is through an auxiliary winding 
of the printer relay which reverses the relay tongue to 
its opposite contact when the cable relay is deflected to 
the no-mans-land or zero position and automatically fills 
in locally the reversal waves which fail to arrive. 

Thetransmitted, received,and regenerated signals are 
shown in Fig. 2 in which are depicted the combinations 
of impulses or waves for the characters S OG. 

A = the signals from the contacts of the transmitter. 

B the signals from the contacts of the cable local 
relays showing a straight zero line where the 
single waves are missing. 

the signals from the cable local relays (B signals) 
picked off by the regenerating action of the 
printer apparatus and the missing impulses 
filled in. 

the B and C signals reassembled and re- 
generated into their original shape as at A. 
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A cable printing system has now been shown, employ- 
ing a five-unit two-current code, by which can be trans- 
mitted over this particular cable practically twice as 


3. In 1913 Walter Judd and Benjamin Davies of England 
invented a method for doing this and were the first to apply this 
principle to long ocean cables.. 
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many impulses as can be sent with the three-current 
cable Morse system; namely, 555 X 2 or 1110 impulses 
per minute. Correspondingly a greater number of 


letters per minute are transmitted mz. ae 


222 
letters, as compared with 150 letters obtained with the 
cable Morse code. | 

The Cooke three-current code and the cable Morse 
three-current code cannot be used in the manner just 
described because a zero current element forms part of 
these codes. Hence, there would be no way to dif- 
ferentiate between the zero forming part of the code 
and the zero resulting from the suppression of the single 
waves. 

As already stated in the earlier part of this paper, 
the printing system was successfully operated over an 
ocean cable between Ireland and Newfoundland. This 
was not, however, the final solution of printer applica- 
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tion to ocean cables. The next problem was to extend 
the system so that it would operate directly between the 
two terminals of a cable circuit, as between London and 
New York. In connection with this particular phase of 
the undertaking, we will revert for a moment to a brief 
history of the prevailing practise in cable operation 
between the terminal offices. 

Fig. 3 is an outline of a cable circuit extending from 
London to New York or beyond. Up to about the time 
that the cable printer was conceived, practically all 
cable circuits were operated sectionally. For instance, 
in the case of a message whose destination was New 
York, London transmitted the message to Valentia, 
Ireland, through the repeating offices at Bristol and 
Penzance. The operators at Valentia translated the 
message and re-sent it to Heart’s Content, Newfound- 
land: here the message was again translated and re-sent 
to North Sydney, Canada, where it was once more 
translated and resent to New York through the repeat- 
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ing offices at St. John, Canada, and Boston. Under 
these conditions the overall time consumed in passing 
messages between London and New York, or vice versa, 
was in some cases excessive. It is fair to state, how- 
ever, that under certain conditions messages were 
regularly exchanged between these two telegraph 
centers within a minute. It is quite obvious that a 
semi-automatic system such as this could not be 
expected to meet the requirements of the ever increas- 
ing volume of traffic passing between Europe and 
America. The ultimate system must be wholly auto- 
matic, requiring no manual translation or retransmis- 
sion between any two terminals of a long cable circuit. 
This problem was met, and the solution provided, by 
the development of the regenerative repeater. A 
regenerative repeater consists of apparatus which to all 
intents and purposes functions similarly to the printing 
system which we have just discussed. 

It must be capable of mending, as it were, or recon- 
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structing the more or less distorted signals received at 
the end of a land line or cable and retransmitting them 
into the next section, as new or regenerated signals. 
Distortion of signals is due to various causes, such as 
unbalanced duplex conditions, earth currents, char- 
acteristic cable effects, and other extraneous disturb- 
ances. Without the regenerative repeater it would be 
almost impossible to satisfactorily operate a long 
cable circuit. 

There are at least two kinds of regenerative repeaters, 
one known as the rotary and the other as the fork 
repeater. These repeaters are arranged to repeat any 
of the codes which may be used in telegraph operation. 
Such a repeater consists of synchronous apparatus 
arranged to pick out the best portion of the arrival 
signal and reconstruct it so that it is identical with its 
original shape. Fig. 2 illustrates the progression of the 
operation of the repeater, the progression being in the 
order of B,C, D. 
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B = the received signals from the cable local relay 
contacts. 

C = the picking out and filling in process. 

D = thereconstructed signals to be transmitted into 
the next section. 

This type of repeater permits direct operation te- 


tween terminals separated by great distances. As an 
example of its efficiency, a direct circuit with printer 
operation was successfully worked between London and 
San Francisco. This circuit was about 7400 mi. in 
length including 2600 mi. of submarine cable and 
4800 mi. of open line. There were twenty-one 
repeaters in the circuit, five being regenerators between 
New York and London and the remainder being stand- 
ard land line repeaters. The occasion for this circuit 
was the Diamond Jubilee of the Birthday of San 
Francisco, September 5, 1925. As part of the program 
London and San Francisco exchanged greetings and 
other messages, while London had the honor of starting 
the grand march in the ballroom of the Civic Audi- 
torium by transmitting signals which operated the bell 
signal in the printer at San Francisco. The mechanism 
of the printer was arranged to control at a remote point, 
the hammer of a huge bell borrowed from one of the San 
Francisco ferry boats. 

These signals transmitted by London were synchro- 
nized with the strokes of “Big Ben” which chimed at 
7:00 a.m. London daylight time, equivalent to 10:00 
p.m. standard time at San Francisco. The printed 
characters as received on the printer in San Francisco 
were projected on a large screen so that the exchange of 
greetings could be seen and read by the vast audience. 
Fig. 3 shows the magnitude of the London-San Fran- 
cisco circuit. We might say here that this circuit 
worked perfectly in duplex operation and messages 
were sent and acknowledged in one minute. 


REGENERATIVE REPEATERS 


Regenerative repeaters have been in use on the 
Western Union cable circuits for a number of years and 
practically all of its old type ocean cables are operated 
as direct through circuits between London and New 
York. 

As before stated the repeaters are arranged to handle 


any of the telegraph codes which may be used. Some 


repeat the non-uniform cable code, others the straight 
uniform two-current code, and others the modified 
uniform two-current code. In some cases many of the 
signals arriving at the end of a circuit, whether it be 
cable or land line, are so distorted as to be unintelligible 
for sight reading to the skilled operator, yet the re- 
peater through the medium of its regenerative action 
will neglect the bad portions of the signal and pick 
out enough of the good portion to reconstruct a whole 
new signal. 

In addition to the type of regenerator disclosed in 
Fig. 1 in connection with the printer, another type of 
regenerator is shown in Fig. 2A. Here the regenerator 
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is shown as adapted for cable code. The segments C 
pick up a portion of the received signal from the relays 
R and R! and transmit it into the biased pick-up 
relays via brush B R and ring S. These relays in turn 
operate the biased regenerating relays via A, B, C, D, 
E, segments C', ring S and the windings of the pick-up 
relays. The regenerative relays transmit the new 
signal into line L. 


RECEPTION OF SIGNALS OVER OCEAN . CABLES 


The quality or definition of the received signals has 
such a direct bearing on the operation of printing 
telegraphs over ocean cables that it necessarily becomes 
of primary importance. Much has been written about 
this particular subject and cable engineers have 
devoted considerable time towards improving the defi- 
nition of cable signals. The recent new type of per- 
malloy loaded cable developed by the Western Electric 
Company is a radical departure in cable design and has 
considerably increased the cable output above that of 
the best cables of the standard type. 

Reception of cable signals in its final analysis simmers 
down to ‘‘signal shape,” for there is a great difference 
between the sent and received signals, the latter arriv- 
ing with a non-uniformity of shape which must be 
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corrected to produce the best results. The cause for 
the non-permanent condition at the end of the cable is 
due in some measure to the characteristic effects of the 
cable itself and their relation to the delicate receiving 
apparatus which it becomes necessary to use. If the 
receiving instrument be a siphon recorder, these effects 
are not so detrimental, but for automatic or printer 
operation in which a cable relay is required, they must 
be counteracted so as to produce signals in order to 
function automatic apparatus. 

As an illustration of the relative difference between 
the shape of the transmitted and received signals, a 
group of signals is shown in Fig. 4, in which A equals 
the transmitted signals recorded from the contacts of 
the transmitter and B the received signals traced by the 
siphon recorder. It is this difference between the sent 
and received signals which must be corrected for auto- 
matic working. 

In the discussion of the reception of cable signals, at 
least four characteristic effects met with in every day 
working are referred to, namely: 

1. The “swaying effect” caused by earth currents. 

2. The “falling away effect” of certain signals due 
to the charging up process of the cable and its associated 
condensers. 

3. The “wandering zero effect.” 

4. The “variable lag effect.” 
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The latter two effects are the result of a condition in 
the cable brought about by the transmission of impulses 
having variable lengths. 

To illustrate the means for counteracting these differ- 
ent effects, a schematic diagram of a cable circuit as 
used for printer operation is represented in Fig. 5. In 
the figure, M is the magnifier and C R the cable relay.‘ 
Different types of magnifiers are used in cable operation 
but reference will be made to the magnifier used in 
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connection with the printer experiments. This is 
known as the Heurtley hot wire magnifier. It has a 
moving coil to which is attached a pointer, the move- 
ment of the pointer functioning to unbalance the arms 
of a local Wheatstone bridge circuit. The insert 
in Fig. 5 shows, theoretically, this type of magnifier. 

The pointer P R moves the two wires A, B so that A 
approaches a fixed wire C, while B recedes from a fixed 
wire D and vice versa. The four wires are heated with 
the local current in the bridge circuit and connected to 
form arms of the Wheatstone bridge. As the wire A 
approaches C, it is subjected to a greater amount of 
heat and B to a lesser amount; correspondingly the 
resistance of the wires change and unbalance the 
bridge. The output of the magnifier is taken from the 
cross wire of the bridge circuit. 

In the figure it is shown that the cable is operated 
with unshunted sending and receiving condensers. The 
receiving end shows duplex connections, the sending 
end being shown in simplex for simplicity. The con- 
densers serve the purpose of preventing to a certain ex- 
tent the flow of the relatively low-frequency earth 
currents which are more or less prevalent in trans- 
atlantic cables. In some cases, however, earth currents 
reach considerable magnitude and may change or 
fluctuate so rapidly as to interfere with the operation 
of the cable. 


4. There are at least three types of cable relays; the Drum 
relay of S. G. Brown, England, Gold Wire Relay of A. Muirhead, 
England, Antenna Relay of Eastern Telegraph Company, 
England. 
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The inductance shunt in Fig. 5 serves a two-fold 
purpose. It helps to improve the definition of the 
received signal and to counteract the effect of “‘wander- 
ing zero.” Its action on the received signal is such that 
it offers a comparatively high impedance to the begin- 
ning of a signal, allowing the major portion of the re- 
ceived current to flow through the magnifier coil, then 
as the signal gradually falls away, the low ohmic 
resistance of the shunt comes into action and shunts the 
current from the magnifier coil, producing a signal with 
well defined slopes. The low ohmic resistance of the 
shunt also serves the purpose of a bypass for all low- 
frequency currents and within certain limits counter- 
acts the effect of “wandering zero.” The correction or 
shaping circuit in Fig. 5 is for counteracting the ‘‘falling 
away effect” of the arrival signals as they are passed into 
the cable relay and for transforming the curved waves 
into square topped signals.’ 

In Fig. 6 is shown a group of signals in which A 
represents the origina] transmitted signals recorded 
from the transmitter contacts which it is desired to 
reproduce at the distant end. B represents the re- 
ceived signals as they pass into the cable relay from the 
magnifier. For the purpose of illustrating the “‘wander- 
ing zero effect” and the “‘falling away effect” upon these 
signals, a zero line has been drawn through the curves 
to show how the zero portions of the curves have 
wandered from true zero at X, X!. 

Record C shows the signals from the contacts of the 
cable local relays before the correction has been ap- 
plied. Record D shows the signals with the correction 
circuit applied and illustrates how it has held up the 
current waves and straightened out the zero waves. 

The correction shown at D was brought about by 
applying a local current to the correction winding of the 
cable relay coil at a suitable moment when the signals 
began to fall away. This correction winding is shown 


Fic. 6—SHowiIna UNCORRECTED AND CORRECTED SIGNALS 
in Fig. 5. The local current in this winding is regulated 
bv the resistances R' R? in the shaping network and is 
timed by the inductances L', L? to take hold, as it were, 
at the proper moment. Actually what happens is 
this: The relay pointer, for instance, is deflected to a 
contact presumably to record a wave of several units in 
length, say, any one of the current waves shown in 
record B, Fig.6. At some moment during the charging 


5. This method of signal shaping was invented by S. G. 


Brown of England. 
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process of the cable and condensers the current wave Z 
begins to fall away and eventually the slope of the wave 


drifts over to the opposite side of zero as at Q in Fig. 6. 


The local correction circuit comes into action at the 
moment the pointer touches its contact at which time a 
local circuit is formed through the correction coil via 
the network, A, B, C, Fig. 5. Through the medium of 
the slow time constant of these inductances a minute 
current flows and gradually increases in strength in 
opposite direction to the falling signal and automati- 
cally counteracts the gradual “falling away effect” 
and holds the signal up for its full length asillustrated in 
record D. Inthe case of printer operation these signals 
shown at D are in turn regenerated by means of the 
regenerative feature of the printer apparatus in which 
case the single unit impulses arriving as zero waves are 
filled in and reconstructed to their origina] shape as 
shown at A. 


VARIABLE LAG 

Variable lag is only troublesome in connection with 
the reception of cable signals in their relation to syn- 
chronous automatic operation. In ordinary siphon 
recorder operation it is not apparent. Its effect is to 
shift or displace the arrived signal so that it does not 
arrive in the exact location assigned to it on the re- 
ceiving distributor. That is to say, the synchronous 
receiving distributor, the face plate of which is cut 
into equal receiving segments, assumes the successive 
impulses or waves of each code combination will arrive 
so that a definite portion of each wave will fall upon a 
definite point on the distributor. As a matter of fact 

MUU 


A 


PLN REAP PATS PPR 


Fig. 7—SHowING SIGNALS OF EQUAL AND UNEQUAL LENGTH 


this is not the case and in extreme cases it has been 
found that the signals are displaced about 35 per cent 
of their unit length. 


METHODS FOR COUNTERACTING THE EFFECT OF 
VARIABLE LAG 


Variable lag is the result of irregular or non-uniform 
transmission. A regular or uniform transmission 1s 
one in which continuous alternations or reversals of 
current of equal amplitude and duration are sent into 
the cable, and if the alternate half waves be free from 
bias or other defects the electrical condition of the cable 
remains constant and the waves arrive in exact phase 
with the corresponding segments of the receiving dis- 
tributor. Any deviation from this kind of transmission 
produces a variable condition in the cable and theeffects 
of shifting lag become evident, resulting in the wave 
crests appearing at indefinite points on the receiving 
distributor. 
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The difference between arrival signals composed of 
alternating or equal length signals and unequal length 
signals, is shown in the groups of signals in Fig. 7 in 
which A and B represent the sent and received alter- 
nating or equal length signals and C and D the sent and 
received signals of unequal length. For this illustration 
the shaping circuits in the cross-circuit of the duplex 
bridge were disconnected in order to record raw or 
unshaped signals for the purpose of portraying more 
clearly the action of the cable upon these two kinds of 
transmission. It is obvious that the unequal length 
signals arrive in a somewhat disorderly shape, as in- 
dicated in D at X, where some of the waves have failed 
to cross the zero line and others failed to reach the 
zero line. 

To counteract or correct the shifting effect of cable 
signals, several methods are employed. One method, 
used in all synchronous telegraph systems is to shorten 
the length of the receiving segments with respect to the 
sending segments. In general practise this will take 
care of any shifting up to 50 per cent of a signal’s 
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unit length. In addition to this the receiving distribu- 
tor is arranged so that the segments can be rotated toa 
suitable position to compensate for the average degree 
of shifting which may be encountered. To illustrate 
this method of Jag correction, two developed distributor 
rings are shown in Fig. 8. In this case a single trans- 
mitted time unit or half wave occupies a segment of 
72 degrees of the sending distributor face plate which is 
shown cut into five equal segments. From the figure 
it is obvious that on account of the receiving segments 
being shortened, which in this case are one-eighth the 
length of the sending’ segments, the wave A must shift 
forwards or backwards approximately 50 per cent of its 
length before it will encroach upon the receiving seg- 
ments R & or R &. Such an amount of shifting is 
abnormal and is rarely met with in every day working. 
All the lesser degrees of shifting occur within the safety 
zones and are less harmful. While this counteracts the 
effect of the variable lag, it does not eliminate it. It 
must be dealt with at the transmission end of the circuit. 

With this in mind there have been devised various 
ways for transmitting cable signals, the object being to 
approach as nearly as possible an alternating current 
form of transmission. For practical purposes it has 
not yet been possible to transmit telegraph codes as 
used for ocean cable operation in the form of continuous 
alternating waves. A modification of this method of 
transmission was-developed; however, known as the 
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“suppressed transmission,” whereby the code characters 
are transmitted in the form of broken alternating 
waves or reversals. 

This is by far the best form of cable transmission yet 
presented and keeps the cable in an even state and 
counteracts or reduces as far as possible the variable 
lag. It was developed during the early stages of the 
printer experiments, and some outstanding results were 
obtained with it. It is not being used at present on 
account of its apparent limitations as to speed of opera- 
tion. Further investigations, however, are being made 
with it because by taking into account its simplified 
receiving circuit and the fact that the duplex balancing 
of the cable is made easier as compared with other forms 
of transmission, it may be possible to increase the 
magnification, at present limited on account of cable 
unbalance, so that the suppressed transmission might be 
worked up to a relatively high rate of speed. 


OPERATION OF SUPPRESSED TRANSMISSION—EARTHING 
METHOD 


In Fig. 9 is shown a schematic diagram of one of 
several methods used for this kind of transmission. 
The transmitting circuit is arranged so that if two or 
any greater number of unit impulses of like polarity 
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come in succession, the first unit only is sent into the 
cable and the cable is then earthed for the remainder 
of the successive units. For example, if two code com- 
binations are to be transmitted, one containing five 
negative units and the other five positive units, the order 
of transmission will be one negative unit, four earthing 
units, one positive unit, and four earthing units. In 
the figure it is assumed that the tape is feeding towards 
the left until hole 1 is presented to oscillating pin A. 

As pin A rises through the tape, contacts C, C are 
closed energizing relay R via E, C, C, F, G, H, I, R, K, 
in a right direction. The closing of contacts C, C 
causes the latch magnet M to be deenergized through 
the contacts of relay R. This causes the latch DG 
of latch magnet M to fall into the path of the oscillating 
lever O A connected to pin A. As oscillating pin A is 
withdrawn from the hole number 1, it is prevented from 
further rising by the engagement of the oscillating lever 
O A with the latch D G as shown. 

At the moment contacts, C, C closed, transmitting 
relay T R closed via E, C, C, F, L, M and transmitted 
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one time unit of negative current to the cable, then 
when contacts C, C opened, transmitting relay T R 
returned to its upper contact and earthed the cable for 
the remaining units, 2, 3, 4,5. The action of oscillating 
pin B is identically the same as that of A; in this case, 
however, one positive unit is transmitted by trans- 
mitting relay T R! via F',C',C',O, P,Q and the 
cable earthed for the remaining units 7, 8, 9, 10. 

Fig. 10 illustrates the’ suppressed earthing method 
of transmission in which A represents signals trans- 
mitted as blocks and B the signals with all but the first 
unit suppressed and the cable earthed during the time 
of suppression. While this kind of transmission greatly 
reduces the cause of variable lag, some lag still exists, 
for as already stated the cable can only be kept in an 
even electrical state when continuous or unbroken 
alternating current waves are transmitted, whereas 
in this case the alternate waves are transmitted in a 
non-continuous or broken form separated by variable 
length zero or earthing waves which still displace the 
signals to some extent. 

The results obtained at the receiving end of the cable 
with this kind of transmission are really outstanding. 
The received signals being in the form of alternate 
current waves of unit length, arrive with extremely clear 
definition requiring the simplest form of shaping circuit. 
An important feature regarding the operation of 
a cable circuit with this kind of transmission, which 
will be appreciated by cable engineers, is the relatively 


` small amount of time required to get the circuit going. 


At cable stations it is not uncommon when starting up 
a new cable circuit to spend one or more days adjusting 
the shape of the variable length cable signals, whereas 
with the suppressed transmission the shaping can be 
accomplished in a few minutes. 

As an example of this we may refer to the first trial 
or experiment made with the “‘suppressed transmission”’ 
over an actual cable circuit. This cable was about 
1400 nautical miles long having a total resistance of 
4200 ohms and a total capacity of 476 microfarads. 
The time consumed in getting working results was well 
within an hour, which, in the opinion of cable engineers, 
is a very good performance. This included setting the 
terminal transmitting apparatus at a suitable speed for 
operating this particular cable, adjusting or shaping 
the signals at the other end of the cable, and repeating 
the signals, without the aid of a regenerator, back over 
the same cable to the terminal station where they were 
again reshaped and turned into the printer apparatus. 
It is fair to add that the attendants at the cable station 
had no previous experience in shaping this type of 
signal. 


SUPPRESSED TRANSMISSION-INSULATING METHOD 


Another form of transmission tried out to counteract 
the variable lag effect is a “‘suppressed transmission” 
in which the cable is insulated instead of being earthed‘, 


6. First tried by Mr. Pierre Picard in 1898. 
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all else remaining the same as in the other method. 
Considerable time was devoted to this method of work- 
ing and trials were made over one of the long Atlantic 
cables for a period of several months. It was found 
that the characteristic effects of the cable using the 
circuit arrangement shown in Fig. 5 were just as domin- 
ant with this kind of transmission as with the standard 
method. 

Fig. 11 depicts a simplified form of the transmitting 
circuit used for this kind of transmission. In the figure 
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K represents a key which may be the contacts of a 
transmitter. Depressing K operates relay FR’ and rais- 
ing K operates relay R?. The condenser C is adjusted 
to hold either relay closed for the duration of one time 
unit only, then when the relay tongue returns to its 
contact S the cable is insulated for the remaining 
length of the signal. Switching arrangements were 
provided for changing from this kind of transmission 
to the regular type and as far as could be determined 
the regular method gave the more permanent results. 
The method, however, is used on shorter lengths of 
cable of approximately 400 miles or so and apparently 
gives satisfactory results. Not having the constants 
of these cables and the speeds at which they are worked 
it is not possible to state here just how efficiently they 
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Fig. 11— TRANSMITTING 


TRANSMISSION. 


are operated. As far as is known, they are operated 
under simplex conditions, which operation is hardly 
comparable with that of long duplexed cables. 

Fig. 12 illustrates the suppressed insulating method 
of transmission in which A represents the standard block 
signals and B the suppressed signals with all but the 
first unit suppressed and the cable insulated during the 
time of suppression. At first glance the signals shown 
at A and B appear to be almost alike but if a zero line be 
drawn through the curves from X to X', it will be ap- 


parent that the prolongation of the current in B is 
less than in A. 


Another form of transmission suggested is the 
unbroken or continuous alternating current trans- 
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mission’ employing three amplitudes, a large amplitude 
being used for a dash signal, a medium amplitude for 
the dot signal, and the smallest amplitude for the zero 
signal. Much consideration was given to the study of 
this type of cable transmission and experiments were 
carried out to determine its characteristics. 


CURBED TRANSMISSION 
Curbed transmission is old and has been in operation 
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since automatic transmission was first developed. It is 
a method whereby the sending battery is impressed 
upon the cable for only a portion of a time unit, the 
cable being earthed for the remainder of the time unit. 
Other methods of curbing have been employed whereby 
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1:3-—OSCILLOGRAM OF STANDARD 
MISSION 


a transmission time unit is divided into three elements 
instead of two as above mentioned. In some cases, 
perhaps 70 per cent of the time unit is transmitted 
with the maximum voltage, 20 per cent with a reversed 
lower voltage, and 10 per cent with earthing. By vary- 
ing the curbing voltage and changing the degrees of 
curbing, various shapes of signals can be produced at 
the receiving end. Curbed transmission improves 
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the shape of the received signals and correspondingly 
counteracts the effect of the variable lag. An illustra- 
tion of curbed transmission is shown in Fig. 13 in which 
three-element block signals shown at A are transmitted 
asat B. The zero portion of the waves represents the 
time the cable is earthed between each element. 


7. This method of transmission was suggested by General 
G. O. Squier. 
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Up to this point we have investigated four methods of 
transmission suggested for improving the reception of 
cable signals, namely: 


1. Suppressed transmission earthing method. 
2. Suppressed transmission insulating method. 
3. Three amplitude transmission. 

4, Curbed transmission. 


To illustrate the characteristic cable effects on the 
received signals produced by some of the transmitting 
methods four groups of received signals are shown in 
Fig. 14, in which A represents received signals from 
block transmission, B curbed transmission, C suppressed 
transmission earthing method, and D suppressed 
transmission insulating method. The zero line running 
through the signals shows in the cases of A, B, and D 
that some of the wave crests which should have arrived 
on a negative contact have actually drifted to a positive 
contact and vice versa as indicated at X. In the case 
of C, all of the wave crests arrived on their respective 
contacts. | 
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SHUNTED CONDENSERS 


In discussing the various methods of transmission 
and the reception of cable signals, the cable circuit 
represented in Fig. 5 shows the cable to be operated 
with unshunted sending and receiving condensers. 
Until recently this has been the standard method em- 
ployed by the Western Union Telegraph Company for 
operating transatlantic cables, and the major part 
of the printer experiments were carried out under these 
conditions. Experiments were made with shunted 
condensers and further investigation is being made 
along these lines. The reason, as already stated, for 
using unshunted condensers is to prevent the flow of the 
low-frequency earth currents, more or less prevalent 
in transatlantic cables. So far as signal shape is con- 
cerned, it seems to be generally accepted that signal 
shape is better when the condensers are shunted. 


Discussion 


A. F. Connery: The method of cable signaling, suggested 
by Gulstad in 1898 and which is used in the operation of the 
printing telegraph system described by Mr. Angel, appears to 
be the only method available if the 5-unit 2-element code is to 


attempt to compete with the widely used 3-element unequal | 


letter cable code on long cables. The application of this signal- 
ing method to the old-style duplex cables which span the 
Atlantic is no mean achievement, and many difficult and trying 
problems, of which little mention is made in the paper, must have 
been solved. 


I note Mr. Angel states that the speed of a certain cable was 
increased from 300 to 375 letters per minute. I wonder whether 
net increase is meant. My impression has been that the signal- 
ing described in this paper, whereby the single-element impulses 
are attenuated in the cable and are generated locally in the 
receiver, requires a high grade of duplex balance which is difficult 
to secure and maintain. It would seem that the time lost in 
adjusting and regulating would be greater than for the older 
methods of transmission. 
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A large proportion of the cable traffic at the present time is in 
code, and each word usually has the same number of letters. 
In a number of codes, each group consists of ten letters. One 
advantage of the well-known 3-element cable code is the ease 
in which errors may be detected by the transcribing operator. 
A loss or gain of an impulse due to a change in balance, lightning 
kick, improper adjustment of apparatus, ete., at some relay 
station, will either make an unintelligible signal combination or 
will cause a 10-letter word, for example, to become a 9- or 11- 
letter word. In any ease, the error is usually apparent to the 
transcribing operator who can have the doubtful part of the 
message repeated. 

The 5-unit code does not possess this advantage, and the loss 
or gain of a pulse will cause a wrong letter to be printed in place 
of the proper letter. Each word will have the proper number of 
letters and the receiving operator will be unable to detect any 
irregularity. 

For plain English traffie the printer on slow-speed cables is 
attractive, but for code traffic it appears to be at a disadvantage 
as compared to the widely used eable code. 

The foregoing remarks do not apply to the new high-speed 
inductively loaded cables which must be multiplexed to secure 
satisfactory traffic distribution and have no duplex balances 
with which to contend. l 


W. A. Houghtaling: Mr. Angel’s paper describes printer 
operation on ocean cables in its simple form, that is. single-chan- 
nel operation or one printer and transmitter at each terminal of 
the eable. It may not be clearly understood, however, that 
the printer operation is not limited to a single-channel, as by the 
use of a rotary distributor, several channels are possible. In 
fact, two other cables are being operated with four and five 
channels respectively, and still another is operating with two 
channels. 


The cable which is operating as a two-channel circuit is of the 
same type as that referred to in the paper, while the two which 
provide four and five channels are the loaded type. 

Onc of the points brought out in Mr. Angel’s paper that seems 
to me to be quite interesting is the way he has shown the various 
steps of increased output of a type of cable laid fifty years ago, 
obtained by the use of improved terminal apparatus and im- 
proved operating methods. It would seem that the cable engi- 
neers and cable manufacturers of half a century ago built better 
than they realized. This type of cable has been able to meet the 
ever increasing traffic requirements through all these years by 
means of the terminal improvements mentioned until it is now 
carrying more than five times the amount of traffic it could 
handle originally. 

W. C. Peterman: The securing of the maximum message- 
carrying capacity of a cable which is the primary object 
of the cable engineer depends both on sending as many eycles 
per second of signaling current as possible over the cable 
and getting the greatest amount of intelligence out of every 
eycle of current. It was pointed out in the paper that as the 
transmitting frequency is increased, the attenuation of the signals 
becomes greater, and at the receiving end of the cable more and 
more amplification of the signals must be used in order to get 
current strong enough to operate the mechanical relays. Of 
course with vacuum-tube amplifiers the amount of amplifi- 
cation possible has been increased vastly over what was pre- 
viously obtainable, but unfortunately it has been found that all 
of the amplification thus possible cannot be used in practise 
beeause of the presence of electrical disturbances. These dis- 
turbances may be either man-made, such as interference from 
nearby power lines or other cable circuits, or from the duplex 
balance of the cable itself; or they may be electrical disturbances 
from apparently natural sources of unknown origin. 

The difficulty of receiving weak signals from distant radio 
broadcasting stations when any considerable amount of static 
is present, no matter how much amplification is available, is 
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familiar to everyone. In fact, greater amplification does not 
help at all after a certain point is reached; it only adds to the 
confusion. We have just about the same problem with receiving 
weak signals over a long cable. It thus becomes necessary to 
secure the greatest possible amount of information, as it were, 
from each received impulse, since we cannot increase without 
limit the number of impulses transmitted per second. 

I just wish to emphasize, therefore, in the system described 
by Mr. Angel, and shown in his Fig. 1, that only the impulses 
of one-half the fundamental frequency must be received with 
sufficient strength to be well above the interference level, al- 
though we are getting the full amount of information out of the 
impulses transmitted at the fundamental frequency which 
impulses, by their very absence, because of greater attenuation, 
are caused to be filled in automatically at the receiving end. 
Thus we get the benefit of having to receive through the inter- 
ference only, the comparatively stronger signals of one-half the 
working frequency while getting the full message-carrying 
advantage of the highest frequency impulses. . 

Herbert Angels I should like to say, in reply to the comments 
by Mr. Connery, that the excellent method for increasing the 
speed of cables suggested by Mr. Gulstad in 1898, while quite 
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successful for operating comparatively short lengths of cable, 
had never been found practicable to apply to long cables. This 
was pointed out by Messrs. Judd and Davies, of England, in their 
British patent of 1913, in which, for the first time, a method was 
described for filling in attenuated impulses for a synchronous 
system on long cables. The Western Union printing system 
does not use the Gulstad vibrating method for filling in the 
impulses. 

Replying to Mr..Connery’s query about the increased speed 
with printer operation, the output of 375 letters mentioned in 
the paper is a net output. 

In reply to Mr. Connery’s comment about the high-grade 
balance required for cable-printer operation, I should like to 
point out that in getting the 375-letter output which is an in- 
crease over the output obtained with cable Morse code, the 
frequency of the double received impulses is even then less than 
the maximum fundamental frequency when using cable Morse 
code. Therefore the received signaling impulses are larger and 
are better able to stand any slightly greater balance disturbance. 
Further, it has been found by repeated check, that under these 
conditions the cable printer is as accurate as the cable Morse 
code. 


A Non-Rotary Regenerative Telegraph Repeater 


BY A. F. CONNERY: 


Associate, A. I. E. E. 


Synopsis.— Rotary regenerative repeaters have made multiplez 
printing telegraphy possible over long distances. This paper gives a 


INTRODUCTION 


HE use of multiple-channel printing telegraph 
systems in the United States and Canada has 
resulted in many problems in connection with their 

operation over long circuits. 


Practically all .circuits are duplexed and the usual 
practise is to repeater them at intervals of 250 to 350 
mi. A printer circuit operated between New York and 
San Francisco may have as many as 12 repeaters. 


An ordinary relay telegraph repeater can never repeat 
signals as perfectly formed as those sent out by the 
originating transmitter since the signals always arrive 
somewhat out of shape and the repeating apparatus 
itself contributes a further modification. 


Most overhead telegraph circuits use a ground return 
and some distortion of the signals is inevitable in ad- 
dition to the distortion caused by the repeaters and 
imperfections in the duplex balance. 

To operate a transcontinental multiplex printing 
telegraph circuit equipped throughout with ordinary 
relay repeaters, a very high grade of line and repeater 
maintenance is required. Accurate duplex balances are 
essential at repeater and terminal stations. The most 
direct routes must be used and line conductors chosen 
which have a favored location on the pole line so as to 
reduce the cross-fire from other conductors. 

Even with high grade maintenance, the signal re- 
ceived at the terminal station is somewhat distorted 
and much time is consumed in balancing and adjusting. 
It is apparent that even a slight distortion of the signal 
in each line section results, in the aggregate, in an ex- 
tremely distorted signal being received at the terminal 
statio. The speed of operation is very slow as com- 
pared with the shorter circuits and the traffic capacity 
islow. _ 

By the use of a regenerative type of repeater, the 
received distorted signal in passing through the re- 
peater is regenerated and sent on to the next line section 
in perfect shape. The invention of the regenerative 
repeater is old and is attributed to Baudot of France. 

A regenerative repeater for duplex working usually 
consists of electrically driven tuning forks controlling 
synchronous motors, rotary distributors driven by the 
synchronous motors, a plurality of storing relays 

1. Telegraph Engineer, Postal Telegraph Cable Co., 253 
Broadway, New York, N. Y. 


Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 
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brief description of some types of rotary repeaters and then proceeds 
to describe in more detail a non-rotary regenerative repeater. 


together with the line relays and relays used in the 
synchronizing circuit. The synchronizing circuit main- 
tains the distributor in step with the received signals. 
Fig. 1 indicates a simple form of regenerative repeater. 
The sent, received, and regenerated signals are shown in 
addition to the two rings, R1 and R2, of the rotary 
distributor. The received signals operate line relay 
L R. Transmitting relay T R can only be operated 
by LR during the period that brush BR has 
joined R1 to a segment of R2. The only part of 
the received signal utilized for retransmission is 
that marked S. Any distortion occurring outside 


of S will have no effect on the retransmitted signal. 
With this type of repeater, a slight distortion may be 
present in the retransmitted signals if the received 
signals are so badly distorted that they infringe upon S. | 
Reducing the length of the segments R2 increases the 
ability of the repeater to regenerate badly distorted 
signals, but, if the segments are too short, the operating 
impulse to transmitting relay T R may become too 
short to properly actuate the relay. The brushes B R 
must be driven at such a speed that the time required 
for the brush to pass from the start of one segment to 
the start of the next segment is the same as the time 
occupied by the shortest signal element. 

Fig. 2 indicates a form of regenerative repeater which 
was invented by P. M. Rainey. Only a portion of the 
distributor faceis shown. Line relay L Ris actuated by 
signals received over line 1. Brush B R1 connects 
successively the receiving segments of R2 to R1. The 
storing relays, S R1 to S R5, are operated whenever the 
line relay tongue is. touching its marking contact at 
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the same instant that the brush makes contact with the 
respective segments of R2. Each storing relay, when 
_ operated, locks up through the left contact and tongue 
and the right contact applies the proper polarity of 
battery to the transmitting segments R4. Transmit- 
ting brush B R2, which is angularly displaced with 
respect to B R1, connects line 2 to the successive 
transmitting segments. When the transmission is 


completed, the restoring relay FR R is actuated by B R3. 
This unlocks the storing relays and they are ready for 
the next revolution of the brushes. 

Fig. 3 illustrates still another form of regenerative 
repeater. The polarized storing relays S R1 and S R2 
are connected to alternate segments on the sending and 
receiving rings. While a signal from line 1 is being 


stored in one relay, the stored signal in the other relay 
is being transmitted to line 2. 

There are two main types of synchronizing systems 
used to maintain phase relation between the distributor 
brush arms and the received signals. One type, 
which has been termed “shift the hands” correction, 
- shifts the brush arms to maintain synchronism while the 
other type maintains synchronism by altering the 
natural period of the driving fork. 

In one example of the ‘“‘shift the hands” correction, 
the rotary distributor is arranged to run slightly faster 
and a mechanism controlled by the received signals 
steps back or “corrects” the distributor brushes when 
they gain a certain amount over the brushes of the 
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sending distributor. Several opportunities for cor- 
rection are available during each revolution. While 
this correcting scheme has been used to a considerable 
extent on rotary regenerative repeaters, it is open to 
some objections. The many opportunities for correc- 
tion in each revolution make it possible for a few badly 
distorted signals to considerably alter the phase rela- 
tions and several seconds are required for the distributor 
to work around to the proper phase. When several 
repeaters of this type are used in tandem on a long 
circuit, difficulty may be experienced in holding 
synchronism. 

In the writer’s opinion, it is preferable to use, in a 
regenerative repeater, a correction which alters the 
natural period of the driving fork because the correcting 
action is gradual and an occasional badly distorted 
signal will not seriously alter the phase relations. 


NON-ROTARY REGENERATIVE REPEATER 


The main object of this paper is to describe a new type 
of regenerative repeater which has no rotating parts. 
It should be realized in this connection that the rotating 
feature of the repeaters previously described in this 
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paper has for its object the control of electrical contacts 
at uniform time intervals which agree with the rate at 
which signals are being sent over the line circuit. 
An electrically operated tuning fork adjusted to vibrate 
at a uniform rate and controlling electrical contacts, 
can be used, therefore, for timing purposes for regenera- 
tive telegraph repeaters and rotating members elim- 
inated. A repeater for one-way repetition consists 
essentially, therefore, of an electrically operated tuning 
fork, a line relay, a locking relay, a transmitting relay 
and a correcting or synchronizing circuit with relays. 
It has been found possible in practise to make use of the 
same type of tuning fork as is now used with multiplex 
printing telegraph terminal sets. 


SELECTING CIRCUIT 
Fig. 4 shows the selecting and locking circuits. The 
locking relay is normally under the influence of the main 
line relay which controls the direction of the current 
through the operating winding. The current through 
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= the locking winding of the locking relay is stronger 
<: than the current in the operating winding and as long 
-. as the fork is touching its selecting contact the armature 
‘: of the locking relay is prevented from moving. During 
the period that the fork is not touching the selecting 
; contact, no current flows through the locking winding 
- of the locking relay, and it therefore is under the influ- 
- ence of the tongue of the main line relay. The polarity 
: of the signal transmitted by the transmitting relay 
. depends upon the position of the tongue of the locking 

relay at the moment the fork engages its selecting 

contact. A long duration of engagement of the fork 

with the selecting contact does not injure the repeated 
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signals. The locking up of the locking relay while the 
transmitting relay is operated prevents any clipping 
of the signals sent out from the transmitting relay. 
The shunted condenser permits a quick rise and fall 
of current in the locking winding. A leak current 
through one of the windings of the transmitting relay 
tends to hold the relay tongue to whichever contact it 
may be touching. The current in the leak winding is 
small and does not interfere with the operation of the 
relay. The local meter is used as a guide in checking 
speed and detecting breakups. 


CORRECTION CIRCUIT 


The means used to hold the fork in synchronism with 
received signals is an adaptation of the Picard system. 


Fig. 5 shows the correction circuit. 

By means of the weights W and the adjusting rheo- 
stat, the rate of vibration of the fork is set so that, with 
no current flowing through the corrector magnet C M, 
it makes slightly less than a complete cycle of vibration 
for each unit length of line signal. With current 
flowing through the corrector magnet, the fork speed 
increases so that it makes slightly more than a complete 
cycle of vibration for each unit length of line signal. 
In actual operation, the current through the corrector 
magnet occurs at irregular intervals due to the action 


of the correction circuit and the fork is held in step with 
the received signals. When the fork falls behind the 
signals, current flows through the corrector magnet 
and causes the fork speed to increase. When the fork 
gains on the signals, the current is cut off the corrector 
magnet and the fork speed is reduced. 

Assume, for example, that the speed has been 
matched and the repeater is in operation. If the 
tongue of the main line relay moves from one of its 
contacts to the other at the instant the fork is touching 
contact A, Fig. 5, the tongue of the switch relay S R 
is moved to correspond with the position of the tongue 
of relay M L R. When the fork makes contact with B, 
a short impulse of current flows through condenser C 
and one winding of the corrector relay and the tongue of 
relay C R is moved to the marking contact and current 
fiows through the corrector magnet and increases the 
speed of the fork. As long as the movements of the 
tongue of the main line relay M L R occur at the instant 
that the fork is touching contact A, the relay C R re- 
mains in the marking position. If, for example, the 
movement of the tongue of relay M L R is from S to M, 
the tongue of relay S R is moved to contact M and the 
current impulse through the condenser and the windings 
of relay C R which occurs when the fork touches con- 
tact B goes through one winding of relay C R from 
right to left and the tongue is thrown to the right. 
If, however, the movement of the tongue of relay 
M L R is from M to S, the tongue of relay S R is 
moved to contact S and the current impulse which 
occurs when the fork touches contact B is in a reverse 
direction, but goes through the other winding of the 
relay C R from right to left and the tongue still tends to 
be thrown to the right. 

The tongue of relay C R being on contact M, a current 
fiows, through the corrector magnet which increases the 
speed of the fork. In a short time the movements of the 
tongue of relay M L R occur when the fork is on contact 
B. The impulse through the condenser occurs just as 
soon as the tongue of relay M L R moves and as the 
relay S R is not affected since the fork is on contact B, 
the impulse through the condenser moves the tongue of 
relay C R to the left and the current is cut off the 
corrector magnet. 

In reviewing the action of the correction circuit, it is 
apparent that if the operation of the tongue of relay 
M L R occurs when the fork is touching contact A, 
the switch relay tongue is moved and the impulse 
through the condenser which takes place when the 
fork moves to contact B throws the tongue of relay 
C R to the right and the fork speed increases. If the 
operation of the tongue of relay M L R occurs when 
the fork is touching contact B, the impulse through the 
condenser occurs immediately and since relay S R 
has not been operated, the impulse moves the tongue of 
the relay C R to the spacing or left-hand position. 
This breaks the current through the corrector magnet 
and the fork speed will reduce again. In actual 
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operation, the fork corrector contact is moving from 
A to B or about to move when the tongue of relay 
M L Roperates. 


REGENERATIVE ACTION 


The correction circuit, as explained, holds the tuning 
fork in step with the line signals. The fork makes a 
complete cycle of vibration during the time of the 
shortest signal element. If, for example, the signals 
over the line are the equivalent of alternating current 
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at a frequency of 25 cycles or 50 signal units per sec., 
the fork vibrates at 50 cycles. 

The received signals operate the main line relay which 
in turn operates the locking relay. The fork engages 
the selecting contact once for each unit length of 
received signal. The instant that the signal reverses on 
the transmitting relay is defined by the vibration of the 
fork into a contact with the selecting contact. The 
tuning fork maintains a constant rate of vibration and 
the repeated signals reverse at properly timed intervals. 

Fig. 6 shows in a graphic form the transmitted, re- 
ceived, and regenerated signals. The comparatively 
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long time during which the fork engages the selecting 
contact insures that the transmitting relay will be 
reliably operated and will tend to minimize chatter. 
Fig. 7 is a tracing from an oscillogram of some distorted 
received signals and their reconstruction by the re- 
peater. The received signals were in the form of con- 
tinuous reversals or alternating current. The variation 
in the distance between the points marked X would be 
the amount of distortion retransmitted by an ordinary 
relay repeater. The initial part of each regenerated 
signal shows a slight bounce or chatter of the trans- 
mitting relay contacts. Improved relays are now avail- 
able, the use of which will reduce the chatter effect. 

The range of speed of the repeater using a standard 
tuning fork is from 15 to 30 cycles line frequency or 30 
to 60 words per min. per channel of a two-channel, 
five-unit code printer circuit. 

In the early development of this regenerative 
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repeater, means were provided for varying the selecting 
or pickup point, thus giving the equivalent of orienting 
the contact segments of a rotary distributor. The 
correcting system which was adopted, however, proved 
to be very stable and it was found that the orienting 
feature could be dispensed with. Within the 15- to 
30-cycle line frequency range, the point of selecting 
under all conditions is as close to the central portion of 
the signal as could be desired. In this connection it 
should be pointed out that an orienting feature is of less 
value at a regenerative repeater station where no 
printer record is available than on a printer terminal 
set. Valuable time is often lost in making futile 
adjustments of the orientation when another remedy is 
required. 


ALTERNATING CURRENT FOR BALANCING 


One advantage of regenerative repeaters is the pos- . 
sibility of reducing the time required for balancing. 
If, for example, a long line circuit is equipped with a 
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regenerative repeater at a central point, a readjustment 
or lineup of the balances of the relay repeaters on one 
side of the regenerative station may be conducted at the 
same time as the lineup on the other side. The 
regenerative repeater, however, must be equipped with 
a means of transmitting alternating current to either 
line, and it should preferably be of nearly the same 
frequency as that at which the working signals are 
transmitted. 

Fig. 8 shows how this is accomplished on the non- 
rotary repeater without the need for additional equip- 
ment with the exception of the a-c. switch. 

In the normal right-hand position of the a-c. switch, 
the operating winding of the locking relay is connected 
to the tongue of the main line relay and the leak winding 
of the transmitting relay goes to ground through 15,000 
ohms. When the levers of the a-e. switch are thrown to 
the left, the operating winding of the locking relay is 
connected through the leak winding of the transmitting 
relay to the tongue of the same relay, through a 7500- 
ohm resistance. This leak current through the operat- 
ing winding of the locking relay normally holds the 
tongue of the locking relay in a position opposite to 
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that of the transmitting relay. When the fork engages 
the selecting contact, the tongue of the transmitting 
relay moves in the usual manner to a position cor- 
responding with that of the locking relay. When the 
tongue of the transmitting relay operates, the current 
through the operating winding of the locking relay 
reverses but the locking relay is not operated im- 
mediately because the stronger current in its locking 
winding prevents its operation. When the fork moves 
away from the selecting contact, the locking current 
ceases to flow and the locking relay tongue, under the 
influence of the leak current from the transmitting 
relay, moves to the opposite contact. 

From the foregoing, it is apparent that when the fork 
engages its selecting contact, the transmitting relay 
tongue moves to a similar position to that of the locking 
relay and when the fork disengages the selecting con- 
tact, the locking relay tongue moves to a dissimilar 
position to that of the transmitting relay. The alter- 
nating current generated in this manner is practically 
the same frequency as the alternating current from the 
terminal multiplex distributor. 


CONVERSION TO PLAIN REPEATER 


The repeater is equipped with cords and jacks by the 
use of which the regenerative action can be cut out and 
the set will function as a non-regenerative repeater. 
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FLOOR SPACE AND POWER REQUIREMENTS 


The complete duplex repeater is shown in Fig. 9. 

The repeater table is shipped completely wired for 
duplex operation. It is merely necessary to connect 
to power, lines, and ground and attach the forks and 
relays, etc., to the table. The floor space required is 
43 in. by 27 in. The height of the table is 42 in. 

The tuning fork, which is similar to those used on the 
terminal multiplex sets, is shown in Fig. 10. 

The local power may be either 110 or 160 volts. The 
local current required for the duplex table is approxi- 
mately one-half ampere and it has been found possible 
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to install these repeaters in most telegraph offices 
without adding to the generator plant. 


OPERATING EXPERIENCE IN POSTAL TELEGRAPH-CABLE 
SYSTEM 
More than 50 of these repeaters are in use. 
No difficulty has been experienced in operating 
several repeaters in one printer circuit. 
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Before regenerative repeaters were used, it was neces- 
sary to assign the best line wires to the overland circuits 
so that the overall distortion of the signal would be 
kept at a minimum. The present practise is to use a 
sufficient number of regenerative repeaters so that 
almost any line wire, provided it is electrically intact 
and free from swings, may be used in the overland circuits. 

In several instances, wire routes which were un- 
suitable for use in overland circuits because of the 
long distances between repeater stations and which had 
insufficient wires to justify opening up additional 
repeater stations, have been made suitable for printer 
operation by the installation of regenerative repeaters 
adjacent to or near the long sections. 

Fig. 11 shows the layout of two typical overland | 
circuits. The speed of operation is approximately 
50 words per min. per channel and the spacing between 
the regenerative repeaters is short enough to reduce 
lineups to minimum. 

One or more regenerative repeaters are used in practi- 
cally every printer circuit over 800 mi. in length with 
consequent reduction in lost circuit time and increase 
in speed of aperation. 


CONCLUSION 


This regenerative repeater was developed to provide 
a simple and compact form of repeater which would 
give equivalent results to those obtained from the rotary 
regenerator without the expense of the rotary distribu- 
tors and their synchronous motors. 

The design elim‘nated the necessity for special types 
of distributors which otherwise would have had to be 


` built to regenerate the multiplex circuits in use on the 


lines of the Postal Telegraph Cable Company. 

The completed non-rotary regenerative repeaters 
have certain economies and improvements over the 
rotary forms considered and among these were: 
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The first cost is less because the expensive dis- 
tributors and synchronous motors with accessories are 
eliminated. 

The maintenance cost is lower because there are no 
distributor parts to require attention and renewal 
and less local current is needed. 

The required amount of floor space is reduced. 

The regeneration of the signals being accomplished 
directly by the fork eliminates the loss in margin caused 
by the tendency of the distributors to hunt. 

A short interruption of the local power supply does 
not necessitate the attention of a repeater attendant. 
The tuning forks are self-starting and when the power 
supply is resumed the repeater starts up automatically. 


” Reno, Nev. 
San Francisco, Cal. 
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In this respect it is the equivalent of the rotary repeater shown 
in Mr. Connery’s Fig. 3, although it uses but one segmented 
ring and two unbiased relays when regenerating two-current 
signals, which tends for simplification. The repeater as shown 
in Fig. 2, however, is wired for cable Morse three-current 
signals and, therefore, uses four biased relays. 

Herbert Angels Considerable work has been done by the 
Western Union Telegraph Company with regenerative repeaters 
of both the rotary and non-rotary types, the latter being known 
as the fork regenerative repeater. Opinions differ as to which 
is the more advantageous type to use; each probably has its 
special field. 

In a great many cases it has been found more desirable to use 
the rotary type with segmented rings for leaking off printers. 
Aside from this there is the question of brush transmission in 
one case and relay contact transmission in the other. It is 
the more general opinion that brush transmission is superior to 
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Discussion é 
W. C. Peterman: I should like to point out that a type of 
rotary repeater differing from those shown in Figs. 1, 2, and 3 
in Mr. Connery’s paper is shown in Fig. 2 of the paper by 
Herbert Angel!. 


In the type of rotary shown by Mr. Angel, which has been 
used very successfully by the Western Union on their long 
ocean cable circuits, the pick-up circuit is separate from the 
locking and sending-on relay circuit although they are both 
connected to segments on the same segmented rings. This 
regenerator gives complete regeneration; that is to say, if an 
impulse is received of sufficient duration to be locked up, the 
regenerated signal is of a definite duration. 
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relay contact transmission. For higher speeds the rotary 
type should be more reliable than the fork type as now developed. 

A. F. Connery: Answering Mr. Peterman’s comments, 
the diagrams of the rotary repeaters shown were of course made 
as simple as possible, and on some of them it would be necessary 
to add accessories to make practical repeaters such for ex- 
ample, as locking up the polarized transmitting relays to make 
them less subject to vibration and things like that. 

We do not make claim for the non-rotary repeater that it 
will send out a better signal than a rotary repeater, but the 
advantage is that it is simpler and easier to maintain, and we 
think that in the hands of the average attendants, the net results 
will be better. 

There are some purposes for which the rotary repeater is 
better; for instance, where we want drop-channel and otherscir 
cuitslikethem. When we want to get into complicated circuits it is 
better simply to add segmented rings on the rotary mechanism, 
but on a straightforward regenerative repeater I think there are 
some advantages for the non-rotary repeater. 

Mr. Angel’s comments upon the advantages of brush trans- 
mission over relay transmission are well founded. In fact 
until recently there was a very decided advantage of brush 
transmission over relay, but relays have recently been developed 
with very low transit time; that is, the relays travel from one 
contact to the other at very high speed and means of reducing 
chatter have been developed so that now I think brush trans- 
mission has very little if any advantage over relay transmission 
and of course there is less maintenance of the relay contacts. 
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Synopsis.—A new and improved tool generally means new or 
improved accomplishments. Great improvements in sound record- 
ing and reproduction have been made possible by the thermionic 
amplifier. 

Electrical reproduction may be considered in three. steps, (1) 
generation of a voltage by the vibrations of the needle, (2) amplifica- 
tion, (8) conversion of electrical power into sound. The first 
of these steps involves some interesting mechanical and electrical 
problems, and it ts with these that the paper primarily deals, the 
problems of amplification and loud speaker design having been 
discussed in earlier publications to which references are given. 


ANY interesting improvements have been made 
M recently in methods for recording and reproduc- 
ing sound, which have resulted in truer and more 
pleasing reproduction. These have involved the use of 
electrical means in recording, while both electrical and 
direct or mechanical systems are being used with good 
results for reproduction. A discussion of some of the 
problems arising in an electrical system of reproduction, 
seems warranted in view of the widespread interest in 
such questions and of the fundamental nature of some 
of the mechanical problems involved. 


Mechanical and Electrical Systems Compared. The in- 
herent advantage of the electrical method of phono- 
graphic recording and reproduction, ascompared with the 
older direct methods, lies in the fact that the electrical 
methods can make use of amplifiers. In the old 
system of recording, the cutting tool was mechani- 
cally connected to a diaphragm which was actuated 
by sound waves. The power available to give the 
necessary vibrations to the tool was thus limited to 
what could be collected from the original sound. In 
the case of electrical recording the power for vibrating 
the tool may be made as great as needed. This does 
not necessarily mean louder records or greater ampli- 
tude of vibrations. In acoustic apparatus extreme 
sensitivity is generally purchased at the expense of 
quality. In order to get sufficient amplitudes of cutting 
tool vibration, a horn was used to concentrate the sound 
waves, and a resonant diaphragm was employed. Both 
of these introduce distortion. 
a sound pick up or transmitter without a horn is used. 
Its electrical output is small, but can be amplified with- 
out appreciable distortion, and relatively large forces 
can be applied magnetically to the cutting tool, which 
may now be heavily damped, thereby reducing its 
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In electrical recording, 


Several types of phonograph ‘‘pick up” are possible; electrostatic, 
piezoelectric, electromagnetic, and variable resistance or microphonic. 
The electromagnetic principle is used in the device now manu- 
factured. Since the moving armature cannot be actually at the 
needle tip, the little generator must function by transmitting the 
vibrations from the needle tip through a more or less flexible structure 
to the armature. Vibrations are inevitably transmitted, but when 
the requirements of freedom from appreciable distortion and mari- 
mum possible output are added, extreme care in design becomes 
necessary. An analysis is given of the mechanical behavior of the 
present model of reproducer. 


tendency to respond more to certain frequencies in the 
musical scale than to others. 

When we come to the problem of reproduction from 
the record, the possibility of amplification does not give 
so great an advantage to the electrical system, as in 
the recording, because the reproducing needle, unlike 
the sound waves with which we started, can deliver 
considerable power, or apply large forces to the object 
which it is required to vibrate. This power at the re- 
producing needle is, of course, derived from the rotation 
of the record. In fact, cutting a record and then play- 
ing it may be regarded as a method of power amplifica- 
tion. In the old method of cutting and reproduction 
the power output in sound from the phonograph is 
normally many times the power collected by the horn 
used in recording. 

Both the mechanical and electrical systems can be so 
designed as to give a very high order of quality in re- 
production. The advantage of the mechanical system 
is its simplicity. The advantages of the electrical 
system are its flexibility, ease of adjusting loudness, 
and the possibility of obtaining greater volume of sound, 
where this is desired and the apparatus is designed 
accordingly. 

Electrical reproduction may be considered in three 
steps, (1) the vibration of the needle must be made to 
generate a voltage whose wave form corresponds to the 
wave in the groove, (2) this voltage is amplified, and 
(3) an electrical loud speaker converts electrical power 
back into sound. The design of amplifiers and loud 
speakers has been discussed in earlier papers?. The 
present paper will, therefore, deal principally with the 
device in which the vibration of the needle generates 
the voltage which is to be supplied to the amplifier. 


2. Design of Non-Distorting Power Amplifiers, Edward W. 
Kellogg, A. I. E. E. Trans., Vol. 44, 1925, p. 302. 

A New Type of Hornless Loud Speaker, by Chester W. Rice 
and Edward W. Kellogg, A. I. E. E., Trans. Vol. 44, 1925, p. 461. 

See also bibliography on amplifiers and loud speakers at end 
of paper. 
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POSSIBLE TYPES OF REPRODUCER 

The same principles by which diaphragm vibrations 
in a transmitter are made to produce voice currents, 
may be applied to the case of the phonograph repro- 
ducer. Many types of transmitters have been used, 
among which are the magnetophone (Bell’s first trans- 
mitter as well as receiver) the variable resistance 
transmitter such as in general use in telephony, the 
condenser transmitter? which is used in broadcasting 
stations, and a transmitter making use of a piezo- 
electric‘ crystal. These transmitters may be classified 
as of two types: (1) those in which the output voltage 
is proportional to the deflection, and (2) those in which 
the output voltage depends on the velocity of diaphragm 
movement. The carbon microphone, condenser, and 
piezoelectric transmitters as generally used are of the 
first type, while the magnetophone belongs to the 
second or velocity type. The condenser transmitter, 
for example, is kept charged through a very high 
resistance so that the charge upon the plates cannot 
change appreeiably during an audiocycle. The voltage 
across the condenser then varies inversely as the 
capacity, or directly as the plate spacing. The voltage 
thus obtained which is applied to the grid of an amplifier 
tube is proportional to diaphragm deflection, indepen- 
dent of frequency except for frequencies so low 
that the condenser reactance is considerable compared 
with the leak resistance (for practical purposes we may 
say equal to the leak resistance). The same con- 
siderations apply to the piezoelectric crystal which may 
be regarded as a condenser of constant capacity but 
variable charge, the charge depending on the mechanical 
force applied to the crystal. On the other hand, both 
the condenser transmitter and the piezoelectric crystal 
may be made to act as velocity devices by using leaks 
whose resistance is low compared with the capacity 
reactance of the condenser throughout the essential 
frequency range. In this case the charge flows freely 
back and forth through the resistance, and the current 
(or voltage across the leak resistance) is proportional 
to the rate of change of charge which in turn is pro- 
portional to the diaphragm velocity. The magnetic 
transmitter works on the principle of changing the mag- 
netic flux through a coil. Its open circuit voltage is 
proportional to the rate of change of the flux, and this 
again depends on velocity of movement. In terms of 
sine waves, the deflection devices (type No. 1) give a 
voltage proportional to amplitude independent of 
frequency, while the velocity devices (type No. 2) 
give a voltage proportional to amplitude multiplied by 
frequency. 

3. See papers on the Condenser Transmitter by E. C. Wente, 
Phys. Rer., X-1, p. 39 XI, p. 450 XIX. 

4. H. and P. Curie, Compt. Rend., 91, pages 294 and 383, 1880. 

J. Valasek “The Piezo-electrie Activity of Rochelle Salt,” 
Phys. Rer., Vol. 19, p. 478, 1922. 

A. Me L. Nicolson, The Piezoelectric Effect in the Composite 


Rochelle Salt Crystal, A.1. E. E., Trans., Vol. 37, 1919, p. 1315. 
W. G. Cady, I. R. E., Apr. 1922. 
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Which of these types of device should we choose for a 
phonograph reproducer? If the system by which the 
record is cut is so designed that the deflection of the 
cutting point is proportional to the original sound wave 
pressure, then a deflection type reproducer is required. 
If the record is cut by a tool whose instantaneous 
velocity is proportional to the sound wave pressure, we 
shall require a velocity type reproducer. Both systems 
are equally correct from the standpoint that if their 
conditions are complied with, distortionless repro- 
duction will result. The choice can, therefore, rest on 
such considerations as scratch noise ratio, wearing 
qualities of record, interchangeability of records, and 
designing a practical device which performs in ac- 
cordance with the theoretical requirements. By inter- 
changeability of records is meant that it is desirable 
that the electrical reproducing system shall not only 
give good results with records that are especially cut for 
it, but so far as possible give pleasing results with 
records cut by the old process, and the records which are 
correctly cut for electrical reproduction should sound 
well when played on a horn type machine. This 
requirement is most nearly met by the velocity system 
of cutting and reproducing. When a diaphragm is 
placed at the end of a long pipe it produces sound wave 
pressures in the pipe proportional to the diaphragm 
velocity. If, instead of a pipe, the diaphragm works 
into a horn of the usual (approximately exponential) 
shape, the same relation holds, very nearly, over most 
of the frequency range, the difference being that below 
a certain frequency the sound radiation from the horn 
drops to almost nothing®. If the needle motion is 
properly imparted to the diaphragm, a phonograph of 
the horn type may be regarded as a device giving output 
sound pressure proportional to needle velocity, except 
that its response is limited to frequencies above a certain 
value. In some of the new designs employing long 
slowly expanding horns, the range of response has been 
greatly extended in the direction of response to lower 
tones, this change plus the reduction of resonances in 
the system makes of the horn phonograph a machine 
which holds very closely to the relation—output sound 
pressure proportional to needle velocity. It is, there- 
fore, clear that if the electrical reproducing system 
is to be such that records may be satisfactorily inter- 
changed, it must work on the velocity principle. It 
is not apparent that in respect to wear of records and 
scratch ratio a system in which output depended on 
deflection rather than velocity would have any ad- 
vantages to offset the disadvantage of not having the 
records interchangeable. 


Of the possible devices giving voltage proportional 
to needle velocity, the magnetic and the piezoelectric 


5. Function and Design of Horns for Loud Speakers, by C. R. 
Hanna and J. Slepian, A. I. E. E., Trans. Vol. 43, 1924, p 393. 

The Performance and Theory of Loud Speaker Horns, by 
A. N. Goldsmith and John P. Minton, J. R. E. Proceedings 
Aug. 1925. 
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have both been proved practicable, and the condenser 
is unquestionably a possibility. A very satisfactory 
design employing a piezoelectric crystal was worked out 
by Mr. Chester W. Rice of the General Electric Com- 
pany. The magnetie reproducer gave substantially 
the same results, and was chosen on account of manu- 
facturing considerations. It is the mechanical problems 
involved in the design of this device which are of especial 
interest. 


THE MAGNETIC REPRODUCING DEVICE OR PHONOGRAPH 
Pick-Up 

Fig. 1 shows in outline several possible forms of 

magnetic reproducer for use with records having later- 

ally cut grooves (as distinguished from grooves of 


1—SEVERAL PossiBLE Types oF MAGNETIC PHONOGRAPH 
Picx-Up 
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varying depth). In each of these a movement of the 
needle causes a change in the flux through the coil or 
coils, and the voltage induced depends on the rate at 
which this flux changes, or on the velocity of movement 
of the iron armature. If there are no short-circuited 
turns, if the winding is electrically unloaded, and if the 
iron parts are of low reluctance at all frequencies 
compared with the air-gaps, the faithfulness of repro- 
duction depends entirely on the similarity of motion 
of the armature and needle point. If the structures 
were rigid this similarity would be perfect and distortion 
would be nil. 

Very little power is absorbed by the moving iron 
armature, for the winding is virtually unloaded, and 
even if the winding were loaded through a resistance, 
the power absorption would not be sufficient to produce 
much damping. There is, however, considerable stiff- 
ness in the mounting of the armature, necessary to 
resist the magnetic pull. 
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The mechanical problem may then be stated as 
follows: Given a certain movement of the needle tip, a 
motion of identical form must be imparted to a small 
magnetic element at an appreciable distance from the 
needle tip, displacement of the magnetic ẹlement from 
its main position being resisted by a spring or its equiv- 
alent. There are three types of structure by which 


SPRING 


Fir, 2—EssenTIaAL FEATURES OF A Maanetic Pick-Up 
the vibratory motion might be transmitted and the 
requirement of identical wave form be fulfilled: (1) 
arigid structure, (2) a spring potentiometer, (3) a filter 
type or wave transmission structure. Fig. 2 shows a 
magnetic reproducing device or pick-up in schematic 
form. The only way in which the motion of the end T 
can differ in wave form from that at N is by bending of 
the lever or give at the pivot. In other words, making 
the system rigid will prevent distortion. But freedom 
from distortion is also compatible with flexibility in the 
lever and needle. If the needle point is pushed to one 
side of its normal position the yield is partly in the lever 
and partly in the spring S, the amount of motion at T 
depending on the relative stiffness of the two. I have 
called this a “spring potentiometer,” by analogy with 
the electrical potentiometer. If two springs are con- 
nected in series as indicated in Fig. 3 the motion of the 
junction point T is a certain fraction of the motion at N. 
The ratio is only constant, however, if mass plays no 
appreciable part. Ifa mass is located at T the motion 
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Fro. 3-—SPRING POTENTIOMETER 


of the point T will be practically the same as though 
there were no mass present, provided the natural 
frequency determined by the mass in conjunction with 
the two springs is well above the highest frequency 
applied at N. The third type of structure by which the 
motion at N can be accurately reproduced at T is one 
in which both flexibility and mass are distributed. 
The distribution need not necessarily be uniform but 
the masses and flexible elements must have certain 
relations which depend on the range of frequencies to 
be transmitted. In this case thereis definite wavemotion 
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and progressive phase differences between the motions 
of the successive parts of the structure. Because the 
masses and flexible elements are lumped rather than 
uniformly distributed, the wave motion structure has 
the properties of a filter, and has been called the “‘filter 
type structure” by Messrs. Maxfield and Harrison in 
their discussion of recording and direct or mechanical 
phonograph reproduction®. If the distance through 
which it is desired to transmit acoustic vibrations is of 
the order of several inches it becomes practically im- 
possible to construct a rigid mechanical transmission, 
or one in which mass plays negligible part. . Wave 
motion becomes inevitable, and to secure distortionless 
transmission it is necessary to so design the system that 
the waves will not be reflected. This means a proper 
proportioning of the mass and flexibility of each part, 
and the final absorption of the wave energy in a mechan- 
ical resistance of the correct value. If these conditions 
are met there is practically no limit to the distance to 
which the vibrations may be accurately transmitted. 
In the case of mechanical reproduction from a laterally 
cut phonograph record the necessary distance from 
needle point to diaphragm is too great for a truly rigid 
connection, while the mechanical resistance necessary 
for proper wave transmission is obtainable from the 
reaction of air on the diaphragm. The wave or filter 
system was, therefore, the logical choice. 

For the electromagnetic reproducer on the other hand 
there appeared to be a possibility of making the distance 
short enough and the parts light enough so that a good 
approximation to a rigid structure could be obtained. 
If this should prove possible, the design would be much 
simplified, the required exactness of duplication would 
be reduced, and the necessity of obtaining a pure 
mechanical resistance would be avoided. 

In considering the design of a magnetic reproducer 
it is necessary to choose between several possible types, 
such as moving-coil as against moving-magnetic arma- 
ture, center-pivoted or full rocker as against end- 
pivoted or half rocker, windings on poles as against 
winding on armature. Several of these possible 
types are illustrated in Fig. 4. 

The moving coil arrangement involves a long air-gap 
and, therefore, a heavy field magnet. Moreover the 
mass of the coil is objectionably large. Devices with 
iron armatures which move toward and away from the 
poles of a magnet have better possibility of producing a 
large change of flux interlinkage with a small movement 
of a small mass. 

Again, there is decided choice between the various 
magnetic armature arrangements. In the first place 
it is better to place the windings around the armature 
than around the poles for much of the flux change in the 
armature involves only a slight shift of the flux from the 
pole pieces and does not cut all the turns of a coil wound 

6. High Quality Recording and Reproducing of Music and 


Speech. J. P. Maxfield and H. C. Harrison, A. I. E. E., Feb. 
1926, Bell System Tech. Jour., July, 1926. 
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on the pole. 
III. 

Next is the question of single acting vs. double acting 
or “push pull” arrangements. Comparing k with j 
of Fig. 4, for example, we may say that adding the 
two poles on the left hand side of the armature has 
doubled the magnetic effect which results from a given 
motion of the armature, for there are just twice as 
many air-gaps whose reluctance is varied. Moreover, 
by placing opposite poles on the two sides we have 
reduced the steady flux which the armature hastocarry, 
leaving only the residual or alternating flux. Hence 
the armature may actually be lighter in k than in j. 


Hence we may limit our choice to column 


` Again, the rocker type armature has an advantage over 


the translation type armature in which both ends move 
in the same direction. It is only the motion of the ends 
of the armature opposite the poles which is effective to 
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produce flux change. In the translation type all parts 
of the armature move equally, whereas in the rocker 
type, the middle has only slight motion for a given 
motion at the ends. 

We have now reduced the choice to the half rocker as 
compared with the full rocker. The middle of the 
armature of the full rocker is a point of constant mag- 
netic potential. If we imagine the armature cut in two 
and only the upper end moved, we should still get as 
much flux change through the upper end of the armature 
as we did in the full rocker, provided we could keep the 
lower end of the moving portion at constant magnetic 
potential. In other words, we might say that in the 
full rocker type the motion of the upper half gives rise 
to the flux change and that the motion of the lower end 
is required to keep the middle at constant magnetic 
potential. In the half rocker the pivot end of the arma- 
ture can be kept at nearly constant magnetic potential 


June 1927 


by making the reluctance of the air-gaps at this end 
low compared with that of the gaps at the moving end. 
For example if the reluctance of the gaps at the pivot 
end is equal to that of the moving end gaps the flux 
variation will be half as much as in the full rocker, 
while if the pivot end gaps have one-fourth the re- 
luctance of the moving end gaps, the flux variation in 
the armature will be eight-tenths as much as in the full 
rocker. This assumes negligible magnetic potential 
consumed in the armature and pole pieces, compared 
with that used in the gaps. It appears then that the 
half rocker is not necessarily at great disadvantage 
compared with the full rocker from the magnetic stand- 
point, and we shall see that it lends itself better to 
meeting the mechanical design requirements. The 
foregoing comparison of magnetic systems does not 
take into account the possible power output of the 
winding, nor is the elastic stiffness required to hold the 
armature in its mean position allowed to weigh in the 
choice. The comparison is wholly from the standpoint 
of obtaining the maximum open-circuit voltage with the 
minimum effective inertia of moving parts. 

It is desirable that the magnetic reproducer shall 
utilize needles of about the size already in use. This 
means that the needle clamping screw must be within 
about 5 in. of the record. The screw is a potential 
source of trouble, first because it adds mass to the mov- 
ing system ahd secondly because it has its own natural 


Fic. 5—MaGNetic PHONOGRAPH Pick-Up as MANUFACTURED 
frequency of vibration which reacts on the motion of the 
armature producing both an anti-resonance and a 
resonance. If the screw is very short and stiff its 
natural frequency may be high enough to avoid detri- 
mental effect, but the problem may then be to make it 
conveniently accessible. The types of device shown 
in Fig. 1 depend on using a short stiff screw. In designs 
of the type shown in Fig. 1B the set screw was accessible 
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but these devices were found to depart too far from rigid 
structures, and high-frequency resonances resulted 
with almost complete loss of the frequencies above 
the resonance. In the type of reproducer shown in 
Fig. 1c the set screw is difficult to reach owing to the 
presence of the coil and pole pieces. Alternatives 
to the set screw were considered, but a more satisfactory 
solution appeared to be the location of the screw in the 
axis of rotation. In this position it can be made as long 
as desired and no effect of screw resonance has been 


Fic. 6—MaGnetTic PHONOGRAPH REPRODUCER AND Parts 


observed. Placing the screw in the axis of rotation 
practically necessitates the half rocker rather than the 
full rocker construction, since the length of standard 
needles is such that the armature cannot extend far 
enough below the set screw to afford room for a coil and 
pole pieces. 

Fig. 5 and 6 show the construction of a successful 
design of magnetic reproducer of the half rocker type. 
The armature is designed to have the smallest possible 
moment of inertia consistent with an adequate magnetic 
section and moderately large amplitude of movement 
of the upper end. In order that the axis of rotation may 
coincide with the screw and pivot axis at all frequencies, 
the armature is designed to have the center of gravity 
of the armature and needle coincide approximately with _ 
the pivot. The method of pivoting is unusual. In order 
that rotation might take place about the screw axis a 
journal type of bearing was desired, but all rubbing 
friction must be avoided in acoustic devices if distortion 
is to be obviated. Hence instead of having the shaft 
rotate within a journal with sliding friction, a film 
of rubber is interposed. This permits small rotation 
in either direction without friction but with a slight 
energy loss, more nearly resembling viscous damping, 
which is desirable. Objection might be made that such 
a pivoting system would permit translation as well as 
rotation. The objection may be answered in two ways. 
In the first place the yield of a sheet of rubber to direct 
compression is very slight. Rubber yields very readily 
in shear, and this permits rotation. It also yields 
easily in compression when it can expand freely in a 
lateral direction, but when a thin sheet of rubber 
completely fills the space between two surfaces whose 
dimensions are large compared with the thickness of the 
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rubber, compression becomes very difficult. 
second place a slight translation would do no appreciable 
harm, having the effect simply of shifting the center of 
rotation by a small amount, which does not materially 
reduce the output. Experience so far with this 
method of pivoting has shown it very satisfactory. 

While the rubber packed journal provides a restoring 
force, whose magnitude depends on the shape of the post 
and thickness of the rubber, it is not sufficient to hold the 
armature in neutral position when a strong magnet is 
used. It was necessary to provide a supplementary 
elastic restoring force in the form of rubber plugs on 
either side of the “‘fish tail” or moving end of the arma- 
ture. The rubber plugs provide not only the needed 
stiffness or stabilization but a very useful degree of 
damping. 

For the purpose of making a simple analysis of the 
mechanical properties of the structure we may treat the 
arrangement as a flexible needle, a rigid rocking beam, 
with a spring tending to hold the rocker in normal 
position and an energy absorber in conjunction with the 
spring. Such a system is illustrated in Fig. 7. A 
certain motion is assumed to be imparted -to the needle 
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tip A, and we are concerned with the motion of the 
end T of the armature. 


Let I = movement of inertia of the armature 
n = stiffness of needle, that is the force at A 
required to deflect end of needle a given 
amount, (dynes per centimeter) . 
l = distance from pivot to needle point (centi- 
meters) 
distance from pivot to end T of armature 
= stiffness of restoring spring at T (dynes per 
centimeter) 
= resistance factor at T, (dynes per unit 
velocity) 
= frequency 
=2rf 
amplitude of motion at needle tip 
= instantaneous deflection at the needle tip 
= amplitude of motion at end T 
= instantaneous deflection at point T 
= angle of deflection of armature from mean 
direction. 


@ is always small so that 


Piet 
l 


DRE HR BEM J 
I 


x 
— = tan l = sin 6 = 6 
m 


P = maximun force applied at A 
p = instantaneous force applied at A. 


In the 


The driving moment is p l 
ds one f dO 
The resisting moment is m (s m 0) + m ( Rm Fra 


The difference between these two moments is ex- 
pended in accelerating the armature 


da 6 dé 

d t dt 

The problem is most easily solved if we assume a 
sinusoidal motion at T and find the force and motion at 


A required to produce it. 
Assume xz = X cos 2r fi = Xcoswt 


I = pl— s w b — Rm? (1) 


(2) 


£ X 
a = ~“ COs wt (3) 
d 0 , 
FFS =— w- sin wt (4) 
d.@ 
qe = — W? Cos w t (5) 


Substituting (3), (4), and (5) in (1) gives 


—I w m cos wt=pl-smXcoswttRmwXsin wt 
w? | 
pl = X (sm—1——) cos wt-X Rm asin wt (6) 
X I a? 
p = A l (om -2 )coswt- Rm osin w| 


(7) 

The deflection at the needle tip is the sum of that due 

to the tipping of the armature and that due to the bend- 
ing of the needle. 


p 


a=1l0+ (8) 
or from (3) and (8) 
n E ere 


Leos wt + — (9) 


X 
—leoswt+ 


a = 
m nl 


( I a2) 
sm— cos w tl 
m 


— Rmwsin vt 


(10) 
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Or considering amplitudes only 


A l sm Iw \? amo 
ee t , sm 4 

X V(= = nl a) ( nl 

(11) 
E. es 
A E l sm Iw? \? Rm w\? 
(—, er xia) + ( nl ) 

(12) 


Equation (12) shows the manner in which the re- 
sponse will vary with frequency. For uniform response 


X 
a should be constant or independent of w. As was 


stated in an earlier paragraph this condition will be 


realized (1) if the structure is rigid or (2) if the structure 
is what we might call a spring potentiometer. A 
rigid structure would mean making the needle stiffness 
n infinite. This would make equation (12) become 


X ol ua 
TE 
om 
or the motions at the two ends are proportional to the 


lever arm lengths. 
Again if the inertia and damping are zero we obtain 


(13) 


X 
a constant ratio for = for equation (12) becomes 


= t8 
l sm 
m nl 


in which all the factors are constants. 
In equation (12) we see that at a certain frequency 


X i 
A = (14) 


Seer Ce 
nl nlm 


l 
or value of w, the factor Po + will 


X 
become zero. At this frequency PE will have a max- 


imum value which is limited only by the damping. 


i l s I w? , 
Setting m T nim equal to zero in equa- 
tion (12) gives 

X 1 nl 
A ~ Rmw Rmw (15) 
nl 


In general damping does not play an important part 
except near the resonant frequency. The inertia 
becomes a minor factor when the frequency is well 
below that at which resonance occurs, so that in the 


Pe 


lower part of the frequency range the ratio 4 2P- 
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proximates the constant value shown in equation (14). 
The construction of a reproducer in which distortion is 
reduced to a negligible quantity, therefore depends on 
making the resonance occur at a frequency so high that 
the most important part of the acoustic range is in- 
cluded below the resonance. It is furthermore neces- 
sary that there be sufficient damping so that the 
response at the resonance frequency is not excessive. 
It is to be noted that the resonance frequency is de- 
termined by the inertia of the armature and the restor- 
ing force not of the spring or cushions alone, but the 
combined stiffness of the springs and the needle. The 
natural frequency of the armature with the needle 
free has practically nothing to do with the response 
characteristic of the reproducer. The resonance cor- 
responds to the natural frequency of the armature when 
the needle tip is held stationary. The action at 
resonance might be described as a whipping, such that a 
small movement at the needle tip causes large motion of 
the armature. Below resonance we may regard the 
vibrations as entirely forced by the cut in the record 
both as to amplitude and frequency. 

To obtain a high resonance frequency, the first 
requisite is to make the moment of inertia of the 
armature small. At the same time the moving end of 
the armature must be far enough from the center of rota- 
tion to vibrate with considerable amplitude, and from 
the standpoint of magnetic design the cross-section 
of the armature must be sufficient to have low reluctance 
and to avoid any possibility of saturation. In practise 
it was found that the last mentioned conditions were 
met when the armature was made heavy enough for 
mechanical sturdiness and long enough to provide 
reasonable winding space. Special care has been 
taken to minimize the mass of those parts of the arma- 
ture which have greatest motion, metal which is close 
to the axis of rotation having little influence on the 
moment of inertia. 


The second requisite for high natural frequency is 
stiffness either in the spring or the needle or both. 
Reference to equation (14) which throughout most of 
the frequency range is a measure of the response, shows 
that if we increase the spring stiffness s, we decrease the 
sensitivity, while increasing n, the needle stiffness 
increases sensitivity up to a certain limit. It might 
seem, therefore, that the stiffest needle obtainable 
should be used, and the spring stiffness should be only ° 
what is required to hold the armature in neutral 
position. But the effect on sensitivity is small so 
long as the fraction LT is small compared with —, 
and damping is best when a “‘soft’”’ needle is used, 
for the following reason. The needle is a highly 
resilient spring, whereas the spring S which in the 
present design consists in a pair of rubber plugs, has 
a large damping factor. In fact the damping R, 
and stiffness s, go together.’ With a given value of s 
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and R, the stiffer the needle the greater the resonance 
response, as shown in equation (15). Hence we work 
with the largest ratio of cushion stiffness to needle 
stiffness which we can use without serious loss of 
sensitivity. A factor which helps make it possible to 
get the desired damping without excessive stiffness at s, 
is the presence of the magnet, which tends to pull the 
armature away from neutral position and thereby 
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reduces the net stiffness to considerably less than the 
value it has when the magnet is removed. 

Measurements on a sample magnetic reproducer gave 
the following values of the principal constants. 

Mass of armature with Victor medium needle 1.9 


grams. 
Moment of inertia of armature and needle J = 0.28 


gm. cm.? 

Length, center of rotation to moving end of armature, 
m = 1.l cm. 

Length, center of rotation to tip of needle (Victor 
medium) / = 1.5 cm. 

Stiffness of armature mounting (assumed concen- 
trated at end) s = 70,000,000 dynes per cm. 

Same with magnet removed. 90,000,000 dynes 
per cm. 

Stiffness of needle (Victor medium, clamped for 
3% in.) n = 86,000,000 dynes per cm. 

Damping factor as calculated from observed increase 
in response at resonance, R = 3720 dynes per cm. 
per sec. 

Fig. 8 shows characteristics calculated from the 
above constants. It will be noticed that the required 
driving force at the needle tip has a minimum value at 
2800 cycles. This is the natural frequency of the 
armature when the needle is free. It is also to be 
observed that the armature resonance at 5000 cycles 
is accompanied by an increase in the force reaction. 
Hence damping to keep down the resonance not only 
improves the response characteristic, but reduces the 
wear on the record. 

Fig. 9 shows response curves of several factory 
samples of reproducers, taken by means of an oscillo- 
graph. The oscillograph vibrator is supplied from the 
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output stage of a resistance coupled amplifier. The 
film is run slowly and the width of the envelope of the 
vibrations is a measure of the voltage applied by the 
reproducer to the grid of the first tube. The record 
used for this test is one cut by a special process so as to 
give an amplitude of cut varying inversely as the fre- 
quency. In other words a constant velocity cut is 
used. The approximate frequencies are indicated on 
each film. A slight increase in voltage is noticed toward 
the upper end of the frequency scale, followed by a drop 
to almost zero, for in all cases the output falls off very 
rapidly above the resonance frequency. 

Scratch Control Circuit. Any exaggeration of the 
high frequencies produces a disagreeable increase in 
“surface noise’ or ‘‘scratch.” It has appeared de- 
sirable in fact to partially suppress the higher fre- 
quencies in order to reduce scratch. This has been 
accomplished by connecting a coil and condenser in 
series across the reproducer winding.” This shunt 
circuit tunes at about 4500 cycles but has a decided 
effect at 3500 cycles and above. The width of the 
frequency band affected may be controlled by varying 
the ratio of capacity to inductance, while the degree of 
suppression for the frequency at which the reactance is 
minimum, is determined by the resistance of the coil. 
The suppression of high frequencies is at the cost of 
some articulation in speech but on the whole gives a 
more pleasing result, particularly with musical numbers. 
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Tone Arm Vibrations. The foregoing analysis of 
the action of the reproducer is based on the assump- 
tion that the device as a whole remains stationary 
with respect to the axis of the groove in the record. 
This condition, however, does not necessarily ob-. 
tain. The net stiffness at the needle tip which is 
1/(Ľ/m? s + 1/n) is sufficient to resonate with the mass 
of the entire reproducer at a frequency of the order of 
150 cycles. Since the reproducer is fairly rigidly 
mounted on the tone arm, the inertia, flexibility, and 


7. The ‘‘scrateh control” circuit which is being used was a 
contribution of Mr. Julius Weinberger of the Technical and Test 
Department of the Radio Corporation of America. He also 
built the first magnetic reproducer of the bottom-pivoted half 
rocker type. This model which showed excellent characteristics, 
served as the basis for the design described in this paper. 
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mechanical damping in the latter play a part in this 
type of resonance. Flimsy construction of the tone 
arm or its mounting gives rise to an irregularity in the 
response at low frequency, which while not an extreme 
resonance nor especially noticeable in listening is 
nevertheless a defect. Rigid construction and es- 
pecially some energy loss at the pivot on which the arm 
swings, appear to be a practically complete cure for low 
frequency resonance of the type just described, and with 
such a satisfactory carriage the response becomes 
practically uniform from below 100 cycles to above 
4000 cycles. 
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Discussion 


C R. Hanna: In the paper by Mr. Kellogg no mention has 
been made of factors which determine the sensitivity of the 
pickup device other than that mass has something to do with it. 

This statement is made: ‘‘The foregoing comparison of mag- 
netic systems does not take into account the possible power 
output of the winding, nor is the elastic stiffness required to hold 
the armature in its mean position allowed to weigh in the choice. 
The comparison is wholly from the standpoint of obtaining the 
maximum open-circuit voltage with the minimum effective 
inertia of moving parts.” 


This discussion has to do with the factors which affect the 
sensitivity. The first of these is elastic stiffness which is not 
taken into account in the paper. In Fig. 8 of the paper, the curve 
given for the reaction force on the record against frequency, 
shows that the pickup device requires greater driving force in the 
low range of frequencies for a given velocity, and therefore, may 
cause excessive wear on the record. The stiffer the restoring 
member the steeper this curve will be. The stiffness of the 
restoring member, which in the design described by Mr. Kellogg 
is principally in the upper two rubber plugs, must be sufficiently 
great to prevent the armature from being pulled over to one 
pole or the other. The presence of the magnetic poles thus 
produces an effect which is known as magnetic reduction of 
stiffness and this reduction of stiffness must never be greater 
than the mechanical stiffness of the mechanical restoring mem- 
ber. In manufacture, it is never possible for the magnetic 
reduction of stiffness to be greater than some 50 per cent of the 
mechanical stiffness, leaving about 50 per cent as net stiffness. 
To prevent excessive wear to the record the net stiffness must be 
small, and since the magnetic reduction of stiffness bears a 
constant ratio to the mechanical stiffness, the magnetic stiffness 
cannot be greater than a certain amount. This necessitates 
either a weak magnet, a long air-gap, or fairly small pole faces, 
all of which make for low senstivity. 


The other factor that weighs in sensitivity is the inductance. 
If more turns are wound on the coil, or a higher-ratio step-up 
transformer is used, to get greater output voltage, the inductive 
impedance of the device may become too high for the circuit into 
which it is to operate; namely, the grid of the vacuum-tube 
amplifier. Thus, the effective inductance of the device has a 
definite upper limit. 


Now, as a general proposition, it can be shown that if magnetic 
saturation and leakage are negligible, the sensitivity expressed 
in volts per unit velocity at the needle is dependent upon two 
factors only: (1) the magnetic reduction of stiffness, which is 
limited because of wear on the record at low frequencies; and 
(2) the inductance of the device, which is limited because of the 
impedance of the vacuum tube into which the device is to operate. 
The relation?is Volts/(em./sec.) = ~/ 10-7 xX Inductance 
X Magnetic Stiffness. When these two factors are held con- 
stant, all of the arrangements which were shown in the paper 
will have the same sensitivity characteristic, provided magnetic 
saturation or magnetic leakage do not come into play. 


2. O. R. Hanna, Design of Telephone Receivers for Loud-Speaking 
Purposes, Proceedings, I. R. E., August 1925. The relation given in this 
paper is for the force factor and must be divided by 10’ to obtain generated 
voltage per unit velocity. While the proof of the relation is given for a 
particular structure, it can be shown that it applies to all devices in which 
the inductance varies inversely with a linear function of the displacement 
of the moving iron member. 
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And so the advantage of one construction over another, 
magnetically, in any case will be due to less leakage or less 
saturation, or both. Of the various arrangements having low 
saturation and leakage, the above relation shows that the one 
which is most suitable for mechanical considerations may be 
chosen without sacrifice of sensitivity. 

E. W. Kellogg: Mr. Hanna has called attention to the fact 
that in making my choice from the numerous possible magnetic 
arrangements, I have limited my consideration to certain 
criteria; namely, securing the maximum volts per turn for a given 
magnitude of stored energy in the inertia of the vibrating arma- 
ture. He introduces a different point of view, in which the 
stiffness of the armature mounting is to be limited in order not to 
cause excessive wear on the record, and he reaches the interesting 
conclusion that if well designed, almost any of the magnetic sys- 
tems is as good as any other. This conclusion is itself a vindica- 
tion of the point of view adopted in the paper. With armature 
stiffness as the controlling factor, there is no choice; but when we 
take small inertia as the desideratum, the choice is narrowed 
down to one or two arrangements. The reduction of inertia of 
the vibrating parts is desirable from the standpoint of wear on 
records, but is especially important for high-quality reproduc- 
tion. The lighter the moving parts, the higher will be the fre- 
quency at which whip resonance occurs, and therefore the greater 
the range of frequencies which can be reproduced. The fact that 
the force on the needle tip is greater at low frequency where stiff- 
ness is the controlling factor than at high frequency where 
inertia predominates, may be taken as an indication that the 
effort to keep the inertia low was successful. The stiffness 
is not materially greater than that of mechanical reproducing 
systems, and if experience shows that greater flexibility is 
important, it will have to be secured, as Mr. Hanna’s analysis 
shows, at the cost of lower sensitivity. In this connection 
I should like to commend Mr. Hanna’s I. R. E. paper, for it 
is instructive and interesting. But the case considered there 
is a loud-speaker design and the factor which is of primary 
importance in one problem is not necessarily so in the other. 
The fundamental difference is that in the loud-speaker drive the 
current supplied results in a certain force being applied to the 
diaphragm and the amplitude is determined by the ease of 
movement of the diaphragm, while in the phonograph reproducer, 
the amplitude is practically fixed by the groove in the record. 

The question might be raised why voltage per turn instead 
of power output was taken as the measure of efficiency of the 
magnetic arrangement. When the reproducer was first designed, 
it was expected that it would be connected directly to the 
grid of a tube, without a transformer. In this case, the mini- 
mum size of wire and available winding space being practically 
fixed, the useful output would be measured in terms of the volt- 
age per turn developed by a given needle velocity. If the 
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reproducer is used with a transformer, the possible power or 
volt-ampere output appears to be a more logical basis for com- 
parison of different structures. I should like to add a brief 
discussion of this case. 


If the transformer has a step-up ratio N. and if the capacity to 
ground of the tube grid and wiring is C, the effect of the trans- 
former is to load the reproducer winding with an effective 
capacity N? C. But this must not resonate with the winding 
inductance within the working range of frequencies, for such 
resonance would impair quality of reproduction. The lower 
the winding inductance the greater the step-up ratio which 
may be employed. Hence, if we can lower the inductance by 
raising the reluctance of the magnetic circuit without reducing 
the flux change which results through the winding from a given 
needle movement, we make it possible to use a higher step-up 
ratio and apply more voltage to the grid. A consideration of 
the several magnetic systems illustrated in my Fig. 4 will show 
that we have no reason for revising our choice of double-acting 
or push-pull systems in preference to single-acting svstems, or 
of rocking rather than translation type armatures. 


There is, however, a different aspect to the comparison of 
the half-rocker and full-rocker armatures. It was argued in 
the paper that if the reluctance of the magnetic joints at the 
pivot of the half-rocker is kept low, the voltage developed would 
be nearly as much as with a full-rocker. For simplicity, let 
us take the ideal case in which this pivot joint reluctance is zero. 
The voltage per turn will be the same as with a full-rocker, 
while the inductance would be twice that of the full-rocker 
device. This would necessitate reducing the transformer step- 
up in the ratio 1 /+/ 2 or 0.707, and the voltage at the grid would 
be reduced in the same ratio, which corresponds to cutting the 
power in half. | 


Were it not for practical difficulties having to do with clamp- 
ing the needle, the full-rocker armature would perhaps have 
been chosen. But these difficulties were serious, and the advan- 
tage of the full-rocker is not so great.as the two-to-one power 
ratio would make it appear. In the first place, this power 
ratio is based upon the assumption that both ends of the full- 
rocker move as much as the one moving end of the half-rocker. 
This would mean more metal to be moved, and if the whip fre- 
quency is to be kept high, there would have to be a compensating 
reduction in amplitude. Again the full-rocker, if proportioned 
to give twice the power output of the half-rocker, would require 
twice as stiff a mounting to stabilize the armature in the air- 
gaps, and this, as Mr. Hanna has pointed out, is objectionable 
from the standpoint of record wear. By the time these factors 
are compensated by changing the ratio of armature to needle 
movement, practically all the advantage of the full-roeker 
armature has disappeared. 


Television 
BY HERBERT E. IVES* 


Non-Member 


Synopsis.—The chief problems presented in the accomplish- 
ment of television are discussed. These are, the resolution of the 
scene into a series of electrical signals of adequate intensity for 
-= transmission; the provision of a transmission channel capable of 
transmitting a wide band of frequencies without distortion; means 


INTRODUCTION | 


HIS paper is to serve as an introduction to the 
group of papers following, which describe the 
apparatus and methods used in the recent experi- 

mental demonstration of television over communication 
channels of the Bell System. In that demonstration 
television was shown both by wire and by radio. The 
wire demonstration consisted in the transmission of 
images from Washington, D. C. to the auditorium of 
the Bell Telephone Laboratories in New York, a 
distance of over 250 miles by wire. In the radio demon- 
stration, images were transmitted from the Bell Labora- 
tories experimental station at Whippany, New Jersey, 
to New York City, a distance of 22 miles. Reception 
was by two forms of apparatus. In one, a small image 
approximately 2 in. by 214 in. was produced, suitable for 
viewing by a single person, in the other a large image, 
approximately 2 ft. by 214 ft., was produced, for viewing 
by an audience of considerable size. The smaller form of 
apparatus was primarily intended as an adjunct to the 
telephone, and by its means individuals in New York 
were enabled to see their friends in Washington with 
whom they carried on telephone conversations. The 
larger form of receiving apparatus was designed to 
serve as a visual adjunct to a public address system. 
Images of speakers in Washington addressing remarks 
intended for an entire audience, and of singers and other 
entertainers at Whippany, were seen by its use, simul- 
taneously with the reproduction of their voices by loud 
speaking equipment. 


CHARACTERISTIC PROBLEMS OF TELEVISION 


The problem of television in its broad outlines is that 
of - converting light signals into electrical signals, 
transmitting these signals to a distance, and then con- 
verting the electrical signals back into light signals. 
Given means for accomplishing these three essential 
tasks, the problem becomes that of developing these 
means to the requisite degree of sensitiveness, speed, 
efficiency, and accuracy, in order to re-create a changing 
scene at a distant point, without appreciable lapse of 
time, in a form satisfactory to the eye. 

A convenient starting point for the discussion of 
television is the human eye itself. In this an image is 
formed upon the retina, a sensitive screen, consisting 

*Bell Telephone Laboratories, Incorporated, New York, N.Y. 
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for utilizing the transmitted signals to re-create the image in a form 
suitable for viewing by one or more observers; arrangements for the 
accurate synchronization of the appuratus at the two ends of the 


transmission channel. 
. d = * * * 


of a multitude of individual light-sensitive elements. 


Each of these elements is the termination of a nerve 
fibre which goes directly to the brain, the entire group 
of many million fibres constituting the optic nerve. 
A theoretically possible television system could be made 
by copying the eye. Thus a large number of photo- 
sensitive elements could be connected each with an 
individual transmission channel leading to a distant 
point, and signals could be sent simultaneously from 
each of the sensitive elements to be simultaneously 
used for the re-creation. of the image at the distant 
point. The number of wires or other communication 
channels demanded in a television system of this sort 
would be impractically large. For practical purposes, 
reduction of the number of transmission channels is 
made possible by the fact that, while in vision all parts 
of the image on the retina are simultaneously and con- 
tinuously acting to send nerve impulses, the inertia of 
the visual system is such that a sensation of continuity 
is obtained from discontinuous signals, provided these 
succeed each other rapidly enough. Due to the phenom- 
enon of persistence of vision, it is immaterial to the 
eye whether the whole view be presented simultaneously 
or whether its various elements be viewed in succession, - 
provided the entire image be traversed in a sufficiently 
brief interval, which for purposes of discussion may be 
taken as 1/16th of a second or less'. We thus have 
available in television the same artifice which is used in 
the much less exacting problem of transmission of pic- 
tures over a telephone line, that is, of scanning, or 
running over the elements of the image in sequence, 
instead of endeavoring to transmit all of the elementary 
signals simultaneously. The development of a tele- 
vision system therefore necessitates, at an early stage, 
the design of some scanning system by which the image 
to be transmitted may be broken up into sequences of 
signals. In the simplest case, where one transmission 
channel is to be used, the whole image will be resolved 
into a single series of signals; if more than one transmis- 
sion channel is to be utilized, the resolution may, by 
parallel scanning schemes, or their equivalent, be 
broken up into several series for simultaneous 
transmission. 

1. This figure of 1/16th of a second, commonly quoted in 
discussions of this sort, is a convenient one, although the fre- 
quency of image repetition necessary to extinguish ‘‘flicker” is 
actually proportional to the logarithm of the field brightness. 


A somewhat higher rate of image repetition was used in the final 
television apparatus. 
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Like the eye, an artificial television system must have 
some light-sensitive element or elements by means of 
which the light from the object shall produce signals of 
the sort which can be transmitted by the transmission 
system to be used. For a television system to operate 
over electrical transmission lines this means some photo- 
electric device. It is obvious that this photoelectric 
device must be extremely rapid in its response, since the 
number of elements of any image to be transmitted 
must be some large multiple of the fundamental image 
repetition frequency, that is 16 per second. The 
response should, of course, be proportional to the in- 
tensity of the light, and finally, the device must be 
sufficiently sensitive so that it will give an electrical 
signal of manageable size with the amount of light 
available through the scanning system. This latter 
requirement, that of sensitiveness, is one which, it was 
realized from studies made with our earlier apparatus 
for the transmission of still pictures over wires?, would 
be extremely difficult to meet. In the picture trans- 
mission system a very intense beam of light from a small 
aperture is projected through a transparent film and 
on to a photoelectric cell. In practical television, the 
system must be arranged to handle light reflected from 
a natural object, under an illumination which would not 
be harmful or uncomfortable to a human being. Actual 
experiment showed that the greatest amount of light 
which could be collected from an image, formed by a 
large aperture photographic lens on the small scanning 
aperture of the picture transmission apparatus was less 
by a factor of several thousand times than the light 
projected through it for still picture transmission 
purposes. Assuming the same kind of photoelectric 
cell to be used, the additional amplification required 
over that used in the picture transmission system, 
taking into account also the higher speed of response 
demanded, would bring us at once into the region where 
amplifier tube noise and other sources of interference 
would seriously affect the result. This indicated clearly 
that some more efficient method of gathering light from 
the object than the commonly assumed one of image 
formation by a lens was required, unless some much 
more sensitive type of photoelectric cell should be 
found. 


Assuming that means could be developed for produc- 
ing an electrical signal proportional to the intensity of 
the light, of sufficient quickness to follow a rapid 
scanning device, and of sufficient strength either as 
directly delivered from a photosensitive device or as 
amplified, the next problem is that of its transmission 
over an electrical communication system. We may 
quickly arrive at an understanding of certain of the 
transmission problems by reviewing the requirements 
for the transmission of photographs. In the system of 
still picture transmission now in use by the American 

2. “Transmission of Pictures over Telephone Lines,” Ives, 


Horton, Parker, and Clark. Bell System Technical Journal, Vol. 
IV, No. 2, April, 1925. 
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Telephone & Telegraph Company, a picture 5 in. by 7 in. 
in size, divided into the equivalent of 10,000 elements 
per square inch or 350,000 elements, is transmitted in 
approximately seven minutes. This requires the trans- 
mission of a frequency band of about 400 cycles per 
second on each side of the carrier frequency. If we 
plan, in the transmission of television, to transmit 
images of the same fineness of grain, it would 
mean that what is now transmitted in seven min- 
utes would have to be transmitted in a 16th of a 
second, which in turn means that the transmission fre- 
quency range would have to be nearly 7000 times as 
great. That is, a band approximately 3,000,000 cycles 
wide would be required. Bearing in mind that wire 
circuits are ordinarily not designed to utilize frequencies 
higher than 40,000 cycles per second, and that with radio 
systems uniform transmission of wide signal bands be- 
comes extremely difficult, it is seen at once that either 
an image of considerably less detail than that which we 
have been considering must suffice, or else some means 
for splitting up the image so that it may be sent by a 
large number of channels is indicated. 

A further theoretical requirement must also be given 
consideration. This is that the complete television 
signal will consist of all frequencies up to the highest 
above discussed, and down to zero, that is, an essential 
part of the signal is the direct current component, 
furnished by those parts of the scene which do not 
change. The problem of handling the very low fre- 
quency components, presents difficulties both in the 
vacuum tube amplifier system adjacent to the photo- 
sensitive device, and in ordinarily available transmis- 
sion channels. 

In any case certain fundamental transmission re- 
quirements must be met. These are that the attenua- 
tion of the signals must be uniform over the whole 
frequency range and that the speed of transmission of 
all frequencies must be the same. Also, as in the trans- 
mission of sound signals, the amount of interference or 
noise must be kept down sufficiently not to impair the 
quality of the signal or picture. 

Assuming the undistorted transmission of the signals 
to a distant point, the next fundamental problem `of 
television is the reconstruction of the image, or the 
translation of the electrical signal back into light of 
varving intensity. Just as at the sending end we have 
seen that the production of a useful electrical signal 
with the amount of light available from a naturally 
illuminated object is a major problem, so at the receiv- 
ing end the converse problem, that of securing an ade- 
quately bright light from the electrical signal, presents 
great difficulty. The nature of the problem- may be 
understood by assuming that it is to be done by pro- 
jecting the received image on a screen similar to an 
optical lantern projection screen. If the spot of light 
which is to build up this image scans the whole area in 
the same way that the object is scanned, we find that 
the amount of light which can be concentrated into a 
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small elementary spot will, when distributed by the 
scanning operation over the whole screen, reduce the 
brightness of the screen in the ratio of the relative areas 
of the elementary spot and the whole screen. The 
amount of this reduction will, of course, depend upon 
the number of elements into which the picture is 
divided, but will in any event be a factor of several 
thousand times. It is doubtful whether any light 
source exists of sufficient intensity such that an image 
projected by it can be spread out by a scanning opera- 
tion over a large screen and give an average screen 
brightness which would be at all adequate. It is possi- 
ble to imagine optical systems by which such a thing as 
the crater of an are could be projected upon the screen, 
but the motion of this image and its variation in inten- 
sity would involve the extremely rapid motion of 
lenses, mirrors, and apertures of a size such as to render 
the operation mechanically impracticable. It appears 
from these considerations, that the only promising 
means of reconstructing the image would be those in 
which a light source, whose intensity can be controlled 
with great rapidity, is directly viewed. 

Another element of a television system upon whose 
solution success depends as much as any other is that of 
synchronization; the reconstruction of the image, 
postulated in the last paragraph, is only possible if the 
reconstructed elements fall in exactly the right posi- 
tions at the right times, to correspond with the signals 
as generated at the analyzing end. The criterion for 
satisfactory synchronization will be expressed in terms 
of variation from identity of speed by figures which 
will depend on the fineness of grain of the image which 
it is planned to send. No element of the image must, 
of course, be out of place by a considerable fraction of 
the size of the element. 


GENERAL OUTLINE OF MEANS EMPLOYED IN THE 
PRESENT TELEVISION SYSTEM 


It has been pointed out above that if the goal which 
we set in television is the transmission of extended 
scenes, with a large amount of detail and hence made up 
of an exceedingly large number of elementary areas, 
we meet with the necessity for transmission channels of 
a character which are not now available. In the present 
development it was decided at the start to restrict our 
experiments to a size and grain of picture which, if the 
scanning and re-creating means were developed, would 
be capable of transmission over practical transmis- 
sion channels, either wire or radio. This restriction 
fortunately leaves us with the possibility of meeting 
what was felt to be the typical problem of a Telephone 
Company, namely the transmission of a human face 
in a television system used as an adjunct to a telephone 
system. Taking as a criterion of acceptable quality, 
reproduction by the halftone engraving process, it is 
known that the human face can be satisfactorily repro- 
duced by a 50 line screen. Assuming equal definition 
in both directions, 50 lines means 2500 elementary 
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areas in all; 2500 elements transmitted in 1/16 second 
is 40,000 elements per second. The frequency range 
necessary to transmit this number of elements per 
second with a fidelity satisfactory for television cannot 
be calculated with assurance in advance. An approxi- 
mate value can however be arrived at from a study 
of the results obtained in still picture transmission. 
In pictures transmitted by the system already referred 
to, individual faces contained in a square space 14 
inch on a side are quite recognizable*. Taking the ratio 
of this area to the area of the whole picture, and using 
the frequency range figure already deduced, for a com- 
plete 5 in. by 7 in. picture, it appears that a band of 20,000 
cycles would be sufficient to transmit such an image in 
1/16 second‘. These considerations led to the choice 
of a 50 line (2500 element) image as one which would be 
both satisfactory as to detail rendering, for our purposes, 
and as calling for frequency transmission requirements 
sufficiently low to give a good margin of safety in 
existing single communication channels. 


As a method of scanning, the method which is 
probably mechanically simplest, namely that of rotating 
disks with spirally arranged holes, proposed by Plot- 
now® in 1884, was chosen. In accordance with the 
choice of grain above indicated, the disks were per- 
forated with 50 apertures. 


For the second element of the problem, the light- 
sensitive means, the alkali metal photoelectric cell was 
chosen as possessing the qualities of proportionality of 
response and quickness of reaction. The currents 
produced by it are at best quite small, but they lend 
themselves to the process of amplification by the three- 
electrode vacuum tube amplifier. 


The problem of securing a large enough signal, which 
is intimately associated with that of securing enough 
light from the object, was, in our development work, 
postponed in the earlier stages, our first experimental 
work having been done by concentrating light through 
photographic transparencies*. The solution of the 
problem of securing adequate light was subsequently 
attained by reversing the light path and projecting a 
narrow beam of light through the scanning disk upon 
the object. By this means only the element of the 
object which was being scanned was illuminated at 
any one time, thereby reducing the average illumination 
enormously, and the problem of increasing the signal 
strength could be attacked by increasing the amount 


3. c.f. Fig. 18 of the paper referred to (Reference 2). 


4. A factor which this analogy does not cover is that if the 
image is moving so that it falls on several discrete scanning 
elements in rapid succession a very material apparent increase 
in the fineness of the image structure results. This effect is similar 
to that by which the relatively coarse grained individual images 
in a motion picture film fuse to give smooth appearing pictures. 

5. Plotnow, D. R. P. 30105, 6.1, 1884. 


6. As one step in the development work moving picture film, 
projected by a commercial projector in synchronism with the 
scanning disks, was successfully transmitted. 
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of photo-sensitive surface as well as by increasing the 
brightness of the scanning light’. 

The problem of amplifying the photoelectric currents 
to sufficient value for transmission was solved by a 
practical compromise which at the same time met one 
of the transmission difficulties. This compromise 
- consisted in amplifying and transmitting only the 
fluctuating or alternating current components of the 
signal, leaving the direct current component, which 
determines the general tone value of the image, for 
empirical reintroduction at the receiving end. By 
this scheme, stable amplifier constructions were made 
available, and the transmission channels, particularly 
the wire channels, could be utilized in their normal 
working form. 


At the receiving end, the problem of securing a 
sufficiently bright image was solved, as indicated earlier, 
by the use of self-luminous surfaces of much higher 
intrinsic brightness than it is possible to secure by 
illumination of a surface by any light source which can 
be rapidly controlled as to its intensity. The self- 
luminous surfaces employed were glow lamps containing 
neon gas, the brightness of which changes with suffi- 
cient rapidity to follow the incoming signals. 


The problem of synchronization was postponed in our 
earlier development work by mounting the scanning 
and receiving disks upon the same axle. It was later 
solved for the demonstration apparatus by the utiliza- 
tion of synchronous motors controlled by two fre- 
quencies, a low frequency, that of the image repetition 
period and a high frequency, chosen of such a value that 
the fraction of the cycle through which hunting occurred 
amounted in angular displacement to less than half the 
angular extent of a single disk aperture. The syn- 
chronization control therefore called for the trans- 
mission of additional currents for synchronization 
purposes over and above the picture current. 


In order to transmit and synchronize the image 
signals it is necessary to transmit three different 
frequency bands, one for the image, and two for 
the high and low frequency synchronization con- 
trols. In the demonstration of April 7, 1927, the 
images were sent in the wire demonstration over 
a high quality open wire line. The synchronization 
control was sent over two. separate carrier channels 
of a second telephone line. In addition to these lines, 
another line was used for conveying the telephone 
conversation. In the radio demonstration two different 
wavelengths were used respectively for the image 
signals and for the synchronization signals which were, 
as in the wire demonstration, carried on two different 
carrier frequencies. A third channel was used for the 


7. A still further advantage is obtained by limiting the sean- 
ning light to the region of the spectrum to which the photoelectric 
cells are sensitive (blue and violet). This is unnecessary where 
one way transmission only is used but is of value where in two 
way transmission & transmitted image is to be viewed by a per- 
son being seanned. 
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voice. In the case of both wire and radio transmission, 
it is quite possible to put all of the different signals upon 
the same transmission channel, using different carrier 
frequencies. 


It will aid toward a clear understanding of the 
reasons for the success of the system of television 
described in the following papers if we summarize at 
this point the chief novel features to which that success 
is due. They may be listed as follows: 


1. Choice of image size and structure such that 
the resultant signals fall within the transmission fre- 
quency range of available transmission channels.® 

2. Scanning by means of a projected moving beam 
of light. 

3. Transmission only of alternating current com- 
ponents of image. 

4. Use of self-luminous surfaces of high intrinsic 
brilliancy for re-construction of the image. 

5. High frequency synchronization. 


APPLICATIONS AND FUTURE DEVELOPMENTS 


It is not easy at this early date to predict with any 
confidence what will be the first or the chief uses for 
television, or the exact lines that future development 
may take. It must be clearly understood that tele- 
vision will always be a more expensive service than 
telephony, for the fundamental reason that it demands 
many times the transmission channel capacity necessary 
for voice transmission. This expense will inevitably 
increase in proportion to the size and quality of the 
transmitted image. 

The kinds of service which are naturally thought of 
upon consideration of the services now rendered in 
connection with sound transmission are: first, service 
from individual to individual, parallel in character to 
telephone service, and as an adjunct thereto; second, 
public address service, by which the face of a speaker 
at a distant point could be viewed by an audience while 
his voice was transmitted by loud speaker; third, the 
broadcasting of scenic events of public interest, such as 
athletic contests, theatrical performances, and the 
like. 


The first two types of service just mentioned lie 
within the range of physical practicability, with 
apparatus of the general type already developed. 
The third type, because of the uncontrolled condi- 
tions of illumination, and the much finer picture 
structure which would be necessary for satisfactory 
results, will require a very considerable advance in the 
sensitiveness and the efficiency of tne apparatus, to say 
nothing of the greatly increased transmission facilities. 
For all three types of service, wire or radio transmission 


8. As the succeeding papers show, the margin between the 
frequency range required by the scanning apparatus and that 
which could be made available was quite liberal. It appears in 
the light of our experience that apparatus with 60 or 70 scanning 
holes insvead of 50 might be used with the transmission facilities 
which were at our disposal. 
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~ channels could be utilized, for while the problems inci- 
~ dent to securing distortionless transmission over wide 
- frequency bands, or multiple transmission channels, 
are different in detail in the two cases, they appear to be 
: equally capable of solution by either means. However, 


the very serious degradation of image quality produced 
by the fading phenomena characteristic of radio indi- 
cates the practical restriction of radio television to fields 
where the much more reliable wire facilities are not 
available. 


The Production and Utilization of Television 


Signals 


BY FRANK GRAY”, 


Non-Member 


Synopsis.— The design of a television system, once the funda- 
mental principles are understood, involves a detailed considera- 
tion of the methods by which the several important functions are 
to be performed. 

(1) In the present system the initial signal wave is obtained 
by sweeping a spot of light over the subject in parallel lines com- 
pletely scanning it once every 18th of a second. The light reflected 
ts collected by large photoelectric cells which control the trans- 
mitted current. At the receiving station the picture current controls 
the brightness of a neon lamp from which the received image is 
built up by means of a small aperture moving in synchronism 
with the spot of light at the transmitting station. For presentation 
to a large audience television images may be produced by a neon 
lamp in the form of a grid having a large number of separate elec- 
trodes. <A high frequency excitation controlled by the picture cur- 
rent is distributed to the successive electrodes in synchronism with 
the spot of light at the transmitting station. 
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(2) Space and time variations in the reflecting power of the 
subject are translated into time variations in signal strength. 
For design purposes these time variations are represented by com- 
ponent frequencies, a minimum band of which must be properly 
transmitted to insure an adequate reproduction of the image. With- 
in this band there must be maintained a certain degree of uniformity 
in the efficiency of transmission of the separate components. Also, 
their phases must not be permitted to shift unduly in relation to 
each other. 

(3) The design of the terminal amplifiers is based on the quanti- 
tatively determined characteristics of the photoelectric cells and of the 
neon lamps as well as on the limits imposed by the transmission 
study and by the characteristics of available transmission media, 
whether telephone line or radio system. The circuits employed at 
the transmitting station furnish an amplification such that the 
power delivered to the transmission medium is 105 times the power 
received from the photoelectric cells. 


SECTION I 
Apparatus for the Analysis and Synthesis of the Image 


HE introductory paper to this series of articles on 
television explained principles along which any 
television system must operate to transmit an 

image over a single pair of wires or other channel of 
communication. As the first step in such a transmis- 
sion, the space variations in brightness from point to 
point in the view must be translated into time variations 
in an electrical current that can be sent over the channel 
of communication. This translation may be accom- 
plished by a scanning process that operates on the view 
to produce the same effect as if the view were cut up into 
a single long strip and passed rapidly in front ofa light- 
sensitive cell to generate an electrical current varying 
with the brightness along the strip. To eliminate 
flicker in the reconstructed image and also to follow 
moving subjects in a view, the scanning process must be 
repeated and a new picture transmitted at least every 
sixteenth of a second. 

Many purely theoretical methods could be, and have 
been, devised to accomplish such a scanning process and 
to translate a view into electrical currents or signals. 
Unfortunately, however, a practical system of television 
must operate with materials and conditions as they 


exist, and these practical limitations constitute the 


serious problems of television. 

The high speeds and relatively large amplitudes with 
which any television scanning mechanism must move, 
and the necessity for synchronizing the transmitting and 
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receiving apparatus lead to the use of synchronously 
rotating machines as apparently the only practical 
solution of the scanning and receiving problems. 
Consequently, the present television system has been 


Fic. 1—SrvERAL Licgut Sources ILLUMINATE THE SUBJECT; 
A Lens FORMS AN IMAGE WHICH IS SCANNED BY A SPIRAL OF 
APERTURES, THROUGH WHICH THE LIGHT FALLS ON A SINGLE 
PHOTOELECTRIC CELL 


designed to operate with continuously rotating mechani- 
cal parts. , 

The efficiency that must be secured in the optical 
part of any scanning method is fixed by the three follow- 
ing factors—the amount of picture detail that is to be 
transmitted, the efficiency of the light sensitive cell, and 
the practical limit to amplifier systems. The first of 
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these factors decides the area from which light can be 
collected at any one instant. In the present case this 
was fixed in an initial survey of the entire television 
problem when it was decided to confine the first attempt 
to the transmission of pictures as if they were made 
up of 2500 small elemental areas; that is, to scan the 
view in a series of fifty parallel lines. The second factor 
is determined by the sensitivity of the potassium 


Fic. 2—LIGHT FROM A SINGLE SOURCE 1S PROJECTED AS A 
SMALL MovinG SPOT ON THE SUBJECT; THE REFLECTED LIGHT 18 
RECEIVED BY SEVERAL PHOTOELECTRIC CELLS 


hydride photoelectric cell. This cell is, at the present 
time, the most efficient light-sensitive cell that can 
follow the rapid variations in light intensity without a 
time lag. The third factor, the limitation of amplifier 
systems, results from the extraneous currents that are 
present in metallic conductors and amplifier tubes. 
The thermal agitation of the electrons in any input 
resistance generates such currents; and rapid variations 
in the number of electrons emitted from the hot filament 
of an amplifier tube also generate disturbing voltages. 
For successful amplification, the initial photoelectric 
current must be considerably larger than these extrane- 
ous currents. Consequently, the optical arrangement 
must be such that at any one instant it collects enough 
light from an elemental area of the view to generate 
this minimum permissible output current from the 
photoelectric cell. , 


The operation and advantages of the scanning 
method actually used in the present process for trans- 
mitting television images may be better understood by 
first considering a simple and analogous method illus- 
strated by Fig. 1. The subject is illuminated by lights 
placed in front of it as shown. A lens forms an image 
of the subject on the rotating disk. This disk is 
pierced with a series of small holes or apertures arranged 
in the form of a spiral; and, as the disk rotates, the 
apertures trace across the image one after the other in a 
series of parallel lines. The frame limits the size of the 
image and prevents more than one aperture being in 
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the image at one time. Light, passing through an 
aperture as it travels across the image, falls in the light- 
sensitive cell and generates a picture current propor- 
tional to the brightness of the image from point to point 
along strips taken one after the other across the image. 

In any system such as that outlined above, which 
depends upon scanning an image of the view as formed 
by a lens, the efficiency of the system is ultimately 
limited, for any given size of image that can be scanned, 
by the ratio of aperture to focal length of the best lens 
that can be secured. Experiments show that, with the 
best lens available to form a one-inch-square image, 
it would be necessary to illuminate a subject with a 
16,000 candle power arc at a distance of about four feet 
in order to secure an image bright enough for a photo- 
electric cell to give an output current above the noise 
level in an amplifier system. In other words, television 
would apparently be extremely inconvenient to the 
subject if it were to be carried out from an image 
formed by a lens. 

In the system actually used for television transmis- 
sion, this apparent limitation has been evaded by 
reversing the entire optical system of Fig. 1 and ar- 
ranging it as shown diagramatically in Fig. 2. Instead 
of scanning an image of the subject, the actual subject 
is scanned directly by a rapidly moving spot of light. 
An illustrative laboratory set-up, Fig. 3, shows the 


Fic. 3—ILLUSTRATIVE TRANSMITTING APPARATUS 
Light from the arc lamp is condensed on the disk, which is driven by a 


high frequency synchronous motor. The disk carries a spiral of pin hole 
apertures, each of which in turn projects a moving spot of light on the 
subject. Reflected light is collected by three large photoelectric cells 


arrangement of parts in such a transmitting station. 
A fifteen-inch disk rotating approximately eighteen 
times per second carries a series of fifty small apertures 
arranged in the form of a spiral. A beam of light is 
condensed by a lens from a 40-ampere Sperry arc to 
intensely illuminate a limited area in the path of the 
moving apertures; and a slender, intense beam of light 
passes through each aperture as it moves across the 
illuminated area. A frame in front of the disk permits 
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light to emerge from only one aperture at a time and the 
lens in front of the disk focuses an image of this moving 
aperture on the subject. As a result of this arrange- 
ment the subject is completely scanned in a series of 
successive, parallel lines by a rapidly moving spot of 
light, once for each revolution of the disk; and on 
account of the transient nature of the illumination the 


Fic. 4—Larce PHOTOELECTRIC CELL 


The cell presents forty square inches of photo-sensitive surface to receive 
light reflected from a subject 


subject is scarcely aware that he is being exposed to it. 

As the spot of light traces across the subject, light 
is diffusely reflected or scattered from the subject in all 
directions, and some of the light that is reflected for- 
ward passes into three large photoelectric cells placed 
just in front of the person who is being viewed. The 
current outputs from the three photoelectric cells 
operate in parallel into a common amplifier system. 
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As the beam of light passes, for instance, across a 
person’s eyebrow less light is reflected to the photo- 
e'ectric cells, and as the beam passes across his forehead 
more light is reflected. Since the current output from 
the photoelectric cells is proportional to the received 
light, the current follows accurately the brightness of 
the various elemental areas of the subject’s features 
as he is traced over by the scanning beam. This 
fluctuating current is unidirectional. 

The actual operation of such an optical system, its 
influence on the lighting effects and quality of the 
reproduced image, may best be understood by noting 
that optically the system is identically the same as if all 
of the rays of light were reversed in direction to give an 
optical system equivalent to Fig. 1. The television 
apparatus sees the subject exactly as if rays of light 
came out of the photoelectric cells to illuminate the 
subject; the lens formed an image of the subject on the 
disk; and the apparatus scanned this image and re- 
produced it at the receiving end. The lights and 
shadows seen in the image are the same as if the subject 
were illuminated by three large lights in the positions 
of the photoelectric cells and looked at from the position 
of the lens. It also follows from the above considera- 
tions that, within its range of resolving power, this 
scanning method will not only reproduce a plane sub- 
ject, such as a drawing, but that it will also faithfully 
reproduce three-dimensional figures with sharp edges 
and elevations and depressions, just as well as they 
could be reproduced in a photograph. | 

In addition, because the light passes in an approxi- 
mately parallel beam through a disk aperture, the 
slender beams of light sweeping across the region in front 
of the transmitter just barely overlap each other even 
at a considerable distance from the-apparatus. Con- 
sequently, it is not necessary that the subject be at the 
exact positions at which the small apertures are sharply 
focussed; and within wide limits no confusion results 
as the subject moves toward or away from the 
apparatus. The brightness as well as the size of the 
received image decreases as the subject moves away 
from the photoelectric cells; and for good transmission 
of the human features, which reflect very little blue 
light to which the photoelectric cells are sensitive, a 
person should not be more than a few feet away from 
the cells. 

This method of scanning permits two very large gains 
to be made in the amount of light available for pro- 
ducing photoelectric currents. The transient nature of 
the light permits a very intense illumination to be used 
without inconvenience to the subject. Furthermore, 
the optical efficiency of the system is not limited by the 
apertures of available lenses; but can be increased by 
using large photoelectric cells and more than one cell 
connected in parallel. 

The photoelectric cells of the potassium hydride, gas- 
filled type used in the transmitting stations, were 
specially constructed for the purpose and are probably 
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the largest photoelectric cells that have ever been made, 
Fig. 4. Three of these cells present an aperture of 120 
square inches to collect the reflected light. 

With this large collecting area and the strong light 
intensity that can be used for the transient illumination, 
the cells give an electrical output that, though still 
extremely small, is safely above the noise level of an 
amplifier system. 
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subject seated in front of it. The apparatus sees the 
person from light reflected back into the three large 
cells located just behind the screened openings in the 
case. 

The variations of the feeble picture currents delivered 
from these photoelectric cells are highly amplified and 
transmitted over a wire or radio channel of communica- 
tion by circuits described elsewhere in this series of 


Fig. 5—TeELEVISION TRANSMITTING APPARATUS 


Sweeping beams of light pass out through the tunnel-like opening in the photoelectric cell case; light reflected from the subject is collected by 


three large photoelectric cells behind the screened openings 


A photograph, Fig. 5, shows the details of a television 
transmitting station as it is operated in the field. 
The arc, rotating disk, and photoelectric cells are con- 
tained in separate cabinets and alined as shown in the 
photographs. The three photoelectric cells and first 
stages of amplification are mounted in a shielded, sound- 
proof case. The slender, sweeping beam of light coming 
from the disk cabinet passes through the tunnel-like 
opening in the photoelectric cell case and scans the 


articles. At the receiving station this current shape 
is re-amplified, impressed on a direct current, and finally 
produces an image in the receiving apparatus. 

A photograph, Fig. 6, shows an illustrative arrange- 
ment of the parts in one type of television receiver. 
An essential part of this type of receiver is a disk similar 
to the one at the transmitting station and also provided 
with fifty small apertures arranged in the form of a 
spiral. The driving motor rotates the disk in exact 
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Fic. 6—ILLUSTRATIVE RECEIVING APPARATUS 


A neon lamp operated from the picture current illuminates a series of 
small apertures as they pass across the field of view; the observer sees an 


image reproduced in the frame 


Fic. 7 


larger than the field of view on a television disk 


NEON RECEIVING LAMP 
The rectangular cathode is covered by a uniform layer of glow slightly 
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36 inch disk. 
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Fic. 8S—Disk RECEIVING APPARATUS 
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Fia. 9—LarGE GRID 


The observer looks through the shielding window at a picture on the 
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The large grid is a neon lamp with 2500 electrodes on a tube bent back 
and forth to form a luminous screen that is visible throughout a large 
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F*lsynchronism with the one at the transmitting station. 


The observer looks at a small rectangular opening or 
frame ‘in front of the disk. This frame is of such 
dimensions that only one aperture can appear in the 
(field of view at a time. As the disk rotates, the aper- 
tures pass across the frame one after the other in a 
series of parallel lines, each displaced a little from the 
preceding one until in one revolution of the disk the 
entire field has been covered. Beyond the disk isa 
special form of neon glow lamp shown in detail by Fig. 7. 
In this lamp, the cathode is a flat metal plate of a shape 
and area sufficient to fill entirely the field defined by the 
frame in front of the disk. The anode of the glow lamp 
is a similar metal plate separated from the cathode by 
only a very small space (about one millimeter). At 
the proper gas pressure this space between the plates is 
within the ‘‘cathode dark space” where no discharge 
can pass. As a consequence, the glow discharge de- 
velops on the outer surface of the cathode, where it 
showsasa perfectly uniform, thin, brightly glowing layer. 
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Fic. 1O—DETAILED STRUCTURE OF THE GRID 


i The exterior electrodes are pieces of metal foil cemented to the outside 
of the tube. The interior electrode is a long spiral of wire 


As an aperture in the disk moves across the field, the 
observer, looking through at the neon lamp behind 
the disk, sees the aperture as a bright point. When the 
disk is rotating at high speed, the observer, owing tothe 
persistency of vision, sees a uniformly illuminated area 
in the frame, provided that a constant current is flowing 
through the lamp. (The line structure that would 
otherwise appear in the field is largely eliminated by 
using apertures that slightly overlap in their paths 
across the field.) 

The brightness of the neon lamp is directly propor- 
tional to the current flowing through it; and when a 
picture is being received, the lamp is operated directly 
from the received picture current. As a result of the 
system just described, there is at any instant, in the 
field of view at the receiving station, a small aperture 
illuminated proportionally to the brightness of a cor- 
responding spot on the distant subject. Consequently, 
the observer sees an image of the distant subject re- 
produced in the frame at the receiving station. 

Fig. 8 shows the external appearance of the disk type 
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of receiver in which the images appear. The disk 
rotates inside of a rectangular cabinet and the ob- 
server views the image through the shielding window. 
The largest disk, three feet in diameter, gives a 2 in. 
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Fic. 11—DIsTRIBUTOR AND WIRING 


High frequency current is distributed by 2500 wires to successive elec- 
trodes of the grid from 2500 bars on a high speed distributor 


Fic. 12— DETAILS OF THE DISTRIBUTOR 


The bars are arranged in four rows cach displaced with respect to the 
other three. The sliding brush is a strip of thin sheet metal 


by 214 in. rectangular image. Each television receiver 
is also equipped with a telephone receiver and trans- 
mitter; and it is possible for the observer to both see 
and converse with a distant person at the same time. 
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Considering the limited number of picture elements, 
a surprising amount of detail can be transmitted with 
this television system. A distant person can be seen 
and easily recognized and his motions can be plainly 
followed as he talks into a transmitter, turns the pages 
of a magazine, and goes through other similar motions. 
Large sized pictures in a magazine can be seen as the 
subject turns the pages and looks at them himself. 

An auxiliary television receiving system also accom- 
panies each transmitting set and enables the operator to 
see that he is sending a satisfactory picture current out 
over the channel of communication. This auxiliary or 
pilot picture is formed on the scanning disk itself. 
A small fraction of the outgoing picture current is 
tapped off and amplified to operate a neon lamp, 
which is placed behind the disk ninety degrees 
around from the scanning beam. An image of the 
subject may thus be seen on the scanning disk just as at 
a receiving station. To correct for the ninety degree 
phase shift, the spiral of apertures on the transmitting 
disk is continued by additional apertures a quarter of a 
turn beyond the starting point. The first turn alone 
of the spiral is used for scanning; and the last turn 
alone, to form the pilot image; consequently, this image 
appears exactly in frame. A small mirror on the front 
of the motor cabinet reflects this image to the operator 
and enables him to see the character of the picture that 
he is sending out over the channel of communication. 

When it is desirable to present television images to 
a large audience a special grid type of receiver is used. 
The grid has the appearance of an illuminated screen 
and can be seen throughout a large auditorium. The 
image is not projected on the screen from a lantern 
like a moving picture; such optical projection would be 
inefficient and demand the electrical control of an 
impractical amount of light. The picture current it- 
self is distributed by a commutator to successive ele- 
mental areas of a large neon lamp. This lamp, as 
shown in Fig. 9, consists of a single, long, neon-filled 
tube bent back and forth to give a series of fifty parallel 
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sections of tubing. The tube has one interior electrode 
and 2500 exterior electrodes cemented along the back 
side of the glass tubing, Fig. 10. A high frequency 
voltage applied to the interior electrode and any one of 
the exterior electrodes will cause the tube to glow in 
front of that particular electrode. The glow discharge 
actually passes to the inside wall of the glass tubing 
and the high frequency current flows by a capacity 
effect out through the glass wall to the exterior elec- 
trode. The high frequency voltage is commutated to 
the electrodes in succession from 2500 bars on a dis- 
tributor, Fig. 11, with a brush, Fig. 12, rotating syn- 
chronously with the disk at a transmitting station. 
Consequently, a spot of light moves rapidly and re- 
peatedly across the grid in a series of parallel lines 
one after the other and in synchronism with the 
scanning beam at the transmitting station. With a 
constant exciting voltage the grid appears as a uni- 
formly illuminated screen; but, when the high frequency 
voltage is modulated by the received picture current, 
an image of the distant subject is produced on the screen 
and his motions can be followed just as in the smaller 
images formed on a disk. 

This method of presenting television images toa large 
audience permits a very efficient use of the available 
energy to reproduce a picture. The modulated current 
produces a glow discharge that exactly covers an ele- 
mental area of the picture on the screen and is viewed 
directly by the audience; consequently, there is abso- 
lutely no loss of energy after the picture current 
has been converted into light. In addition, each illu- 
minated area of the screen responds to the picture cur- 
rent in the same manner; the exterior electrodes are 
exactly alike, and the use of a single tube assures the 
same pressure and purity of neon throughout the grid. 

Fig. 9 shows such a screen set up for demonstration 
in an auditorium. A loud speaker is mounted just 
below the screen and it is thus possible for a large 
audience to both see and listen to a distant person at the 
same time. 


SECTION II 
The Television Signal Wave 


So far it has been assumed that the electrical signal 
wave is perfectly transmitted between the conversion 
devices which transform the light variations into 
electrical variations and back again. Perfect trans- 
mission is, however, impossible with practical ap- 
paratus. There are certain requirements placed upon 
the generated signal wave by the characteristics of 
practical communication channels, and reciprocally 
certain demands are made upon a transmission system 
by the inherent nature of an adequate television signal. 
In addition to exploring these mutual requirements 
experimentally it is desirable to analyze them in such 
a way that, as far as possible, quantitative expression 


may be given to them. This expression in the case 
of the signal wave is best made by the methods of the 
Fourier analysis; considering the signal as made up of 
many sine wave components of various frequencies. 
The requirement on the signal may then be described in 
terms of these components and the requirements on 
the connecting transmission system in terms of attenu- 
ation and phase characteristics over a band of fre- 
quencies. These requirements will now be discussed as 
a basis for the subject matter of the succeeding section 
of this paper and of the following companion papers of 
this group on Wire Transmission Systems for Television 
and Radio Transmission Systems for Television. 
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The problems to be discussed may be conveniently 
considered under three headings: 

(a) The Character of the Television Signal. 

(b) Requirements upon the Signal Wave Set by the 
Characteristics of Available Transmission Channels. 

(c) Requirements which the Transmission Channels 
must meet in order to carry Television Signals. 

(a) The Character of the Television Signal. As we 
have seen, the voltage produced across the resistance 
in series with the photoelectric cell is a fluctuating uni- 
directional potential. The generated signal therefore 
has frequency components beginning at and including 
zero frequency. The value of the voltage at any 
instant is roughly proportional to the average reflected 
illumination at that instant from an illuminated spot 
whose size depends upon the apertures in the scanning 
disk. At any point where there is a sudden change in 
the tone value of the subject there will also be a sharp 
change in the generated voltage. It will, therefore, 
be seen that but for the limits of speed of action of the 
photoelectric cell and its connected circuits the gen- 
erated signals would tend to include components over 
the whole frequency range up to infinity. Since it 
is possible to effectively transmit but a limited range 
of these components, the width and location of the 
frequency band necessary for the acceptable repro- 
duction of a given size and structure of image must 
be determined. It is convenient to consider first the 
low frequency end of the band. 

In the early experimental work it was soon found 
that in attempting to amplify the lower frequencies 
by the use of direct current amplifiers, unstable con- 
ditions of operation were reached before sufficient 
amplification was obtained to operate the receiving 
apparatus. Experiments were then made with re- 
sistance-condenser coupled amplifiers which showed 
that, if the efficiency of such an amplifier at the fre- 
quency equal to the number of pictures sent per second, 
was not more than about two T U below its average 
efficiency for the transmitted range, acceptable repro- 
duction of the picture was secured together with 
stable operation of the amplifiers. When the low 
frequency cut-off of the amplifier was set much above 
this, spurious shadows were introduced into the 
picture. That there will be a critical lower frequency 
for the transmission of an unchanging scene is obvious 
since the Fourier series into which the signal may be 
analyzed starts with a constant term and the sine wave 
terms begin with the picture frequency and include 
a vast number of its harmonics. If the constant 
component (d-c.) is removed, the lowest frequency 
which remains to be transmitted is therefore the 
picture frequency. 

The effect of removing the d-c. component of the 
signal can be qualitatively traced in a simple manner. 
Imagine three types of still pictures or scenes to be 
transmitted by the system. Let the first be quite 
dark in general effect and require fluctuations in the 
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signal current of a certain average amount for its 
transmission. Such a picture would have a low direct 
current component. Let the second picture consist 
largely of medium grays and require about the same 
fluctuations .in signal intensity for its delineation. 
Such a picture will have a medium direct current 
component. Let the third picture be very light in 
general effect with such difference in light and shadow 
as would require the same fluctuations in signal inten- 
sity as the other two pictures. Such a picture would 
have a relatively high direct current component. 
In passing through a resistance-condenser coupled 
amplifier, the signals for all three types of pictures would 
be changed from fluctuations superimposed upon 
direct current to alternating currents, all of about the 
same average value. 

At the receiving end of the circuit the direct current 
component may be reinserted by superimposing the 
alternating current fluctuations upon a fixed value of 
direct current such as the steady state current in the 
last amplifier tube. This direct current component 
would give the best average results if it corresponded to 
that suitable for the gray picture, which would, of 
course, then be most nearly correctly reproduced. 
However, most of the detail of the dark and light 
scenes would also be reproduced though the tone 
values would be distributed about a medium gray. 
Fortunately a change in character of this kind has 
proved for the most part unimportant. Where it is 
important it can be taken care of very simply by 
providing, at the receiving end, means, either manual 
or automatic, for changing, in accordance with the 
type of scene being transmitted, the magnitude of 
the unidirectional current upon which the received 
alternating current is superposed, which amounts 
simply to the restoration of the direct current. 

In the case of scenes which are changing, however, 
frequencies lower than picture frequency will in general 
be generated and their suppression may be expected to 
affect to some degree the perfection of the picture. 
In effect, these frequencies are analogous to changes 
in tone values in the case of still pictures and their 
elimination results in fluctuations in the apparent 
brightness of the image. This effect is not disturbing 
with many types of subjects, as for example in the 
reproduction of the face. | 

One remarkable result of not transmitting the direct 
current component of the signal in the case of the 
reflected beam method of scanning is that the tele- 
vision transmitting apparatus can be located and 
operated in a well-lighted room, for if this general 
illumination is constant it simply increases the direct 
current component of the signal. Similarly if the 
scene itself contains a source of steady light, this will 
be visible only in so far as it reflects the scanning 
beam. 

Turning now to the upper part of the frequency 
range, experimental data on the highest necessary 
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components were obtained by the use of circuits with 
low pass instead of high pass characteristics. With 
the television terminal apparatus operating at 17.7 
pictures per second, it was found that a filter whose 
phase distortion had been corrected over practically all 
of its pass band of 15,000 cycles produced a degradation 
in image quality which was just detectable when 
the human countenance was being transmitted. Since 
the electrical terminal apparatus without the filters 
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Fic. 13—ELEMENTARY SIGNAL CHANGE 


would efficiently transmit frequencies higher than 
this, the experiment showed either that frequencies 
higher than this were not present in the generated 
signal, that they were not effectively reproduced, or 
that they contribute little to the appearance of the 
image. This upper limit to the useful frequency 
range for this apparatus is rather lower than was 
anticipated from the initial survey but because of 
psychological factors (decreased discrimination of tone 
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Fic. 14—ELEMENTARY SIGNAL CHANGE AS DISTORTED BY A 
SQUARE APERTURE 


values for fine details, apparent improved resolution 
when the subject is moving, etc.) it proves satisfactory 
for television purposes. 

It is of importance, however, to know where the 
limitation in frequency range occurs in the apparatus 
and how it might be modified. Considerable informa- 
tion on this point is obtained by studying the nature 
of the distortion introduced by the aperture in 
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the optical system and that introduced by frequency 
limitation in the electrical part of the system. It is 
convenient to consider them together as the type of dis- 
tortion turns out to be similar for the two cases. This 
distortion may be considered most simply in relation to 
the type of signal corresponding to a sudden unit 
change in tone value at some point in the subject. 
With an ideal television system in which the instan- 
taneous values of signal current are at all times pro- 
portional to the tone values of the points being scanned, 
the resulting signal would be represented by the graph 
of Fig. 13. Such a consideration involves no real loss 
in generality as any signal shape may be considered as 
the result of infinitesimal abrupt changes in intensity. 

It is readily seen that if a square aperture passes 
with uniform velocity over a part of the picture having 
an abrupt change from dark to light the result is that we 
get a signal from the photoelectric cell which, instead 
of building up instantaneously, builds up linearly 
during a time, T, Fig. 14, which is the time required for 
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Fic. 15B—ELEMENTARY Pees CHANGE AS DISTORTED BY A 
SQUARE APERTURE AND BY IDEAL FREQUENCY RESTRICTION 


the aperture to pass a given point... The net effect 
is an apparent sluggishness in the response of the 
system. The dotted curve of Fig. 14 shows the 
integrated illumination passing through a circular 


: aperture of a diameter corresponding to the same time, 


T, for the condition of Fig. 18. Due to the simpler 
analysis the discussion will be carried out in terms of the 
square aperture though the sluggishness due to the 
round one is seen to be slightly less. 

Now this kind of sluggishness in response is quite 
similar to that introduced in the electrical part of the 
system when the upper frequencies are cut out or not 
transmitted as efficiently as the lower ones. The 
effect of frequency limitation can be investigated 
theoretically in a fairly simple fashion if we make 
the ideal assumption that all frequencies are trans- 
mitted without distortion up to a cut-off frequency, 
f., and extinguished beyond it. In Appendix I, it is 
shown how the signal of Fig. 14 is affected by a fre- 
quency limitation of this type. We can then plot a set 
of curves as shown on Fig. 15 from which we can 


1. This effect of aperture distortion was pointed out in the 
paper ‘‘Transmission of Pictures over Telephone Lines” by 
Ives, Horton, Parker, and Clark, B. S. T. J., April, 1925. 
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measure the total time of rise due to both the aperture 
and frequency limitation. The abscissa is the product 
of N = 2 r f. and the time, t. Any one curve serves 
for a wide range of values of N and T as long as their 
product is the same. Call the new time of rise 7. 
Then we can plot a relation as on Fig. 16 between 
Nr and N T from which we can draw conclusions as to 
the relative effects of aperture and frequency distortion. 
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Below the knee of this curve we have EEI 
NT = 2r 


1 
—;— and the frequency cut-off determines the 


c 


T = 


whole distortion. 
Similarly above the knee 
Nr = NT +r 


1 
T=T + of, and the controlling influence is 


that of the aperture. 


Unless one effect ismuch more easily remedied than the 
other, the knee of the curve appears a reasonable point 
to select for operation. At the knee NT, = 27f, T, 
= mand T, =1/2f,.. At this point the total lag is not 
much greater than that due to the frequency restriction 


1 | 
alone and is F or twice T}. That is, at this point, 
the additional lag in the time of rise of signal due to the 
restricted frequency range is equal to that due originally 
to the aperture, though the additional lag due to the 
aperture is not much greater than that due to the 


frequency restriction alone. For a square aperture 
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in a square picture of 2500 elements sent 16 times a 


second T = of a second, and f. = 20,000 


1 

40,000 
cycles at the knee of the curve. The point on the 
curve where the effect of frequency restriction in- 
troduces a sluggishness in following light changes com- 
parable to that introduced by a square aperture is the 
same frequency as that arrived at as the upper limit 
to useful frequencies by considerations from still pic- 
ture transmission, in the introductory paper by Mr. 
Ives. Its value is equal to one-half the number of pic- 
ture elements. 

It has furthermore been found possible to determine 
ideal electrical transmission characteristics or equivalent 
transfer admittances of circuits which produce exactly 
the same distortions as various types of apertures. 
While it appears impossible at present to construct a 
physical circuit which will produce such characteristics 
over the whole frequency range, the problem is not 
difficult if we limit ourselves to the most important 
frequency band. This is of interest as it points out 
the possibility of compensating for the effect of the 
aperture by putting in an electrical network with 
frequency transmission characteristics the inverse’ 
of those so determined. Within the range of important 
frequencies it turns out that the effect of the aperture 
is the same as that of a network which changes merely 
the relative amplitudes of the frequencies into which 
the picture signal may be analyzed. Neglecting 
constant multiplying factors, the relative variation 
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Fig. 17—EQUIVALENT TRANSFER ADMITTANCE OF VARIOUS 


APERTURES 


over the frequency range for a square aperture is given 


sin T w/2 
by the factor ant tae and for a round aperture by 
Jı (T w/2 
eE where, as before, T isthemaximum time for 


the aperture to pass a given point and J; is the Bessel’s 
function of the first order. The derivation of these 
factors is given in Appendix II. On Fig. 17, Curve 1 
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gives the relative values of the equivalent transfer 
admittance for the square aperture and Curve 2 for 
an inscribed circular aperture, both in case of a 50 
line scanned picture which is square and sent 16 times 


1 
40,000 °S 
In the system as set up for demonstration the image 


is rectangular with the vertical and horizontal dimen- 
sions in about the ratio 5 to 4. The circular aperture 


per second. T then is equal to 
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Fic. 18—Circvuit FOR EQUALIZING THE APERTURE EFFECT AND 
Irs AMPLITUDE AND PHASE CHARACTERISTICS 


is about 114 times 1/50 of the vertical height and the 
scanning is done 17.7 times a second. T is then 
3.53 X 10-5 seconds and Curve 3 gives the correspond- 
ing frequency characteristics. Curve 4 shows that 
a square aperture of the same area as the circular 
aperture for Curve 3 gives a fairly good approximation 
to Curve 3. Curve 5 gives the combined effect of the 
two circular apertures, sending and receiving, cor- 
responding to Curve 3. Curve 6 is Curve 5 plotted in 
terms of T U on the right hand scale. 


An inspection of this last curve indicates that this 
frequency attenuation characteristic of the aperture 
introduces a considerable loss at 15,000 cycles and 
leaves little of the signal components above 20,000 
cycles. To see if an electrical circuit of characteristics 
inverse to those of the aperture would materially im- 
prove the resolution of the image, the circuit?, which, 
together with its frequency characteristics, is shown in 
Fig. 18, was inserted between the sending and receiving 
amplifiers. It was designed to compensate for most of 

2. This is a constant resistance type of corrective network 


or equalizer. See Chap. XVIII, ‘‘Transmission Circuits for 
Telephonic Communication,’ K. 8. Johnson. 
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the aperture distortion and its phase distortion was 
made small below 20,000 cycles. On the fan-shaped 
test pattern of Fig. 19 a noticeable improvement was 
observed, the black and white angles being resolved 
closer to the tip of the pattern. In the case of faces 
the improvement appeared to be very little but could 
be detected in the slightly better definition of sharp 
narrow lines such as the frames of horn rimmed spec- 
tacles. When a system of considerable attenuation is 
employed between the sending and receiving terminals 
it would in general be preferable to split the equalizing 
between the sending and receiving ends to make the 
best use of the sending end power in riding over 
interference. 

In arriving at the amount of electrical equalization 
which shall be adopted in any particular case it must of 
course be borne in mind that as the aperture is made 
narrower the amount of distortion introduced by it 
becomes less. As we narrow the aperture, however, the 
available illumination becomes less and the signal 
generated by the photoelectric cell becomes smaller. 
A limit is therefore soon reached at which the difficulties 
of amplification become greater than the difficulties 
of equalization and a minimum practical aperture width 
is thereby determined. If the distortion is corrected 
by narrowing the aperture it is apparent that the 
apparatus will generate, at but little lower than the 
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correct relative efficiency, frequencies much higher than 
those thought necessary from the more general con- 
siderations in Mr. Ives’ introductory paper. Decision 
as to the desirable frequency transmission band for 
the connecting communication channel would be no 
different for either method of reducing the distortion 
due to the aperture. 

In summary then, we may say that experiment and 
theory show that the lowest frequency essential to 
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satisfactory results is the picture frequency, and the 
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range. There, about 50 times this limit was considered 


' highest frequency required is approximately one-half the maximum permissible. 


the number of picture elements scanned per second. 


(b) Requirements Upon the Signal Wave Set by the 
Characteristics of Available Transmission Channels: 
The limitations upon the signal wave set by present 
available communication channels are: 


1. The magnitude of the signal necessary to over- 
ride the interference to which such channels are subject. 


2. The frequency range which such channels can 
transmit. 


The first of these is self-explanatory. It determines 
the required amplification and load capacity of the 
transmitting apparatus. In the companion paper on 
Wire Transmission Systems for Television are the data 
on interference and on permissible signal to noise ratio 
which were used in the design of the terminal trans- 
mitting amplifiers to be described in the latter part 
of this paper. 

In considering the frequency range of lines, it was 
apparent in the beginning that the wire channel might 
include sections of cable. With exsisting loading 
systems for such cables a frequency range of not over 
40,000 cycles appeared available. The terminal appara- 
tus was therefore designed to deliver a generated signal 
whose essential components lay well within this limit, 
and the laboratory tests mentioned in the preceding 
section showed that this requirement was met. 

A lower frequency limit was imposed by the necessity 
of a transformer for joining the transmission line to the 
terminal equipment. Fortunately it proved possible 
to design transformers as described in the final part of 
this paper in which this limit was at or below the 
essential low frequency limit found in the preceding 
discussion of the signal wave. 


(c) Requirements Which Transmission Channels Must 
Meet in Order to Carry Television Signals. We have 
shown that a certain band width of frequency compo- 
nents is essential to the adequate reproduction of the 
image. This sets the frequency limits of the trans- 
mission channel which must be provided. It is 
essential, however, that within these transmission 
limits the channel should present a reasonably uniform 
attenuation, and that the phase relations should be 
fairly accurately maintained. The problem as pre- 
sented to the transmission engineers of wire, radio, and 
terminal equipment for the recent demonstration was 
to meet the following requirements: 


First, transmission must be provided for frequencies 
between about 10 cycles and 20,000 cycles. 

Second, the amplitude frequency characteristics 
within this range should be uniform to about + 2 T U. 

Third, the phase shift through the range should be 
maintained so that the slope of its characteristic as a 
function of frequency is constant to + 10 or 20 micro- 
seconds over all but the lowest part of the frequency 


These requirements were arrived at by considera- 
tions based on theory and experiments on television 
and analogy to similar requirements in telephoto- 
graphy. The first requirement follows directly from 
the discussion of the essential frequencies in the signal. 
The following paragraphs are intended to illustrate the 
significance of the remaining requirements. 


As we have as yet no quantitative measure of the 
goodness of reproduction of the image, the matter of the 
second and third transmission requirements on received 
amplitude and phase characteristics over the frequency 
scale is one which had to be decided largely on the basis 
of the experimental results and judgment based on 
general considerations. We have already seen that the 
removal of the very lowest frequencies simply changes 
the tone value of the whole picture. It may be similarly 
reasoned that departures from the average efficiency of 
transmission in the lower part of the frequency range 
would result in the appearance of diffuse shadows or 
high lights. Likewise, it may be concluded that broad 
deviations from the average efficiency of transmission in 
the uppermost part of the signal frequency range would 
result in the accentuation or the fading out of the 
finer detail of the scene. Steep slopes in the amplitude- 
frequency curve would result in the superposition of 
oscillations upon signals representing sudden changes 
in intensity. To reduce these effects every reasonable 
effort was made to keep the variations in the amplitude 
characteristic with frequency as slight as possible, 
aiming to hold these characteristics for the separate 
parts of the demonstration system to within + 2T U 
or better. 


In addition to transmitting the component frequen- 
cies with the same relative efficiency as regards ampli- 
tude, it is also particularly essential in television to 
send them through the system with small relative phase 
shifts; that is, with constant velocity or what is equiva- 
lent, a phase shift proportional to frequency. It has 
long been known in optical theory that the envelope of a 
group of waves of nearly the same wave length and 
nearly the same frequency may travel along with a 
“group velocity” somewhat different from the phase 
velocities of the component elements. If the system has 
but small departures from a flat amplitude-frequency 
characteristic and from a linear phase shift frequency 
characteristic, it can be shown that the time of group 
transmission or “envelope delay” is given by d b/d w, 
the slope of the curve obtained by plotting the 
phase shift, b, for the system, against the angular 
velocity, w = 2 m f. The time of transmission of 
a crest for any sine wave component of frequency 


OD b b 
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db 
and Tao 7C Then the phase and envelope times of 


transmission are equal and all frequencies as well as 
their group envelopes get over in the same time. If b 


ıs given in radians, o is given in seconds. In general 


a knowledge of b as a function of w is necessary and 
sufficient to determine the phase distortion. A knowl- 


as a function of w is not sufficient to 


db 
edge of Aa 
determine all factors in signal distortion. It is, how- 
ever, often easier to measure with the needed accuracy 
and in transmission systems such as have been used 
for still pictures and television has proven a useful 
index of phase characteristics. 
After a preliminary estimate from experience with 


db 

—— should be + 10 
d w 

microseconds, an electrical network consisting of five 
sections of a simple lattice structure was used for testing 
the effect of phase distortion with television apparatus. 
This network introduced negligible amplitude distortion 


still pictures that the limit on 


and a drift in the value of £> of 50 microseconds 
over the frequency range of 0 to 20,000 cycles. Its 
effect was perceptible in blurring the image of a face 
and it decidedly affected a sharp pattern of two parallel 
lines of such width and spacing as to be just within the 
resolving power of the apparatus. This variation of 


db 


—— 


da Wes about 214 times greater than that postulated. 


Hence + 10 microseconds was agreed on as a desirable 
a db EAEE 
limit for To’ though it was felt that this limit might 


be exceeded by a factor of two in restricted parts of 
the frequency band. 

When this network was combined with a filter the 
slope of whose envelope delay curve was in the opposite 
direction so that over the greater part of the frequency 
range the combined delay of the two circuits was 
constant and equal to 140 microseconds, this time 
delay effect was very graphically brought out. Every 
time the combined circuit was cut in, the undistorted 
received image jumped to a new position a little over 
10 per cent. of the width of the picture to one side in the 
direction of scanning. 


db 
a should be maintained at a cons- 


tant value, consider two sharply defined details near 


To see why 
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together in the picture which would produce a vari- 
ation in signal intensity with time as indicated in 
Fig. 20. Imagine each to be cyclically continued so 
that the small detail defines a frequency f, and the other 
defines a frequency f. It is then known from Fourier 
analysis that the frequency spectra of the two details 
are chiefly concentrated around the frequencies f, and 


db 
|S ere 


Je. d w 


is appreciably different at the frequencies 
f, and f: for any part of the system, the two details will 
be displaced relatively to each other along the line of 
scanning and, in most cases, if this shift is appreciable, 
some change in the shape of the signal wave defining 
each detail results with further increase in the dis- 
tortion. The same relative shift would occur if the 
narrow detail were located upon the broader one in 
which case, such a shift would be more apparent. 
It would seem reasonable to expect then that differences 
in the envelope time of transmission comparable to a 
whole picture element (about 28 microseconds in the 
demonstration apparatus) would be noticeable. 

In most images very few details will have signal 
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shapes, as in this special case, in which the frequency 
components are concentrated in narrow frequency 
bands. An abrupt change in signal strength, for in- 
stance, is represented by components distributed over 
the whole frequency range. We can imagine these 
frequencies divided into any arbitrary number of 
groups, each of which determines a wave form. When 
these wave forms are added together they will reproduce 
the original abrupt change in signal strength. If, 
however, they are sent through a system in which the 
envelope delays for the different groups are unequal, 
the individual wave forms will be relatively displaced 
and will no longer combine correctly. As a result the 
image is blurred. For some types of phase distortion 
the effect appears as an oscillatory transient following 
sudden changes in intensity. 


It was furthermore found by experiment that the 
limit of + 10 microseconds was not necessary for the 
lower frequencies. Reference to the delay character- 
istics of the transformers described in the latter part of 
this paper shows that in the lower part of the frequency 
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scale deviations from the nearly uniform value of delay 
at the upper frequencies appear of magnitude greater 
than 100 microseconds. When the signal was sent 
through these transformers, however, there was no 
observable distortion of the image. The requirements 
are therefore much more lenient at the low frequencies. 
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In the terminal apparatus the problem of meeting 
the above outlined phase transmission requirements was 
not a very serious one. The circuits involved are 
such that when a flat amplitude-frequency character- 
istic had been secured the phase distortion was also 
negligible. 


SECTION III 


Terminal Circuits for Sending and Receiving Television Signals 


The preceding sections have discussed the methods 
by which an object, the image of which is to be trans- 
mitted, is made to control the time variations in a 
light, thus giving a luminous signal wave, and the means 
by which the image may be reconstructed with the aid 
of an electric signal wave corresponding to this initial 
luminous wave in its relative instantaneous amplitudes. 
Certain important relations between the characteristics 
of the signal wave and the resulting image have been 
pointed out. There remains the question of obtaining 
an electric signal wave suitable for long distance trans- 
mission and of providing for the control of the illumina- 
tion at the receiving terminal by the electric signal 
wave as delivered by the transmission medium. 

In the use of wire lines for television it is fortunately 
true that a suitably prepared open-wire circuit possesses 
a frequency range sufficient for the transmission of all 
the essential components of the signal wave. Details 
regarding the characteristics of the wire circuits are 
given in a companion paper by Messrs. Gannett and 
Green, from whose work are obtained data essential to 
the design of the terminal equipment. These data 
fix the power level at which the signal should be de- 
livered to the line and the power level which will be 
available at the receiving end. When the transmission 
is by radio it 1s, of course, necessary to affect a frequency 
translation in order to secure a wave suitable for radia- 
tion and transmission through the ether. In this case, 
however, the radio system, which is described in a 
paper by Mr. E. L. Nelson, when considered as a whole 
may be conveniently taken as a system capable of the 
transmission of a signal wave occupying the same 
frequency range as that supplied to the wire circuits. 
In fact the design of the radio system is such that it 
may be used interchangeably with the wire line in so 
far as the remaining electrical terminal equipment is 
concerned. 

The terminal circuits, then, fall into two groups: 
first, those used at the transmitting terminal for building 
up the wave controlled by the time variations in light 
to the power level required by the line and second, 
those used at the receiving terminal to bring the wave 
delivered by the line to the proper form for controlling 
the luminous sources from which the received picture is 
built up. 


TRANSMITTING CIRCUITS 
Starting with the photoelectric cell in which the 


initial luminous signal wave is converted to an electric 
signal wave, we are interested in the magnitude of 
various pertinent constants. The cell may be con- 
sidered for our purposes as an impedance, the value 
of which is determined by the quantity of light reaching 
it. With no illumination at all this impedance is almost 
entirely a capacitance of the order of 10 m. m. f. When 
the cell is illuminated this capacitance becomes effec- 
tively shunted by a very small conductance which is 
roughly proportional to the square of the voltage be- 
tween the electrodes. For a fixed potential the 
magnitude of this conductance is nearly a linear function 
of the illumination. With a suitable potential in series 


with the cell, then, there is obtained a current the am- 


plitude of which is proportional to the quantity of light 
reaching the cell. 


In order to connect the photoelectric cell to the ampli- 
fier there is introduced in series with the cell and its . 
polarizing battery a pure resistance the voltage drop 
across which is used to control the grid potential of the 
first tube. It is desirable, of course, to make this 
resistance high in order to have available as much 
voltage as possible. Its value is, however, limited by 
two considerations. The added series conductance 
must not’be so low that it appreciably disturbs the linear 
relation between the illumination and the total conduc- 
tance of the circuit. The voltage drop must also be so 
small, in comparison with the total potential in the 
circuit, that the photoelectric cell operates at an 
approximately constant polarizing potential. 


In view of the extremely small voltage of the electric 
signal wave as delivered by the photoelectric cell circuit, 
it 1s essential that great care be taken to prevent such 
interference as may enter the initial amplifier stages 
from approaching a comparable magnitude. The most 
troublesome sources of interference are electrostatic 
induction, electromagnetic induction, mechanical vi- 
bration, and acoustic vibration. By mechanical 
vibration is meant disturbances transmitted through 
the supports as the result of building vibrations and 
similar phenomena. By acoustic vibrations are meant 
impulses transmitted through the air which strike the 
several elements of the amplifier and cause motion which 
results in variations in their electrical constants. Elec- 
trical disturbances are reduced to a minimum by 
placing the amplifier as close as possible to the photo- 
electric cells, thereby keeping the leads short, which 
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avoids electrostatic pick-up and also prevents the 
formation of closed loops of any appreciable size, thus 
avoiding electromagnetic induction. The amplifier is 
provided with a very complete electrical shield and both 
the shielded amplifier and the photoelectric cells are 
placed in a carefully shielded cabinet. 

The tubes used, namely the so-called “peanut” 
tubes, are under ordinary conditions, remarkably free 
from any microphonic action. At the very low signal 
levels used, however, certain extra precautions have to 
be taken against this effect. In addition to lining the 
amplifier box with sound absorbing material the tubes 
themselves have been wrapped in felt and placed within 
a heavy lead case. This prevents such acoustic dis- 
turbances as reach the interior of the amplifier container 
from having any noticeable effect on the tube. The 
lead container is supported entirely by an elastic sus- 
pension and thus serves a dual function, as the heavy 
mass, supported in this way, Is capable of little response 
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Fic. 2]—Scuematic OF VactumM TUBE AMPLIFIER USED WITH 
PHOTOELECTRIC CELLS 


to such mechanical vibrations as may be transmitted 
through the cabinet and the walls of the amplifier shield. 
With these precautions it has been found possible to 
make the effect of all external disturbances of about the 
magnitude of the thermal disturbances referred to in the 
first part of the paper. | 

A schematic diagram of the amplifier tubes directly 
assoclated with the photoelectric cell is given in Fig. 21. 
Attention has already been called to the fact that the 
initial signal, that is, the time variation of the light 
reflected from the scanned object, contains a direct 
current component. The amplification of this direct 
current component is, as has been stated, out of the 
question in any amplifier intended for continued opera- 
tion over long periods of time. The requirements as to 
the range of frequencies to be transmitted, as discussed 
in the preceding section, make it necessary to provide a 
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circuit having practically uniform efficiency from 10 
cycles to above 20 kilocycles. The relative phase shift 
of the several components must also be kept very small. 
In view of the large amplification and consequent large 
number of stages necessary, it has been thought 
impracticable to use transformer coupling between all 
stages as the aggregate frequency and phase distortion 
might well be greater than could be tolerated. The 
so-called resistance capacitance coupling has therefore 
been used. 

The arrangement of the several photoelectric cells 
in their cabinet, as shown in Fig. 3, is such that one 
amplifier can be connected directly to two of the cells 
leaving the third to operate a second amplifier. The 
outputs of these two amplifiers are then connected in 
parallel to the common battery supply equipment shown 
at the bottom of the two vertical cells. 

By the use two stages of amplification in the photo- 
electric cell amplifier, the signal is brought to such 
a level that it may be carried by suitably shielded leads 
to other amplifiers outside the photoelectric cell cabinet. 
This permits using the convenient relay rack form of 
mounting. The signal level is, however, still low and 
may be adequately handled in amplifier units which 
differ but little from those used with the photoelectric 
cell. 

The remaining requirements placed on the amplifiers 
at the transmitting terminal are those set by the 
telephone line. One of primary importance is that 
which determines the amount of energy needed. In 
order that the signal wave shall be of such magnitude 
that any interference present in the line may be neg- 
ligible in comparison, it is desired that the alternating 
current delivered by the final amplifier stage shall be 
at least 4 milliamperes into an impedance of 600 ohms. 
The energy to be supplied is, therefore, approximately 
0.01 watts, which determines the choice of the last 
amplifier stage. To build up the signal to a value 
sufficient to operate this output tube it has been found 
that eight stages of the small sized tubes and one stage 
of greater load-carrying capacity must be used. The 
total amplification given by these ten stages is approxi- 
mately 130 T U. It is through this known gain of the 
amplifiers that we get our only accurate quantitative 
data as to the magnitude of the initial signal wave. 
This comes out to be about 10- watts or, with a 
100,000 ohm resistance in series with the photoelectric 
cell, the potential available at the first tube is roughly 
10 microvolts. 

The characteristics of the line also determine the 
means by which it shall be coupled to the final amplifier 
stage. In order to secure the proper impedance match- 
ing and to prevent the line from being unbalanced with 
respect to ground, it was felt desirable to use trans- 
formers if possible rather than to attempt the design of 
a tube circuit capable of meeting the requirements 
directly. The problem included both output and input 
transformers, and specified an amplitude-frequency 
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characteristic constant to within + 0.5 T U from 10 
cycles to 25,000 cycles. The input coils intended for 
use at the receiving terminal had the additional require- 
ment that a minimum of interference current should be 
induced in the secondary due to potentials between the 
line and ground. The success with which this problem 
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TRANSFORMERS 


1. Output transformer connected between impedances of 2000 ohms 
and 600 ohms i 


2. Input transformer having voltage step-up of 6.5 connected between 
600-ohm line and vacuum tube. 


3. Input transformer having voltage step-up of 2.5 connected between 
600-ohm line and vacuum tube 


has been solved is shown by the curves of Fig. 22. 
Curve 1 is the transmission characteristic of the output 
transformer which is designed to work between im- 
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Fic. 23—IMPULSE DELAY CHARACTERISTICS OF TRANSFORMERS 


1. Output transformer 
2. High ratio input transformer 


pedances of 2000 ohms and 600 ohms when connected 
between generator and load circuits having these values. 
Curves 2 and 3 show the effective transmission gain of 
transformers having voltage step-ups of 6.5 and 2.5 
respectively, when used to connect the first stage of the 
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vacuum tube amplifier to a 600 ohm generator im- 
pedance. The envelope delay curves for the output 
transformer and for the highratio input transformer are 
given in Fig. 23. Photographs of the coils are given in 
Fig. 24. ` A large factor in being able to get coils of this 
type lay in the availability of permalloy for the core 
material. The output transformer is connected to the 
amplifier through a blocking condenser in order to 
avoid possible saturation in the core due to the passage 
of direct current. 

Measurements made on the several elements of the 
amplifier system have shown that its overall frequency 
characteristic is constant to within + 2 T U from 10 
to 20,000 cycles. | 

In an amplifier having as much gain as that just 
described it is apparent that a slight change in the 
potential of the power supply will cause a considerable 
change in the overall efficiency. Moreover variations 


F ia. 


24—-TRANSFORMERS USED FOR COUPLING 


AMPLIFIER 
Circuits TO Lone Distance TELEPHONE LINES 


in the intensity of the light source used with the 
scanning system will cause corresponding changes in the 
intensity of the initial luminous signal wave. To insure 
that the energy level supplied to the line is at all times 
of the proper magnitude a level indicator has been 
provided to permit continuous observations of the out- 
put of the amplifier. This consists of an amplifier- 
rectifier circuit so arranged that the space current of the 
last tube is a function of the alternating current voltage 
impressed on the first, being roughly proportional to 
the square of its amplitude. By means of a direct 
current milliammeter, therefore, it is possible to keep a 
very accurate check on the amplitude of the signal 
delivered to the line. 


RECEIVING CIRCUIT 


Coming now to the receiving terminal equipment we 
find that the signal wave which was delivered to the 
line at a power level of 10 milliwatts may, under some 
conditions, be reduced to a level 50 T U below this, or 
to 0.1 microwatt. It is, therefore, necessary first of 
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all to provide amplification to bring the signal to a level 
where it may operate the circuits controlling the 
illumination from which the image is to be recon- 
structed. In view of the fact that several types of 
receiving equipment are to be operated and also since 
the signal may be derived from any of several sources, 
either wire line, radio, or local transmitting station, it is 
desirable to fix some one energy level as a reference 
point and to bring all signals to this value so that they 
may be supplied interchangeably to the several receiving 
systems. A convenient reference level is that already 
set as the proper input to a telephone line, namely 10 
milliwatts. At the receiving terminal, therefore, am- 
plifiers have been provided which are similar to the 
final stages used at the transmitting terminal. These 
include units containing the small sized tubes and 
terminate in units identical with that supplying current 
to the line except that the output transformer is 
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Fic. 25—CurRENT VOLTAGE CHARACTERISTIC OF TYPICAL NEON 
LAMP 


omitted. The first stage is, as mentioned in the pre- 
ceding section, connected to the line through an input 
transformer. The amplifiers associated with the several 
incoming signals are each provided with a level indicator 
of the type already described. These terminal ampli- 
fiers and the several receiving circuits are all terminated 
in jacks, exactly like telephone circuits, and it is 
possible, therefore, to connect any receiving machine to 
any desired transmitting station simply by patching the 
proper jacks together, exactly as telephone circuits are 
connected at the central office. 

Before describing the final stages of the amplifier 
circuits it is necessary first to examine the properties 
of the light source which is to be controlled. In the 
case of the disk receiving machines described in the first 
section of this paper it is recalled that a single neon lamp 
is used having a rectangular electrode the entire area 
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of which glows at each instant with an intensity pro- 
portional to the intensity of the initial luminous signal. 
The current voltage characteristic of a typical neon 
lamp is given in Fig. 25. It will be seen that no current 
flows .until the voltage across the lamp reaches the 
breakdown potential which, in the example shown, is 
about 210 volts. From this point on the current 
increases linearly with respect to voltages in excess of a 
value somewhat below the breakdown point. It will 
also be seen from the curve that the value of current 
depends somewhat upon the direction in which the volt- 
age is changing. In most cases, however, the function 
comes sufficiently close to being single valued for our 
present purposes. In view of the well established linear 
correspondence between the intensity of the illumination 
resulting from the glow discharge and the current, it is 
required to so arrange the circuits that the current 


.through the lamp is at all times proportional to the 


illumination at the transmitting terminal. 

It will be recalled that the electric signal wave 
as transmitted through the various amplifier circuits 
differs fundamentally from the initial luminous wave in 
that the direct current component has been eliminated. 
It is necessary, therefore, to restore this component be- 
fore the changes in light intensity at the receiving 
terminal will follow those at the transmitting terminal. 
The several factors entering at this point may perhaps 
best be examined in terms of an elementary circuit 
such as given in Fig. 26. In this case the neon lamp 
is connected in series with the plate circuit of a vacuum 
tube and its polarizing battery. The circuit may 
be considered for the present as equivalent to one in 
which the neon tube is replaced by an ohmic resistance 
and in which the potential of the polarizing battery is 
reduced by an amount corresponding to the back e. m. f. 
of the lamp. Under these conditions the relation be- 
tween current—and therefore illumination—and the 
voltage on the grid of the vacuum tube is as shown 
by the curve given with the figure. This curve takes 
into account the change in potential between the plate 
and filament of the vacuum tube due to the voltage 
drop in the lamp resistance. If the reactances in the 
circuit are negligible this curve may be taken as the 
dynamic characteristic of this portion of the system. 

Let us assume that to properly build up the desired 
image at the receiving terminal the light is to be 
varied between the limits set by the two horizontal lines 
a and b. It is apparent that two adjustments are 
necessary in the grid circuit. The amplitude of the 
impressed alternating current must be such that the 
difference between its positive and negative maxima is 
equal to the difference between the grid voltages 
corresponding to these currents. This is taken care of 
by suitable adjustments of the amplification. It is 
further necessary that the bias introduced by the gnd 
polarizing battery be such that the positive and negative 
peaks coincide with these same values of grid voltage. 
Under these conditions the grid battery must be looked 


“F upon as supplying two absolutely distinct biases, 
z7 one the bias for the tube and the other the bias for the 
x signal. For example, if the signal wave as delivered to 


™ 


— 


= 


‘Sune 1927 PRODUCTION AND UTILIZATION OF TELEVISION SIGNALS 935 


yeh END 


Fic. 26—Circvuit SCHEMATIC AND OPERATING CHARACTERISTIC 
OF NEON LAMP AMPLIFIER 


the grid circuit contained the original d-c. component 
properly amplified, it would be necessary to adjust the 
system so that zero current would be obtained with no 
impressed signal. To accomplish this the tube would 
require the negative grid bias Ecs. Variations in signal 
voltage would then be considered as taking place about 
this value of grid potential as the origin. Thus Ess is 
the operating bias of the tube. To properly locate the 
signal wave, however, it is necessary to add the positive 
bias Es:. It will be seen from the curve that this bias 
corresponds exactly to the direct current component 
which is to be restored to the signal. The sum of these 
two biases, obviously, gives the actual bias, Ei, with 
which the tube is operated. 

In the circuit as shown the well-known curyature of 
the vacuum tube prevents us from obtaining a linear 
relation between the current through the neon lamp 
and the signal voltage. This condition may be over- 
come by a number of circuit modifications of which 
that shown in Fig. 27 is typical. Instead of connecting 
the neon lamp and the vacuum tube directly in series 
a resistance is provided across which is set up a poten- 
tial, E,, proportional to the current through it. Across 
this resistance is shunted the neon lamp and a biasing 
battery, E,. The adjustment of this circuit is indi- 
cated by the curves shown. Curve A expresses the 
relation between the grid potential of the vacuum 
tube and its plate current. Curve B shows the relation 
between this same plate current and the voltage across 
the external resistance. When no current is flowing 
through the vacuum tube the potential of the biasing 
battery is insufficient to break down the neon lamp 
and no current flows through the circuit containing the 
neon lamp and the plate circuit resistance. As the 
current through the vacuum tube is increased from 
zero the total current flowing is that through the 
resistance ‘branch. When, however, the potential 
drop across this resistance reaches such a magnitude 
that, together with the potential of the biasing battery, 
it is sufficient to break down the neon lamp, the latter 
will begin to draw current which thereafter increases 
linearly with further increases in the voltage, E,, 
across the external resistance. The voltage across 
the neon lamp itself differs from that across the re- 
sistance by the amount of the battery E,. The 
relation between the neon lamp current and the volt- 
age across it, as given by Curve C, may therefore be 
plotted directly above the characteristic just discussed 
by displacing the vertical axis an amount corresponding 
to E,. This amount is shown as E,,. Here again 
we have two separate biases controlled by a single 
adjustment. The potential E,» is fixed by the mini- 
mum plate current which can be taken from the tube 
without departing too seriously from the linear portion 
of the tube characteristic. It is, therefore, an operating 
bias of the circuit which is unaffected by any charac- 
teristic of the neon lamp. The latter, however, must 
be operated with a bias E., corresponding to its 
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effective back e.m.f. As in the case of the grid 
circuit bias just considered, the bias E,, actually 
introduced into the circuit is the difference between 
these two independently determined biases. 

=- By projecting values of lamp current horizontally 
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elements of the circuit. Inasmuch as the intensity 
of the illumination is proportional to the lamp current 
it will be seen that we have approached the desired 
linear correspondence between the instantaneous values 
of the signal and of the light. 

It will be noted that care has to be exercised to 
insure that the alternating current as impressed on 
the last vacuum tube is of the proper polarity. If it 
is not, the received image will be a negative instead 
of a positive. This may be controlled either by the 
connections to any one of the transformers or by the 


‘ number of vacuum tube stages. With an even number 
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and plotting their intersections with vertical pro- 
jections through the corresponding grid potentials 
on the vacuum tube characteristic we obtain Curve D, 
which expresses the relation between the instantaneous 
value of the signal and of the current in the neon lamp 
as derived from the characteristics of the several 


of stages the polarity will be reversed from that given 
by an odd number. This is because an increase in 
negative potential on the grid of a vacuum tube causes 
a decrease in the space current and hence a decrease 
in the negative potential applied to the grid of the 
next tube. 

In the case of the grid type of lamp with the in- 
dividual external electrodes, the impedance to which 
energy must be supplied differs materially from that 
presented by the rectangular electrode lamp already 
described. For low voltages the impedance between 
any electrode and the central helix is effectively a 
capacitance of the order of 6m. m. f. When, however, 
the voltage gradient in the interior of the tube becomes 
sufficient to break down the gas and cause a discharge 
to take place, the capacitance is increased to about 
15 m. m. f. In fact, the tube may be looked upon as 
consisting of two capacitances connected in series. 
When the applied potential is sufficient to break 
down the gas and cause a glow discharge, that capac- 
itance corresponding to the portion of the path 
inside the tube is effectively shunted by an ohmic 
resistance. The minimum discharge potential has 
been found to be independent of frequency over 
a wide range, but the current between electrodes 
is inversely proportional to the frequency because of 
the presence of the capacitance between the electrode 
and the glowing gas. Now, the brightness of the 
discharge is a function of the current sustaining it so 
that it becomes desirable to use high frequencies in 
order to get sufficient light without going to pro- 
hibitively high potentials. It is also desirable to 
operate at such a portion of the frequency scale that 
the percentage difference between the limits of the 
range shall be small, thus avoiding signal distortion 
due to the effect referred to above. There is, however, 
a definite upper limit to the frequency beyond which 
it would be impossible to operate because of the stray 
capacitances in the cable connecting the grid to the 
distributor. It has been found feasible to operate ata 
frequency of the order of a half million cycles. 

The circuit problem, therefore, involves the pro- 
duction of a high frequency wave which varies in 
amplitude in accordance with the amplitude of the 
received picture signal. The solution has been con- 
veniently obtained by using a radio broadcast trans- 
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mitter the voice frequency circuits of which have been 
so modified that the exteneded range of frequencies 
required might be handled with minimum distortion. 
The envelope of the 500 kilocycle wave modulated 
by the picture signal, as shown in Fig. 28, is proportional 
to the signal amplitude plus a direct current biasing 
component of such magnitude that when the envelope 
reaches 160 volts the tube fails to light. This cor- 
responds to a black area in the picture. When no 
picture signal is being received the amplitude of the 
unmodulated carrier wave causes the tube to light at 
average brightness, corresponding to the locally intro- 
duced d-c. component of the signal. It follows, then, 
that the amplitude of the unmodulated carrier is fixed, 
as in a previous example, by the joint requirements of 
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Fig. 28—DIAGRAMMATIC REPRESENTATION OF RELATION 
BETWEEN Mopvu.LatTEepD Higa FREQUENCY WAVE IMPRESSED ON 
Grip Type Neon Lamp AND LAMP CHARACTERISTICS. INTEN- 
SITY OF GLOW IS PROPORTIONAL TO SHADED AREA 


two biases, that of the lamp and that of the signal bias. 

There is a slight distortion inherent in this method 
due to the fact that the light, which is proportional 
to the shaded area of the curve of Fig. 28, is not strictly 
proportional to the amplitude of the envelope with 
respect to the 160 volt limit. Thisis, of course, because 
these peaks are portions of a sine wave and hence the 
time variation of the glow resulting from any given 
carrier cycle is a function of its amplitude. The effect 
is small, however, being most noticeable at low values 
of illumination. 

In the case of the grid-lamp receiver the signal 
amplitude is adjusted, as for the disk receiver, by a 
potentiometer in the low frequency portion of the 
circuit. The carrier amplitude, however, is adjusted 
by varving the plate potential applied to the oscillating 
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tube. The coupling to the lamp is made by connecting 
the central helix and the distributor brush across a 
portion of the condenser of the oscillating circuit. 

The frequency-amplitude relation of the envelope 
has been made practically constant by employing re- 
sistance capacitance coupling in the signal input ampli- 
fiers, by providing extremely high inductance retard 
coils for the modulator—which is of the Heising type— 
and by inserting resistance in the oscillating circuit to 
provide sufficient damping. The relations between 
the original picture signal and the envelope of the high 
frequency wave, with respect to both amplitude and 
phase shift, were observed over the signal frequency 
range by means of a Braun tube and found to be 
satisfactory. The impedance of the connecting leads 
to the commutator was also measured and found to 
have a negligible effect on the frequency and damping 
of the oscillating circuit. 

It has been found that there may be a lag between 
the time when the potential is applied to an electrode 
and the time when the gas breaks down. This is 
especially true following an interval during which there 
has been no discharge within the tube. Because of 
this those electrodes which are the first to be connected 
in any one of the parallel portions of the tube may fail 
to light. To overcome this effect a small pilot electrode 
is kept glowing at the left-hand end of each tube, thus 
irradiating the branch in such a way that the illumina- 
tion of all electrodes follows ‘immediately upon the 
application of potential. These pilot electrodes, which 
are obscured from view of the audience by the frame of 
the grid, are supplied by means of an auxiliary con- 
nection to the oscillator with a potential somewhat 
lower than that ordinarily impressed upon the picture 
segments. 

Appendix I 

The signal of Fig. 13 in the body of the paper may be 

represented as follows: 


f@® =0 fort <0 
t 
=- for0 <t<T (1) 
=] fort > T 


or by a Fourier integral in the form 


o- fdw fiout- Nar (2) 
-e0 

where ) is an auxiliary variable of integration and w is 
2 r times the frequency. To get the effect of sending 
this signal through a system which transmits all fre- 
frequencies without phase or amplitude distortion up 
to a cut-off frequency f. it is only necessary to replace 
the upper limit of the first integral sign by N where 
N =2 rf. Thus: 
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Then from (1): The instantaneous amount of light passing through 


N the aperture is 


1 X T 
F (t) = — dw fpr cos w(t Na t+ 
E J F (t) = f E (ti) f(t) dty 
1 N . t—T/2 
+ ae w f cos w(t— A)ddX 


= ~~ p (cos N t- cos N (t — T) 
+Nt[Si(Nt)— Si(Nt—N T) 
. 1 
+—[ar+siwt-nn |. 


If we write Nt = x, NT =z, and x F((t) 
then 


=y (x), 


1 ° 
y (x) Ara { cos x — cos (x — z) + x [S îi (x) 
— Si(z—2z)]} 
BESS . 
+ 5 + S$1(x—-—2z), 


where 


A sing 
Si(z) = | — dz. 
ž x 

A series of graphs of y (x) for different values of the 
product N T is given in Fig. 15 in the body of the paper. 
These are generalized curves, the time scale depending 
on the particular value of cut-off frequency used. 
From these curves we can get the additional lag in the 
time, 7, in the rise of these curves over the original 
time T in Fig. 14. 


Appendix II 


Let f (t) be the instantaneous intensity of the picture, 
and let it be represented by a Fourier integral; 


JO = fA wcos(tw + eud o (1) 
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ANALYSIS OF THE APERTURE 


Let T = time required for the aperture to pass a 
given point, Fig. 29. 

Let ¢ (tı) be height of aperture at distance t, from its 
center. 


t+ oo 
= fe iat fA (w) cos [fi w + &(w)] dw 


8—T/2 


t+T /2 
- f Ado e (ti) cos [ti w + & (w)]d t. 
t—T/2 
(2) 
In the case of the rectangular aperture 
y (t) = a constant (3) 


and, except for a negligible constant factor, 
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i sin Tw/2 
m 2 fA (w) ————— cos [ t w + è (w)]d w. (4) 


The transformation from f (t) to F (t) amounts merely 
to changing the relative amplitude of the Fourier com- 


sin Tw/2 
ponents of f (t) by a factor proportional to ——————— 


In the case of the circular aperture we can divide the 
aperture up into narrow elements parallel to the direc- 
tion of motion, as shown in Fig. 30. Elements at a 
distance h from the middle line of the strip have lengths 

2t4,=27T?2/4— Rk. (5) 

Each element considered as an independent rectangu- 

lar aperture has the frequency characteristic 
sin w v T?;4 — k 
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Ji (Tw/2 
= or Ji (T w/2). . (6) for the square aperture, we have ae as such a 


E ; factor. From the very nature of the physical processes 
where J, indicates a Bessel function of the first order. under consideration it follows that this average value 


sin (T w/2) of the elementary frequency characteristics is effec- 
In place of the amplitude variation function ——--——_ tively the frequency characteristic of the aperture as a 


whole. 


Synchronization af Television 


BY H. M. STOLLER* 
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Synopsis.—Synchronization of Television is the problem of 
holding two scanning disks so that their phase displacement is always 
less than four and one third minutes of arc. A 240 pole synchronous 
motor of the variable reluctance type is used as a basis. Coupled to 
il a direct curent motor carries the steady component of the load. 
Hunting is eliminated by a condenser in series with the two synchron- 
ous motors whose capacitance is slightly less than that required to 
tune the circuit. 

As the motor might lock into step in any of 120 possible angular 
positions, only one of which would give the proper phase relations, a 
two-pole motor, with only one locking position, was provided by 
tapping the armature of the direct current motor at two points and 
bringing out the leads to slip rings. This was used for synchronizing 


HE problem of synchronization involved in tele- 

vision transmitting and receiving equipment is 

similar in principle to any synchronous motor 
problem but the requirements are of such a special 
nature that it is necessary to employ unusual features 
of motor design and control circuits to secure the 
required results. . 


GENERAL REQUIREMENTS 


At the transmitting end a scanning disk is employed 
containing 50 holes spirally spaced around the periphery 
of the disk rotating at a speed of 1060 rev. per min.' It 
is desired to rotate a similar scanning disk at the receiv- 
ing end so that the hole through which the observer is 
looking at a neon lamp will be in a position correspond- 
ing to the hole which is transmitting light at the same 
instant at the transmitting end. Since there are 50 
holes in each disk the holes will be spaced apart 7.2 
degrees, thus 7.2 degrees of arc correspond at the 
receiving end to the width of the picture. Since the 
horizontal resolving power is approximately the same as 
the vertical (0.02 of the picture dimension) the arc 
occupied by a picture element is 0.02 X 7.2 or 0.144 
degree. In order not to appreciably impair the quality 
of the picture, it is necessary to hold the synchroniza- 
tion within approximately 14 of the width of one 
element. This gives 0.144 degree divided by 2 or 0.07 


degree as the requirement within which synchronization 


should be held. By way of comparison it might be 
mentioned that the angular twist in a length of 6 ft. 
of l-in. steel shafting operated at rated load is of about 
the same order of magnitude. 


An ordinary four-pole synchronous motor when 


*Both of the Bell Telephone Laboratories, Incorporated, New 
York, N. Y. 

1. This speed was determined by transmission considerations 
and is diseussed in the companion paper by Messrs. Gannett and 
Green. 
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and 


while the 240 pole motor, connected subsequently, held the close 
synchronism required. The disks rotate at 1062.5 rev. per min. 
which gives 17.7 cycles on the two-pole and 2125 cycles on the 240- 
pole motor. 

For transmission the synchronizing current ts attenuated to a 
level of 0.6 milliwatt and amplified at the receiving end. The 17.7- 
cycle current is an undesirably low frequency for transmission over 
telephone cables and so is used to modulate a 760-cycle current 
through a polarized relay. This is demodulated at the receiving end, 
where a polarized relay by interrupting a local battery current gives 
a rectangular wave which acts through vacuum tubes on the field 


of the direct-current motor. 
* * * + * * 


operating at full load, unity power factor, has an angular 
phase displacement of about 20 electrical degrees 
between the impressed and back e.m.f. This corre- 
sponds to 10 mechanical degrees since the motor has two 
pairs of poles. If this motor is operated at constant 
load and the line voltage is varied the phase angle will 
decrease with increasing voltage or when the voltage is 
held constant and the load is varied, the phaseangle will 
increase with increasing load. It is at once apparent 
therefore that the ordinary type of synchronous motor 
will not even approach the degree of precision required 
for the reason that any minute change in line voltage or 
load will cause variations in its phase angle of lag with 
respect to the impressed frequency of a far greater 
amount than 0.07 degree. Consider, however, a motor 
having 120 pairs of poles. Allowing 20 electrical 
degrees as the normal full load phase displacement this 
would be equivalent to 20 divided by 120 or 1/6 degree 
mechanical phase displacement. Even this amount is 
over twice the required permissible displacement of 
0.07 degree. Since the variation of the phase dis- 
placement is the important factor and not the absolute 
amount of displacement, it is evident that if the line 
voltage and load are held reasonably constant a syn- 
chronous motor with 120 pairs of poles should be 
sufficiently precise. 

Another requirement in addition to close phase syn- 
chronization is regulation of theacceleration or decelera- 
tion of the generator at the transmitting end. Such 
regulation is required due to the fact that an appreciable 
time is taken for the transmission of the synchronizing 
current a distance of 220 miles (circuit length) between 
New York and Washington. The velocity of propaga- 
tion over the cable was approximately 19,000 miles per 
second while that of the picture on the open 
wire of 285 miles circuit length was about 175,000 
miles per second, the corresponding times of 
transmission being 0.0116 second and 0.0016 second 
leaving a difference of 0.01 second approximately. 
Since the total permissible error in synchronization is 


910 


June 1927 


0.07 degree it is reasonable to allow 0.02 degree as error 
due to acceleration regulation. Let a be the accelera- 
tion in degrees per second per second. Substituting 
in the formula s = \% a ť gives 0.02 = 14a (.01)? or 
a = 400 degrees per second per second or a little over 
one revolution per second per second. For comparison 
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consider a 14 hp. unregulated shunt motor. If the 
line voltage increases 10 per cent it will cause an increase 
in speed from 4 per cent to 8 per cent depending on the 
magnetic saturation in its field circuit. This increase 
in speed will take place in a half second or more de- 
pending upon the moment of inertia of the load. Thus 
the acceleration in the case of a 1060 rev. per min. 
speed would be much greater than one revolution per 
second per second. 

Since this problem of speed regulation is a separate 
one from that of the synchronization the description of 
the regulating circuit is taken up later on. 


MOTOR DESIGN 


In accordance with the phase displacement require- 
ment as explained previously it was decided to build the 
synchronous motors with 120 pairs of poles, thus giving 
a frequency of 2125 cycles at 1062.5 rev. per min. which 
was the exact speed finally employed. For the sake 
of mechanical simplicity these machines were made 
of the variable reluctance type which gives one cycle 
per rotor tooth thus requiring 120 teeth. The variable 
reluctance construction also simplifies the coil arrange- 
ment, the machine having only eight armature coils 
instead of a separate coil for each tooth. Fig. 1 shows 
a photograph of the assembled motor and Fig. 2 an in- 
side view of the stator and rotor. 
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In the preliminary experimental work two of these 
machines were directly connected (Fig. 3) permitting 
either machine to act as a synchronous motor loading 
down the other machine. Each machine was driven 
by a shunt d-c. motor having inherently poor regu- 
lation, the d-c. motors furnishing the power and the 
a-c. machines transferring the variations from one 
d-c. machine to the other to hold synchronism in a 
completely two-way system. As was to be expected, it 
was found that the motors hunted badly at a frequency 
of about four cycles per second. In other words, 
instead of holding within a fixed electrical phase angle 
of 20 degrees the receiving motor oscillated throughout 
a phase angle of about + 20 electrical degrees. This, 
of course, made the picture wabble back and forth across 
the aperture and was therefore unsatisfactory. 


The ordinary method of preventing hunting by means 
of copper bars embedded in the pole faces was not 
practical on account of the large number of poles and 
limited space. The hunting trouble was cured by em- 
ploying a series condenser between the motors using a 
value of capacity somewhat less than that required to 
tune the circuit. A rigid analytical treatment of this 
anti-hunting circuit is beyond the scope of this paper 
but its operation depends in general upon the curva- 
ture of the tuning curve due to the variation of the 
inductance of the machine with phase displacement. 
Since the condenser operates on the total inductance of 
the circuit, it is desirable to make the natural periods of 
oscillation of the two motors different. Otherwise 


Fig. 2—Motor DISASSEMBLED 


a decrease in the inductance of one machine may be 
accompanied by a simultaneous and equal increase in 
the inductance of the other thus leaving the total 
inductance unchanged and preventing the condenser 
from functioning. This was done by making one disk 
substantially heavier than the other. 

The series condenser also neutralizes the greater 
part of the internal reactance of the motors thereby 
increasing the steady state torque. 
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FRAMING OF PICTURE 


There was still one unsatisfactory feature in this 
system in that the motor at the receiving end could 
interlock in any one of 120 different angular positions 
whereas in order to get proper framing of the picture it 
must be synchronized at a particular angular position. 
For example, if the disk at the receiving end is exactly 
180 degrees out with respect to the disk at the trans- 
mitting end the observer will see the lower half of the 
picture on top; a dark space representing the dividing 
line between pictures and the upper half of the picture 
at the bottom. Similarly, if the disk is 90 degrees 
out at the receiving end the lower quarter of the picture 
will appear on the top and the upper three-quarters of 
the picture on the bottom. The disk at the receiving 
end may be brought into correct angular position by 
providing means for turning the entire motor through 
the necessary angle. It was found, however, that the 
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rate at which the motor can be turned was limited by the 
fact that if it were rapidly turned it would throw the 
motor out of step. 


As an aid to framing, therefore, a second two-pole 
low frequency interlock was added to the system by 
providing the d-c. motors on each end with a pair of 
slip rings tapped to two opposite commutator bars. 
The d-c. shunt motors thus acted as converters furnish- 
ing 17.7 cycles at 1062.5 rev. per min. With this added 
feature on both the transmitting and receiving motors 
the process of synchronization was first to close the 
17.7 cycle circuit and adjust the field rheostat of the 
receiving motor until it came into step. Since this was 
a two-pole circuit there was only one angular position 
at which synchronization could occur. The high fre- 
quency synchronous machines were then connected 
together, thereby limiting the phase displacement to 
within 0.07 degree, as previously described. The high 
frequency motors in this system take the variation in 
load while the low frequency motor takes care of the 
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steady constant component of load. Incidentally the 
addition of the low frequency synchronous motors 
greatly facilitated the synchronization of the high fre- 
quency motors inasmuch as it insured the proper initial 
speed. When the high frequency switch was closed 
there was merely a slight shift in phase angle to bring 
the receiving motor into step. The schematic 
circuit of the system thus far described is shown in 
Fig. 3. 


SYNCHRONIZATION OVER LONG LINES 


The above description explains the action of the 
synchronization system over lines of negligible im- 
pedance. In order, however, to secure similar results 
over a long distance telephone line or radio channel it is 
necessary to first attenuate the high and low frequencies 
toa power which can besafely applied to the transmitting 
end of the line and then amplify the power at the 
receiving end to restore it to the proper level. Fig. 4 
shows the complete system employed. - 

While the high and low frequency machines on the 
transmitting end could have been designed so as to 
produce exactly the right power level it was desirable, for 
the sake of interchangeability, to build the transmitting 
and receiving motor equipment of the same:.ize. The 
output from the transmitting high frequency generator 
(shown in Fig. 2) when untuned was approximately 
17 volts at 2125 cycles. By means of a network this 
output was cut down to a level of 1 milliampere into 
600 ohms impedance, the output impedance also being 
600 ohms. This is a satisfactory level at which to 
transmit the high frequency, without inducing noise 
in adjacent wires in the telephone cables. 

In the case of the low frequency interlock it was 
undesirable to attempt to transmit 17.7 cycles over a 
long distance line. The 17.7 cycles was therefore used 
to operate a polarized relay, the contacts of which 
modulated the ouput of a 760-cycle electro-mechanical 
oscillator? as shown in Fig. 6. In other words, the 
relay short-circuited the output of the oscillator alter- 
nate half cycles before application to the telephone line. 
Instead of using separate telephone pairs for the 2125- 
cycle and the modulated 760-cycle current, the two were 
combined by passing them through the line filter 
(shown in Fig. 7) thereby requiring only one pair for 
transmission of both frequencies. An identical net- 
work: was employed for the radio channel. The 
problem of transmission of the synchronizing current is 
covered in the paper by Messrs. Gannett and Green 
and in the case of radio transmission in the paper by 
Mr. Nelson. 


RECEIVING AND AMPLIFYING CIRCUITS 


Passing over this part of the problem, therefore, 
assume that the synchronizing currents have been 


2. Described in the Bell Laboratories Record, March 1927. 
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obtained at the receiving end of the line. This power 
was delivered at a very low level being about 0.3 of a 
milliampere into 600 ohms impedance, or 50 microwatts. 
It was then given a preliminary stage of amplification 
(Amplifier No. 1 Fig. 4), passed through the line filter 
No. 3 (Fig. 7) and separated into 2125 cycles and 760 
cycles modulated at 17.7 cycles. The 2125 cycle 
component was then amplified by two stages of ampli- 
fication (amplifier No. 2) ending in push-pull 50 watt 
tubes and applied to the high frequency motor. These 
amplifiers being of the standard type are not described. 
The terminal voltage on the output coil of the amplifier 
was made greater than that of the high frequency 
motor so that the power flow was normally from the 
amplifier to the motor. The anti-hunting condenser 
was retained between the amplifier and the motor. 

In the case of the low frequency circuit the output 
from line filter No. 3 was received in the form of 760 
cycles modulated at 17.7 cycles. This was passed 
through the demodulator (Fig. 8) which operated a 
polarized relay whose armature opened and closed its 
contacts at 17.7 cycles per second. The contacts of the 
relay provided square-wave low frequency current by 
interrupting power from a local battery source. On 
account of the limited power output which the vibrating 
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contacts could safely handle without sparking it became 
necessary to amplify this low frequency output. While 
this would have been possible by the use of ordinary 
amplifier circuits it was found preferable from the 
standpoint of economy of apparatus to apply the low 
frequency regulation through a field circuit of the 
receiving motor. Referring to Fig. 9 it will be noted 
that the plate circuit of the regulating tubes is supplied 
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Fic. 6—SYNCHRONIZING MODULATOR 


from the secondary of the transformer which is con- 
nected to the slip rings of the motor, while the grid 
circuit of these tubes is supplied with low frequency, low 
power 17.7 cycles from the contacts of the relay. 
As the motor is started up from rest the shunt field is 
weakened until the motor falls in step. At this point 
the frequency of the plate supply to the regulator tubes 
is identical with that supplied to the grids. If the 
phase relationship is such that the plates go positive 
at the same time that the grids are positive then 
the space current of the tubes is increased and the 
regulating field (which is an aiding auxiliary field) is 
strengthened, thereby preventing a further rise in the 
speed of the motor. In other words, for each combina- 
tion of load and line voltage there is an equilibrium 
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phase position between the plate and grid voltages at 
which the corresponding regulating field current main- 
tains the speed at the desired value. 


MOTOR OPERATION 


In actual operation the procedure was to first syn- 
chronize on the low frequency, and then on the high 
frequency circuit. The precise framing of the picture 
was then adjusted by rotating the motor by means of 
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worm gearing through the necessary angle to center the 
image properly in the aperture. The high frequency 
current was of the order of 1.5 amperes at 2125 cycles 
with a terminal voltage of 100 volts at the high fre- 
quency motor. The power taken by the d-c. motor 
was approximately 0.8 ampere at 110 volts. The current 
through the regulating field controlled by the 17.7 cycle 
circuit was of the order of 20 to 40 milliamperes at 100 
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volts depending upon the phase position at which 
interlock occurred. It was found preferable to cut off 
the low frequency interlock feature after synchroniza- 
tion and framing had been obtained in order that irregu- 
larities in the time of contact closure of the relay might 
not produce changes in field strength of the d-c. motor 
which in turn would cause irregularities in power output. 
Such irregularities would give rise to phase shifts in the 
high frequency machine thereby producing unsteadiness 
of the picture. 
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OPERATION ON RADIO CHANNEL 


In the case of transmission of the synchronizing 
current by radio instead of by wire the same apparatus is 
employed except that it was found necessary to use a 
much higher value of high frequency current in order to 
hold the high frequency motor in step, the current being 


approximately 4 amperes as compared to 1.5 amperes 
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in the case of the other motors. This greater current 
was found to be necessary in order to hold the motor 
in step within the necessary phase angle of displacement, 
in spite of various types of interference picked up by 
the radio receiver, and associated circuits. This was 
mainly inductive interference from the picture and 
speech transmission sets arising from the fact that the 
synchronizing current was transmitted from New York 
to Whippany and picked up on a receiving set there 
whereas the picture and voice current was transmitted 
from Whippany to New York. A certain amount of 
interference was also encountered from ship spark sets 
and static. 


SPEED REGULATION OF TRANSMITTING 
MoTOR-GENERATOR 


As previously explained under ‘General Require- 
ments” the essential requirement of the speed regulator 
at the transmitting end is to limit the acceleration to 
about one revolution per second per second, over 
intervals as small as 0.01 second. The ordinary 
type of centrifugally operated vibrating contact 
regulator keeps the motor continually accelerating 
and decelerating between an upper and lower 
speed limit and while such a system could theoreti- 
cally beemployed if the flywheel weremade large enough, 
it was obviously preferable to employ a type of regulator 
in which the speed was inherently held constant without 
such acceleration and deceleration. 

The regulating circuit employed is shown in Fig. 10. 
The complete theory of this regulating circuit is to be 
covered in another paper to be presented before the 
Institute. Briefly the principle consists in employing a 
sharply tuned circuit as the primary speed controlling 
element resonating at a frequency slightly less than the 
frequency at which the machine is operated. A 
voltage from the high frequency generator is applied to 
this tuned circuit and thence to a detector tube which 
in turn operates on the grids of a pair of push-pull 


SYNCHRONIZATION OF TELEVISION 


945 


regulator tubes; these tubes controlling an auxiliary 
regulating field winding on the motor. The circuit also 
contains anti-hunting means, the theory of which will 
be given in the later paper. Instead of applying this 
regulating circuit to the small 15 in. scanning disk 
motor shown in Fig. 3, it was decided on account of its 
greater flywheel effect to use the large 36 in. disk shown 
in Fig. 5 which was used for receiving the picture at 
New York. It therefore became the transmitter from 
the synchronizing standpoint for all of the other units 
although from the picture standpoint the big disk acted 
as a receiver. 
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LOCAL STATIONS 


In addition to the stations at Washington and Whip- 
pany there were three local stations in New York em- 
ploying similar high and low frequency synchronous 
motors with 15 in. disks. These were controlled in the 
same manner except that first ‘stage of amplification 
and the line filters were omitted. One station was 
employed for monitoring purposes, another operated a 
local transmitter, while the third operated the big 
grid receiver seen by the entire audience. 


Wire Transmission System for Television 


BY D. K. GANNETT* 


Associate, A. I. E. E. 


Synopsis.—This paper deals with the transmission problems 
which were met and solved in connection with providing wire circuits 
from Washington to New York for thet elevision demonstrations which 
took place on April 7, 1927 and following. For transmission of 
the television images a single transmission channel was set up 


INTRODUCTION 


SYSTEM of television, to be worthy of the real 

meaning of the name, must be capable of opera- 

tion over a considerable distance. Spanning this 
distance, there must be a connecting medium suitable 
for faithfully transmitting the television currents. 
This paper describes how the connecting medium was 
provided between Washington and New York for the 
recent television demonstrations,' by adapting to this 
purpose existing wire facilities of the Bell System. 

Fortunately, wire facilities of the type which were 
available between Washington and New York had 
been utilized for some time to transmit simultaneously 
many telephone and telegraph messages, involving a 
frequency range more than ample for the television 
requirements, so that the transmission characteristics 
of the lines throughout the necessary range of fre- 
quencies were well known. The matter of providing 
a suitable channel to carry the television currents 
consisted, therefore, in throwing together the fre- 
quency ranges which had heretofore been utilized for 
providing a number of separate telephone and telegraph 
channels. In addition to providing this very wide 
band communication channel it was necessary to 
apply special distortion-correcting networks so that the 
overall channel would possess proper characteristics 
and also to take care to avoid introducing disturbances 
due to such things as line irregularities, noise, etc. 

Due to the perfection of the transmission methods 
which were utilized, it was found that when the circuit 
was first established, in accordance with the require- 
ments which had been deduced, the television images 
transmitted from Washington were indistinguishable 
in quality from those transmitted locally, this result 
being secured without any deviation from the adjust- 
ments which had been worked out in the original 
design. 


REQUIREMENTS 


General. The ideal requirement for a transmission 
line for television, or for that matter any other purpose, 
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combining the frequency ranges usually assigned to telegraph, 
telephone, an dcertain carrier channels. The special line re- 
quirements were met so successfully that the television images 
transmitted from Washington were indistinguishable from those 
transmitted locally. 


is, of course, that it introduce no distortion whatsoever, 
in which case there could be no question but that the 
television images obtained in the receiving apparatus 
after transmission over the long distance line would be 
identical with the image obtained with the trans- 
mission only over a distance of a few feet. Practical 
transmission lines, however, tend to introduce a certain 
amount of distortion and the less the allowable dis- 
tortion which is specified the greater will be the cost of 
providing a proper line. Before going ahead with the 
matter of engineering the line required to transmit the 
television currents from Washington to New York it 
was, therefore, first necessary that the requirements be 
set. The requirements were made more severe than 
strictly necessary in cases where they were easy to 
meet. 

Frequency Range. In any system for the electrical 
transmission of intelligence, the required frequency 
range is, in general, proportional to the speed of trans- 
mission. In the case of picture transmission or tele- 
vision, the speed of transmission may be expressed in 
terms of the number of picture elements which must 
be transmitted per second, where a picture element is 
the smallest unit area which it is intended to be able to 
distinguish in the received picture from its neighboring 
unit areas. 

When the picture currents are transmitted in the 
most efficient manner the frequency range necessary is 
approximately equal to half the number of picture 
elements which must be transmitted per second. A 
simple way of seeing this is to realize that as the picture 
elements are transmitted in sequence, the greatest 
possible rate of variation of detail is obtained when 
alternate picture elements are black and white. A 
complete cycle corresponds in this case, therefore, to the 
time interval required to transmit two picture elements. 

According to this relationship this particular tele- 
vision system in which about 40,000 picture elements 
per second are transmitted should require a frequency 
range of approximately 20,000 cycles. Asa matter of 
fact it was found by a laboratory test that due to certain 
characteristics of the apparatus a frequency range as 
great as this was ample, just detectable distortion 
being introduced in the reproduction of the human face 
when the range was narrowed to about 14,000 cycles. 
In providing the line circuit, however, extending the 
frequency range to 20.000 cycles involved so little 
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| lifficulty that it was decided to provide this very 
iberal frequency range. 

In the particular television system which has been 
Jescribed the very low frequencies (below about 10 
ycles) are suppressed. It was, therefore, not necessary 
shat the line transmit these very low frequencies. The 
‘requency range which the line should transmit was 
accordingly set as 10 cycles to 20,000 cycles. 

Attenuation. 
it has been found that variations of attenuation with 
frequency of several transmission units do not appre- 
ciably impair the quality of the picture. Since no 
great difficulty was anticipated in meeting closer limits, 


however, it was decided to set the limits for the varia-., 


tion of attenuation with frequency at + 2 T U within 
the frequency range of 10 to 20,000 cycles. 

Phase Characteristics. A characteristic of wire lines, 
whose importance has been increasingly realized in 
` recent years, is their phase characteristic. In speech 
‘transmission, transients due to unequal velocity of the 
- different frequency components have been found to be 
an important consideration on some types of lines. 
-.In_ picture transmission and television, also, it is 
. important that this phase distortion be controlled, as 
-- otherwise the image might be blurred due to. the arrival 
of the various frequency components at different times. 
- The type of transient which has been found to impair 
. the quality of pictures is the type which is relatively 
. rapid and the aim has been to make the phase charac- 
.- teristics such that those transients would be small. 

The requirement with respect to phase for distortion- 


: 8 , 
less transmission is that Eg be a constant where £ is 
the phase change in radians for the entire circuit, and w 
8 
— is known as 
Q) 


_ is equal to 2r times the frequency. 


the “phase delay” or the steady-state time of trans- 


suid dp. i , ae 

mission. — 7 is the time required for the transmission 

of the envelope of a wave whose components center 
w 

closely about the frequency on and it will be referred 


to as the “envelope delay.” Since it is more convenient 
to measure the envelope de'ay the requirements were 


, ; l B . 
set up 1n terms of this quantity. When zg ÍS constant 


Eoi dp 
It 1s evident that -= is also constant. While the 


converse of this is not in general true, the conditions 
as actually encountered were such as to permit its use as 
a measure of the small variations involved. 
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Referring to still picture transmission, 
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The envelope delay characteristics of a number of 
circuits, which have been found to give varying degrees 
of transient on still pictures, have been measured. Also 
data were available from tests of picture transmission 
through filters and other networks whose delay 
characteristics were known. From these various data, 
the permissible deviations of the delay characteristic 
for still picture transmission were determined, and 
dividing these figures by 50, the ratio of the rate of 
transmission in picture elements per second in the two 
cases, the limits for the television circuits were obtained. 
In this way it was decided to attempt to keep within 
+ 10 microseconds, if possible, with outside limits of 
+ 20 microseconds. Check tests of these limits were 
made with the television apparatus in the laboratory 
by transmitting the currents through various known 
networks, and noting the effect on the received image. 

Unlike the attenuation requirements, the delay 
requirements for television are not the same over the 
entire frequency range, but are much more lenient in 
the lower frequency range, as was shown by experiments 
in the laboratory. A physical picture of the reason for 
this may be obtained by reference to Fig. 1. 
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Fig. 14 shows a picture placed in position before 
the sending machine, consisting of a piece of cardboard 
the same size as the image-area which can be trans- 
mitted, the upper half of the cardboard being colored 
black, while the lower half is white. As has been ex- 
plained in the paper by Messrs. Gray, Horton, and 
Mathes, the picture is scanned by a spot of light which 
moves from left to right in successive lines, tracing 
50 horizontal lines across the picture in one-sixteenth 
of a second. The first 25 of the lines lie on the black 
and the remaining 25 on the light part of the picture. 
The process is repeated 16 times per second, each repeti- 
tion of 50 lines giving one complete cycle of black and 
white. The frequency components in this case are 
multiples of 16 cycles. A transient which blurs the 
picture outline over a given number, n, of picture 
elements (downwards) corresponds to a time interval 


; n 
equal to the time of tracing n lines, 2. e., 300 second. 


Now consider Fig. 1B. Here the picture has been 
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rotated 90 degrees. In this position, a complete cycle 
of black and white is obtained with each line instead of 
with each 50 lines. The frequency components in this 
case are multiples of 800 cycles and bear the same 
relations to 800 cycles as the components spoken of 
above bear to 16 cycles. A transient which blurs the 
picture outline n picture elements (horizontally, this 
time) corresponds to a time interval of n forty-thou- 
sandths of a second. Evidently the delay requirements 
are 50 times more lenient in the former case than in the 
latter so that the delay requirement at the highest 
frequencies, which determine the fine detail in the 
direction of scanning, is 50 times as severe as at low 


frequencies, which determine the fine detail in a direc- , 


tion perpendicular to the direction of scanning. 

In the still pictures referred to, the transients ex- 
tended in the direction of travel of the light spot and 
there were no transients analogous to those discussed 
here in connection with Fig. 1A. For this reason the 
delay limits determined from still picture transmission 
are the ones which apply to the higher frequencies. 
For the lower frequencies the requirements are ob- 
tained by multiplying the high-frequency requirements 
by 50. For these reasons, together with the result of a 
Fourier analysis of the picture current, the limits were 
set at + 10 or + 20 microseconds from 400 to 20,000 
cycles. Below 400 cycles, the departures from the 
constant delay were permitted to be + 500 or + 1000 
microseconds. 

Noise. Another important requirement is that 
relating to the ratio of the picture currents to the ex- 
traneous interfering currents which may arise in the 
line from power induction and other sources. Early 
experience with the television apparatus showed that 
considerably more noise was permissible in the case of 
television than in the case of still picture transmission 
so that in this case comparison with the still picture 
transmission would result in an unduly severe require- 
ment. This is thought to be explained by the fact 
that in the case of television the pictures are flashed 
before the eye 16 times per second and the effects of the 
extraneous currents occur on successive flashes in 
different positions, so that defects of one flash are 
corrected on the next. 

A set of experiments was performed from which it 
was determined that if the ratio of average picture 
currents to average noise currents exceeded about 10 
the results were satisfactory. In order to assure 
considerable margin above this figure, it was decided 
to make the average television current to be trans- 
mitted into the line 4 milliamperes. 

Echoes. If two paths exist by which the currents 
may travel from the sending point to the receiving 
point, the length of the two paths being different, a 
double image will be produced on the received picture, 
forming what may be termed visual echo. In the case 
of telephone lines, the echoes may exist on account of 
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reflections between impedance irregularities in the 
circuit so that the currents arrive at the receiving point 
both by way of the direct transmission path and by way 
of a transmission path which includes an extra loop 
between two irregularities. If the echo is not greatly 
attenuated with respect to the main transmission, the 
result may be quite disturbing on the received picture. 
It has been found by experiment that the echo is too 
weak to be seen if it is more than 25 T U weaker than 
the main current and, accordingly, care was taken in 
setting up the New York-Washington circuit to avoid 
introducing echo paths of lower equivalent than this. 


GENERAL CHOICE OF METHOD 


Two general methods are possible for transmitting the 
currents over the line circuits. One method is to 
transmit the currents directly without change of 
frequency. This method involves the transmission of 
the currents of the frequency range determined upon 
above, namely, from about 10 cycles to about 20,000 
cycles per second. 

The other general method is the carrier method, in 
which the television currents modulate a carrier current 
of suitable frequency and are thereby moved to another 
portion of the frequency spectrum prior to transmission 
over the line. At the receiving end of the line the 
carrier currents are then restored to the original fre- 
quencies of the television currents. 

Several different schemes of carrier transmission are 
possible. The simplest is to modulate a carrier with 
the television currents and to transmit both side 
bands. This has the disadvantage of requiring the 
transmission of twice as wide a frequency range as that 
occupied by the original television currents. Another 
scheme is to transmit a single side band. A third 
possible scheme is to transmit both side bands for the 
lower frequencies and only one side band for the 
higher frequencies. 

One advantage to be secured by the carrier method 
is that it lessens the severity of some of the line problems 
through avoiding the transmission of very low frequen- 
cies over the line circuit. At these frequencies the 
amount of noise found on lines is usually considerably 
greater than at the higher frequencies. 

After weighing the relative merits of the carrier 
and direct transmission methods it was decided to make 
use of the latter because of its simplicity. An im- 
portant factor in this decision was the successful 
development, for use in connecting the apparatus to the 
lines, of transformers providing adequate transmission 
of the entire frequency range from 10 cycles to 20,000 
cycles. 


ARRANGEMENTS FOR TELEVISION CIRCUITS 


Line Layout Between New York and Washington. 
The layout of the wires between New York and Wash- 
ington is shown in Fig. 2. The circuit over which the 
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waves actually carrying the pictures were transmitted 
(marked Picture Circuit) consisted principally of a pair 
of copper wires 165 mils in diameter. At a number of 
places on the route the circuits were carried in cable as 
indicated in the figure. The total length of the tele- 
vision circuits was about 285 miles, of which 8 miles 
consisted of cables and the remainder of open wire. 
Transpositions. As the circuits employed were 
originally designed for voice-frequency operation only, 
except for a section at the New York end, it was neces- 
sary to add transpositions to them to prevent inter- 
action with adjacent circuits at the high frequencies 
involved in the television transmission. The high- 
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carrier telephone and carrier telegraphy operation? 
were employed to reduce these effects to a minimum. 
This carrier loading is designed so that when used on 
No. 13 A. W. G. cable circuits it provides an impedance 
which approximates very closely that of the open wire. 
With a spacing of about 930 feet between loading coils, 
this loading has a nominal cutoff of about 45,000 cycles, 
which corresponds to an effective transmission range 
extending up to about 36,000 cycles. In order to obtain 
a close match between the impedances of the open-wire 
and the cable pairs, thereby avoiding impedance ir- 
regularities, 13-gage pairs were selected for the tele- 
vision circuits in all of the cables. 
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Fig. 2—ScHEMATIC DIAGRAM OF CIRCUITS FOR TELEVISION DEMONSTRATION 


frequency currents were thus prevented from passing 
over into the adjacent circuits which would have re- 
sulted in irregularities in the attenuation, line im- 
pedance, and phase shift characteristics of the circuit. 
Incidental Cables—Loading. Any appreciable length 
of non-loaded cable included in an open-wire tele- 
vision circuit has certain very objectionable effects. 
The impedance irregularities introduced by the cable 
destroy the uniformity of the line attenuation, im- 
pedance, and phase shift characteristics as a function 
of frequency, and tend to produce echoes as described 
above. Types of loading developed for use on in- 
cidental cables occurring in circuits employed for 


The length of the submarine cable under the Hacken- 
sack River (about 1100 feet) was too great to permit 
the use of regular carrier loading, and a special loading 
arrangement having a slightly lower cutoff was, there- 
fore, designed for this cable. 

_ EQUALIZATION 

Requirements. The requirements for the lines were 
stated earlier. In order to meet these overall require- 
ments it was necessary to apply special forms of dis- 
tortion-correcting networks. 

2. Development and Application of Loading for Telephone 

Circuits, T. Shaw and W. Fondiller, Journau A. I. E. E., Vol. 
XLV, pages 253-263, March, 1926. 
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Weather Changes. The above requirements applied, 
of course, to all of the various weather conditions 
to which an open-wire circuit is subject. Due to the 
changes in the leakage conductance occurring at the 
insulators, the attenuation of an open-wire circuit 
varies with changing weather conditions. This change 
is particularly important at the higher frequencies. 
At 20,000 cycles, for example, the attenuation of a 
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165-mil open-wire pair may vary as much as 40 per cent 
for a change from dry weather to extra wet weather. 
For the circuit between Washington and New York 
this represents a possible attenuation change of about 
10 T U, or a change of 10 to 1 in the magnitude of the 
received power. At 1000 cycles, the effect of wet 
weather is comparatively small, so that the net effect 
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of the weather variations is to change the requirements 
for the attenuation equalizers. The phase shift intro- 
duced by an open-wire pair likewise varies to some 
extent with changes of weather, although the percentage 
variation is much smaller than in the case of the 
attenuation. In view of these variations in the line 
characteristics it was decided to provide basic networks 
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which would equalize for dry weather conditions, and 
to make available, in addition, several steps of equali- 
zation which would compensate for changes in the 
direction of wet weather. 

Low-Frequency Network. Computed curves of at- 
tenuation and phase delay for the overall Wash- 
ington-New York circuit without correcting networks 
are shown in Figs. 3 and 4, respectively. The 
form of the dry weather attenuation curve suggested 
the use of two correcting networks, one for low fre- 
quencies, the other for high frequencies. The net- 
work which was designed to equalize the attenuation 
at the lower frequencies is illustrated in Fig. 5. This 
network, in addition to equalizing the low-frequency 
attenuation, was made to provide sufficient correction 
for the low-frequency phase characteristic. It also 
proved satisfactory for all weather conditions. 

High-Frequency Network for Dry Weather. The 
complete network for the correction at high frequencies 
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under dry weather conditions was designed in two 
parts, an attenuation equalizer and a phase corrector. 
These two structures are illustrated in Fig. 6. The 
computed dry weather attenuation and phase delay 
resulting with the use of the combined low-frequency 
and high-frequency networks are illustrated in the 
curves of Figs. 3 and 4. It will be noted that the 
corrected attenuation curve is constant to within 
approximately + 0.3 T U, while the corrected time of 
transmission falls well within the prescribed limits. 
Weather Change Networks. Correction for the addi- 
tional distortion introduced by changes from.dry to wet 
weather was provided by three additional networks 
which were, for convenience, of identical design. 
The results obtained by using one, two, or three of these 
networks were made to correspond, respectively, to 
three assumed weather conditions which may be 
designated semi-wet, wet, and extra-wet. These three 
conditions were determined upon the basis of the range 
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f leakage conditions which exist on open-wire lines 


` nder different weather conditions. 


The attenuation equalizing and phase correcting 
etworks for one of these steps are illustrated in Fig. 7, 


zhile the computed attenuation and time of transmis- 
ton obtained by the use of the three different steps of 


7eather correction are shown in Figs. 3 and 4. 
The networks described above are of the “constant- 
esistance” type, whose characteristic impedance is a 
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-is not necessary for the purposes of this paper. 
SYNCHRONIZING AND VOICE CIRCUITS 


' of transmitting the television currents. 
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pure resistance at all frequencies.? These networks 
The methods 
, used in the design of the networks involve a large 
_ amount of mathematical theory, a discussion of which 


So far the discussion has dealt only with the problem 
In addition to 
© this, there is required the transmission of voice currents 
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and of synchronizing currents. It is entirely feasible 
to transmit these currents together with the television 
currents over a single circuit. However, for the pur- 
pose of simplification, separate facilities were employed 
in the television experiments for picture, voice, and 
synchronizing currents. 

The diagram in Fig. 2 shows the circuits which were 
actually provided for the demonstrations. It will be 
seen that in addition to the two picture or television — 
circuits, there were provided a synchronizing circuit, a 
four-wire “program” circuit, and an order circuit. 

The method of synchronizing the sending and the 
receiving machines has already been described in the 
paper by Mr. Stoller. It requires two currents, one 
having a frequency of about 18 cycles and the other 
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about 2125 cycles. In order that an ordinary telephone 
circuit might be used for this purpose, the lower 
frequency was made to modulate by means of a tele- 
graph relay, a carrier current having a frequency of 
about 750 cycles per second. An amplifier-detector 
at the receiving end of the synchronizing system de- 
modulated the 750-cycle current, delivering 18 cycles 
to the television apparatus. 

The requirements for the synchronizing circuit were 
that it must transmit a narrow range near 750 cycles, 
and the single frequency of 2125 cycles. These syn- 
chronizing frequencies are determined by the speed of 
the motors, which was chosen so that the frequencies 
would be suitable for transmission over two channels of 
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a voice-frequency carrier telegraph system,‘ but later it 
was found more convenient to use a separate telephone 
circuit. 

The circuits labeled “program” provided telephonic 
communication between the observer at New York 
and the person being viewed at Washington. A loud 
speaker was also connected to this circuit at New York 
to transmit the voice to the audience when the large 
grid receiving arrangement was employed. A special 
by-passing connection was provided between the am- 
plifiers at the terminalsofthecircuitso that speech from 


the local microphone could be heard as well as speech 


from the distant city. 
The order circuit was for the purpose of providing 
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communication between the engineers operating the 
television apparatus. 


LINE MEASUREMENTS | 


In order to determine that the circuits set up as out- 
lined above were satisfactory, their overall character- 
istics were measured. Certain matters of interest in 
this work are noted below. 

Measurements of Envelope Delay. Inorder to measure 
the envelope delay to an accuracy comparable to the 
requirements for the lines, it was necessary to develop 

4. Votce-Frequency Carrier Telegraph System for Cables, 


B. P. Hamilton, H. Nyquist, M. B. Long, and W. A. Phelps, 
JovrNaL A. L. E. E., Vol. XLIV, pages 213-218, March, 1925. 
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special apparatus. Fig. 8 shows in schematic form 
the circuits of the apparatus designed for this purpose. 
Theapparatus measures not the absolute envelope delay 
of a circuit, but the relative delay of one circuit at any 
frequency from about 600 cycles to 20,000 cycles or 
more with respect to the delay on the other circuit at a 
fixed frequency. 

The functioning of the apparatus may be briefly 
described as follows: Simultaneously into each line 
there was transmitted a carrier current, each carrier 
being modulated by 250-cycle current from the same 
oscillator. The modulation was accomplished in push- 
pull vacuum tube circuits so that the undesired products 
of modulation were eliminated by balance. The carrier 
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on the line under measurement was adjusted to the 
frequency at which a measurement was desired, and 
the carrier on the other circuit, used for reference, was 
kept at a fixed frequency of 5100 cycles. 

‘At the receiving point identical circuits were provided 
for amplifying and demodulating the received currents 
from the two circuits. The 250-cycle outputs from the 
two sets of receiving apparatus were connected in 
opposition to a pair of telephone receivers through a 
low-pass filter. Potentiometers P, and P, were pro- 
vided for adjusting the relative intensities of the two 
250-cycle output voltages and a condenser C: was 
arranged so that it could be used to change the phase of 
ether of the 250-cycle voltages. It is evident, then, 
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that by making suitable adjustments the two voltages 
could be adjusted to exactly the same intensity and 
opposite phase so that no sound is heard in the telephone 
receivers. As long as the value of C: is small, the 
envelope delay of one line at the carrier frequency with 
respect to the delay of the other line at 5100 cycles is 
proportional to the value of C}. 

The condenser C, shown at the sending station is for 
the purpose of introducing a phase shift in the 250-cycle 
current of either channel relative to the other in order to 
compensate for the differences in delay of the apparatus 
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itself at the two frequencies. The value of C, was 


determined by experiment before moving the sending - 


apparatus to Washington and was adjusted to its 
calibrated value for each frequency when the oscillator 
frequency was adjusted. 

The measurement of the phase shift of the 250-cycle 
current, which is transmitted by means of a carrier over 
a circuit as described above, is actually a measurement 
of the difference between the phases of the two received 
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side-band currents situated 250 cycles either side of the 


; ; A 

carrier. The envelope delay is equal to Ae where A w 
equals 27 times 500, and A 8 equals the measured differ- 
ence in phase of the two side bands in radians. 


Measurements and Performance. How well the re- 
quirements which were set up earlier were met by the 
lines and the distortion-correcting networks is shown in 
Figs. 9 and 10. The attenuation characteristics are 
well within the established limits, and the phase 
characteristics show only a single slight departure for 
one circuit in a very narrow range of frequency. It is 
of interest, in view of the fact that the distortion-cor- 
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recting networks were designed and built before any 
measurements were made on the lines they were to fit, 
that no changes or adjustments were found to be 
necessary in the networks, in order to obtain these char- 
acteristics. 


Comparison of the television images obtained from 
transmission over the line with those obtained from 
transmission from one side of the room to the other, 
showed that no difference in quality could be observed. 


Radio Transmission System for Television 
BY EDWARD L. NELSON” 
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Synopsis.—Starting from the general requirements imposed 
on the transmitting medium, this paper discusses the engineering 
of a radio system for television purposes and describes the radio 
facilities actually employed for the recent Bell System demonstra- 
tion. The tests to which the system was submitted to determine its 

suitability are outlined and the measured frequency-response 


N other papers of this symposium, the general nature 
of the television problem has been discussed, the 
scope of the recent Bell System demonstration has 

been outlined, terminal apparatus for television has 
been described, and the general requirements to be met 
by the transmitting agency have been formulated. 
This paper is concerned with the problem of engineering 
a suitable radio system for television purposes and with 
a description of the radio facilities actually employed 
for the demonstration. 


REQUIREMENTS IMPOSED ON THE RADIO SYSTEM 


The radio experiments were conducted from the Bell 
Telephone Laboratories’ Experimental Station 3XN 
at Whippany, New Jersey. Between this point and 
the main laboratories’ building at 463 West Street, 
New York City, some 22 miles distant, three separate 
communication channels were required—one for the 
picture, a second for synchronizing, and a third for 
speech and music. The demonstration being of a three- 
cornered nature involving New York, Washington, and 
Whippany, it was deemed to be highly advantageous to 
transmit the necessary synchronising currents for both 
the wire and radio systems from a master generating 
set located in the auditorium of the West Street build- 
ing. Hence the synchronizing channel was required to 
operate from New York to Whippany, while the picture 
and speech channels. necessarily transmitted in the 
reverse direction. 

From the radio standpoint, the problem presented 
for solution may be described as follows: 

“1. There is given television transmitting and re- 
ceiving apparatus designed to work into and out of 
specified impedances at stated signal energy levels. 
Signal components ranging in frequency from 10 to 
20,000 cycles must be transmitted with as little dis- 
crimination with respect to either amplitude or phase as 
reasonable design practises will permit. It 1s required 
that a suitable radio system be designed to afford 
satisfactory transmission between terminals when 
operated under prevailing conditions with respect to 
static, other radio traffic, and local electrical distur- 
bances. The maximum allowable “noise” level is 
probably somewhat arbitrary but it has been found that 
*Bell Telephone Laboratories Incorporated, New York, N. Y. 
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characteristics are shown. An interesting phenomena due to multi- 
path transmission, the production of positive and negative secondary 
images, is reported. <A brief series of experiments concerned with 
the transmission of both voice and image ‘‘on a single wavelength” 
ts also described. 


if the ratio of signal to interference current is 10:1 the 
results are satisfactory. The variation of amplitude 
with frequency should probably not exceed + 2 T U' at 
any point in the required signal band. The equivalent 
of the circuit must be substantially constant; in other 
words, no fading effects can be tolerated. In this respect 
a variation of perhaps 3 T U is the maximum allowable.! 


2. For synchronizing purposes, a second channel 
must be provided to transmit 17.7 and 2125 cycles, 
the impedances and the signal energy levels at both 
ends of the circuit being known. The grade of trans- 
mission required in this case is probably considerably 
lower than that needed for the picture circuit but 
stable operation must be assured. 


3. Arrangements must also be made for a high quality 
telephone channel to transmit speech and music for 
loud speaker reproduction. 


4. All of these channels must, of course, be capable 
of operating simultaneously without mutual inter- 
ference and without effect on established radio services. 


PRELIMINARY SURVEY 


In the vicinity of New York, an assignment of this 
type is surrounded with unusual difficulty due to the 
serious congestion which exists in the ether. Opera- 
tions were started, therefore, by undertaking a survey 
of available frequency bands at periods of the day 
during which transmission might be required. 

The pioneering nature of the project and the charac- 
ter of the apparatus available led to an early decision 
to base the system on the transmission of the carrier 
and both sidebands. Since the upper limit for the 
signal was specified as 20,000 cycles, an interference 
free band somewhat greater than 40,000 cycles in 
width was, therefore, required. The unusual width of 
this band indicated the desirability of fixing upon a 
relatively high carrier frequency. No readily avail- 
able substitute for the ordinary type of tuned circuit 
was at hand and such circuits discriminate seriously 
against side frequencies differing by more than a few 
per cent from the frequency to which they are adjusted. 

The results of the survey disclosed two bands some- 
what wider than that required centering approxi- 

l. Definitely agreed on limits were essential to proper co- 


ordination of the various development activities and figures of 
the order mentioned were assumed for design purposes. 
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mately about 1575 and 1750 kilocycles. It was also 
conclusively demonstrated that the operation of the 
synchronizing channel at a frequency above the broad- 
casting band was entirely out of the question. With 
two broadcasting stations located in the immediate 
neighborhood, one producing a field strength of perhaps 
50 millivolts per meter and the other several volts per 
meter, the operation of a third transmitter on an ad- 
joining frequency with the maximum obtainable separa- 
tion between antennae, resulted in an almost continuous 


-= -m 


Fic. 1—GENERAL VIEW OF THE WHIPPANY STATION, 3X N 


interference spectrum. It was decided, therefore, to 
transfer the synchronizing channel to a frequency of 
the order of 185 kilocycles, which would be sufficiently 
remote to remove interference from this source, and to 
make further studies in the regions about 1575 and 1750 
kilocycles based on transmission - from Whippany. 
No difficulty was anticipated in making suitable 
arrangements for the speech channel on account of the 
narrower band required and the well-known nature of 
the problem. 


THE WHIPPANY STATION, 3XN 


A general view of the station site at Whippany is 
shown in Fig. 1. The property consists of some 47 
acres. The main laboratory building, which is located 
near its center, is a two-story structure affording ap- 
proximately 18,000 square feet of floor space. The 
principal antenna system involves two 250-foot steel 
towers with a suitable buried ground system, which is 
placed some 500 feet out in front of the building in 
order that the latter may be clear of the denser portion 
of the electric field. This antenna was assigned to the 
picture channel. For the voice channel, a separate 
structure located 500 feet in the rear of the laboratory 
building or approximately 1000 feet from the other was 
employed. The original supports in this second case 
were 60-foot wooden masts but subsequently metal 
topmasts were added, bringing the total height to 100ft. 
Both antennae were energized by means of radio-fre- 
quency transmission lines. The antenna tuning and 
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coupling apparatus was housed in small buildings 
placed under the center of each antenna, that for the 
larger structure having a copper roof which was 
securely connected to the ground network. 

This type of installation is thought to afford a number 
of advantages. By separating the building and the 
antenna it becomes a much simpler matter to control 
the electrical factors which enter into the design of 
the latter. Removing the building from the field tends 
toward reduced dielectric and eddy current losses and 
consequently toward higher antenna efficiency. The re- 
sulting improvement may be expected to more than 
compensate for the slight loss in the line, which should 
not exceed 3 per cent. Removing the field from the 
building is equally advantageous in that it simplifies 
the precautions which normally have to be taken to 
prevent the radio-frequency energy from affecting the 
performance of audio amplifiers and other supplemen- 
tary vacuum tube apparatus. The most serious dis- 
advantages arise from the fact that the antenna must 
be tuned and the current in it measured at a point 
remote from the transmitting apparatus proper. 

In spite of the fact that the station building was not 
directly under either antenna, some difficulty was 
anticipated from radio-frequency fields produced within 
the transmitting equipment due to the relatively high 
amplification employed with the photoelectric cells. 
In order to minimize trouble of this nature a special 
shielded studio was constructed in one of the wings of 
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the building to house the television terminal apparatus. 
Walls, ceiling, and floor were completely covered with 
No. 24 gage sheet copper lapped about one inch and 
carefully soldered. The windows were covered with 
fine copper gauze. The door was covered with sheet 
copper which was carried around the edges so that in 
closing it made a firm wiping contact with the surround- 
ing frame. Circuits for lighting and miscellaneous 
power service were led in through two specially con- 
structed transformers fitted with grounded copper 
shields between the primary and secondary winuings. 
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The picture circuits leading to the radio transmitter, 
the microphone circuits, and the necessary studio signal 
and control circuits were run in lead cable and in most 
cases were brought into the room through suitable 
radio-frequency filters enclosed in metal boxes attached 
to the copper sheathing. In order to avoid the possi- 
bility of the heavy current leads to the arc bringing in 
radio-frequency energy, and to eliminate the noise and 
heat from the arc, provision was made for mounting 
the latter in its metal cabinet outside of the room. 
The circular opening through which the light beam was 
projected into the room was protected by the lamp 
cabinet which was also grounded to the sheathing. 
Satisfactory acoustic conditions within the studio were 
obtained by applying celotex wall board over the copper 
and by the use of suitable floor coverings. 


Fic. 3—TELEVISION TRANSMITTING APPARATUS IN THE STUDIO 
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TRANSMITTING AND RECEIVING APPARATUS 


For the television channel, arrangements were 
made to install a standard Western Electric 5-B Radio 
Broadcasting Transmitter and to modify it for the 
purpose. This transmitter is a 5 kilowatt unit (carrier 
output without modulation) designed for high quality 
telephone transmission in the 500-1500 kilocycle band. 
It will transmit signal components ranging from 50 to 
5000 cycles without noteworthy discrimination. At 
30 cycles and at 10,000cycles there is some loss in effi- 
ciency and beyond these points the characteristic curve 
falls rapidly. The necessary changes, therefore, involved 
both the radio and audio circuits, the latter phase of 
the problem being perhaps the more difficult. 

The schematic circuit of the modified transmitter is 
shown in Fig. 4. The revised radio frequency circuits 
were very similar to the standard arrangement, the 
changes mainly affecting the magnitudes of various 
coils and condensers. The output circuits were, of 
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course, redesigned to meet the conditions imposed by 
the transmission line. The circuit was of the master 
oscillator-modulating amplifier-power amplifier type. 
The master oscillator employed a 50-watt tube operating © 
in a circuit designed to afford a high degree of stability. 
This was connected to the input of the modulating 
amplifier through two radio-frequency stages, also 
employing 50-watt tubes. These two stages precluded 
the possibility of the oscillator frequency being appreci- 
ably altered by effects due to modulation. The modu- 
lating amplifier employed two 250-watt tubes in parallel 
and operated on the Heising system. In the standard 
equipment, the audio stages involve one 50-watt tube 
and two 250-watt tubes in parallel. To meet the more 
rigorous requirements of television with an ample 
factor of safety, this portion of the transmitter was 
removed from service and a specially constructed 
three-stage amplifier was substituted. As shown in 
the drawing, the latter consisted of two 50-watt re- 
sistance-coupled stages and a final power stage based 
on a 5-kilowatt water-cooled tube which raised the signal 
currents to a power level of approximately one-half 
kilowatt. 

In order that it might be possible to check the per- 
formance of the radio transmitter under all operating 
conditions, a suitable monitoring rectifier was con- 
structed and coupled to the output circuit of the radio- 
frequency power amplifier. A circuit was run back to 
suitable switches on the television control panel so 
that either the output of the photoelectric cell amplifiers 
or the rectified output of the radio transmitter could 
be impressed on the pilot lamp of the television trans- 
mitter. By comparing the two images, it thus became 
a relatively simple matter to detect any serious mal- 
adjustment in the radio apparatus. 

The problem of providing a suitable transmitter 
for the speech channel was rendered quite simple by the 
fact that at the time there was in process of develop- 
ment at Whippany a 50-kilowatt equipment intended for 
broadcasting applications. The detailed description 
of this transmitter is beyond the scope of the present 
paper. It may be said, however, that it consists of a 
piezo-electrically controlled master oscillator employing 
a50-watt tube directly followed by a50-watt modulating 
amplifier. Modulation is by the Heising system, em- 
ploying one 50-watt and one 250-watt tube in the audio 
stages. The output of the modulating amplifier is 
amplified by three push-pull, neutralized, radio- 
frequency stages the last of which employs six water- 
cooled tubes at approximately 17,000 volts. This set 
is capable of delivering 50 kilowatts (unmodulated 
carrier) to the antenna and during modulation in- 
stantaneous peaks approaching 200 kilowatts are 
attained. 

The radio receiver employed at Whippany for the 
reception of the synchronizing signals at 185 kilocycles 
presents no features of unusual interest. A double- 
tuned input circuit was used followed by three stages 
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of radio-frequency amplification, a detector, and two 
audio stages of conventional design employing trans- 
former coupling. No serious difficulty was encountered 
in obtaining ample selectivity to insure satisfactory 
operation in the face of the strong local signals but 
care was necessary in locating the receiver and in laying 
out the antenna in order to avoid the inductive type 
of interference which is almost always experienced in 
the immediate vicinity of a large radio station. The 
receiving antenna was located approximately 700 feet 
from the two transmitting radiating systems. 

The receiver employed at the New York terminus 
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will be produced which may or may not pass the inter- 
mediate-frequency amplifier and the associated filters 
depending on their design. If the interfering compo- 
nent lies on the opposite side of the wanted carrier from 
the oscillator and differs from the former by the inter- 
mediate-frequency, it will be passed by the receiver, 
subject only to the attenuation due to the radio-fre- 
quency circuits (the input circuits tuned to the wanted 
carrier). This characteristic must be given careful 
consideration in the design of selective receivers of the 
superheterodyne type and has led to the introduction 
of carefully designed, loosely coupled, input circuits or 
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of the television channel presented a somewhat knotty 
problem on account of the relatively wide frequency 
band which it was required to pass while providing the 
maximum discrimination against interference. The 
width of the required band pointed very definitely 
toward the superheterodyne. This type of circuit is 
also very stable, permits of all the amplification that 
may be needed or that may be employed under ordinary 
noise conditions, and is very selective against inter- 
ference immediately adjacent to the desired band. 
Ít is quite susceptible, however, to interference from 
components differing from the desired carrier frequency 
by an amount approximately equal to the intermediate 
frequency. If the interfering component lies in the 
neighborhood of the frequency of the oscillator, beats 


an initial tuned radio-frequency stage for this purpose. 
Neither of these expedients were possibilities in the 


television receiver, however, because of the extra- 


ordinary width of the required transmission band. 
Recourse was had, therefore, to a triple detection ar- 
rangement. Speaking somewhat in the vernacular, 
the desired signal was “beat up” to 5000 kilocycles 
where it was passed through sharply tuned coupled 
circuits, then “beat down” to 120 kilocycles, amplified, 
filtered, and rectified, finally passing through a suitable 
low pass filter, audio amplifier, and output transformer 
to the television reproducing apparatus. 

The circuit arrangement is shown schematically in 
Fig. 6. Two tuned circuits with capacity coupling 
were connected to the input of the first detector or 
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modulator. A relatively tight coupling was employed 
to produce the well-known double-peaked resonance 
curve capable of affording the required band width. 
The antenna was not tuned but was loosely coupled to 
the selective circuits by means of an adjustablecapacity. 
The incoming radio signal was impressed upon the grid 
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Fic. 5—Rapbio REcEIVING EQUIPMENT FOR THE TELEVISION 
AND SPEECH CHANNELS IN THE AUDITORIUM OF BELL 
TELEPHONE LABORATORIES, NEW YORK 


of the modulator tube along with a suitable voltage 
from an oscillator operating at 6575 kilocycles. The 
5000 kilocycle components which resulted were selected 
by means of two carefully designed tuned circuits also 
capacity coupled. The purpose of this stage in the 
process will be evident if it is appreciated that at 1575 
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kilocycles + 20 kilocycles requires a 2.6 per cent band 
while at 5000 kilocycles the same side frequencies 
require only a 0.8 per cent band. In the latter case, 
therefore, it is possible to employ materially sharper 
circuits without discriminating against the higher signal 
components. The 5000-kilocycle circuits connected to 
the grid of a second detector or modulator tube upon 
which suitable voltages from a 5120 kilocycle oscillator 
were impressed. The 120-kilocycle components in the 
output of this modulator were selected by means of a 


NELSON: RADIO TRANSMISSION SYSTEM FOR TELEVISION 


20-K.C 120-K.C 


Transactions A. I. E. E. 


band-pass filter which worked into a two-stage inter- 
mediate-frequency amplifier. A second band-pass 
filter led to the third or final detector. A 20-kilocycle 
low-pass filter was employed in the plate circuit of the 
latter. This filter was designed for a low input im- 
pedance at 120-kilocycles in order to meet the necessary 
condition for efficient rectifier action and it also served 
as a coupling element for the audio stage which followed. 
A special output transformer with a permalloy core was 
provided to step down to the relatively low impedance 
of the line leading to the television apparatus proper. 

A superheterodyne receiver of more conventional 
design was employed for the speech receiver. The 
circuit arrangement involved a double-tuned input cir- 
cult, one tuned radio-frequency stage, oscillator and 
modulator, two intermediate-frequency stages, detector 
and one audio stage. It was highly selective and 
afforded substantially distortionless transmission for 
signal frequencies ranging from 50 to 5500 cycles. 

The transmitting equipment for the synchronizing 
channel consisted of a Western Electric 6-A Radio 
Broadcasting Transmitter modified to operate at 185 
kilocycles. In order to avoid the necessity of trans- 
mitting directly the 17.7-cycle component required for 
synchronizing purposes, a 760-cycle carrier was modu- 
lated at 17.7 cycles by means of a relay and impressed 
upon the input of the radio transmitter together with 
the steady 2125-cycle component. At the receiving 
end, the 2125 and modulated 760-cycle components were 
separated by means of suitable filters, and the latter 
rectified to produce the desired 17.7-cycle current. 
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TESTS OF THE SYSTEM 

As soon as the various apparatus units could be 
made ready for service, a comprehensive series of trans- 
mission tests was undertaken. In order to determine 
the relative suitability of the 1575-and 1750-kilocycle 
bands disclosed by the preliminary survey, trans- 
missions from Whippany at intervals throughout the 
day were arranged. Field strength measurements 
were taken at the receiving point employing apparatus 
of the type described by Messrs. Englund and Friis 
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at the Spring Convention? and observations on the 
relative strength of the received signals were made by 
inserting a sensitive microammeter in the plate circuit 
of the third detector of the television receiver. These 
data indicated that the lower frequency band suffered 
considerably less attenuation and also afforded much 
more stable transmission. In spite of the compara- 
tively short distance (approximately 22 miles) marked 
fading was experienced beginning with the sunset 
period and increasing in amplitude as the night ad- 
vanced. The high frequency band proved to be 
particularly disadvantageous in this respect. It was 
decided, therefore, to fix upon the lower frequency band 
and to confine the demonstration to the afternoon 
when reasonably stable transmission conditions pre- 
vailed. 

Following the choice of a definite operating fre- 
een a number of ee was made in the 
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volts per meter) which was considered to be satisfactory 
for the purpose. 

In order to insure that the reproduction of the 
picture might not suffer from serious discrimination 
against essential frequencies at some point in the radio 
system, very careful tests were made on the individual 
units and on the system as a whole. 

The frequency characteristic of the transmitter 
was determined by connecting a vacuum tube oscillator 
producing a relatively pure wave to its input terminals 
through a suitable network involving a thermal mil- 
liammeter and an adjustable artificial line. A rectifier 
of known characteristics and a second thermal meter 
protected against radio-frequency currents by means of 
a low-pass filter were coupled to the output circuit of the 
water-cooled tubes. Employing a frequency of 1000 
cycles, the input was adjusted to produce normal | 
modulation and the = of the input and output 
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transmitting antenna to improve its efficiency and in- 
crease the field strength at the receiver. This work 
finally resulted in a measured field strength of approxi- 
mately 2500 microvolts per meter for an antenna input 
of 5 kilowatts. 

Further consideration of the available data on 
transmission and traffic conditions and the performance 
characteristics of the apparatus units involved lead 
to a choice of 1450 kilocycles for the speech channel. 
In spite of an antenna input of approximately 30 
kilowatts, the initial tests at this frequency were very 
unsatisfactory due to inadequate field strength at the 
recelver which necessarily resulted in an abnormally 
high noise level. The height of the antenna was, 
therefore, increased from 60 to 100 feet by installing 
iron pipe topmasts. This change brought the field 
strength at the receiver to approximately the same value 
as that obtained for the television channel (2500 micro- 


2. Methods for Measurements of Radio Field Strengths. 
C. R. Englund and H. T. Friis. See p. 492. 


meters noted. The oscillator frequency was then 
changed by a convenient amount while holding the 
input reading constant and the artificial line readjusted, 
if necessary, to produce constant output current. Under 
these conditions, any change in the setting of the 
artificial line indicates an equal variation in the trans- 
mission efficiency of the transmitter which is evaluated 
by this method directly in Transmission Unit’ (T U). 

The characteristic of the receiver was determined 
inasimilarmanner. A low power transmitter of known 
characteristics was connected to it through a suitable 
attenuating network which, in so far as the receiver 
was concerned simulated the receiving antenna. The 
radio-frequency input to the receiver was adjusted to 
approximately the normal value and a series of mea- 
surements taken with variable audio-frequency inputs 
as indicated above. 

The overall measurements were also based on a similar 
procedure impressing a constant input on the 600- 
ohm input terminals of the transmitter through a 
suitable artificial line and adjusting the latter to 
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give a constant current into a 600-ohm load at the 
output of the receiver, taking necessary precautions, 
of course, to preclude overloading at any point in the 
system. | 

The experimental characteristic curves thus obtained 
are shown in Fig. 7, where the abscissae represent 
cycles per second and the ordinates departure from 
the 1000-cycle value in T U. As will be noted, at the 
lower frequencies exceptionally good performance was 
obtained, the overall characteristic being only 2 T U 
down (or deficient) at 10 cycles and only 6 T U down 
at 3 cycles. The results for the higher frequencies, 
however, were not so satisfactory, a loss of approxi- 
mately 13 T U being observed at 20,000 cycles probably 
due to the tuned circuits in the receiver. Since modifi- 
cation of these circuits to obtain a flatter characteristic 
would have been difficult and would have occasioned a 
noteworthy sacrifice in selectivity, a compensation 
network was designed for use in the 600 ohm output 
circuit of the receiver which introduced a negligible loss 
at 20,000 cycles, a substantially constant loss of 13 
T U at frequencies below 2000 cycles, and for 
intermediate frequencies losses represented by the 
height of the “normal overall” curve above the horizon- 
tal line representing — 13 TU. With this network 
connected between the receiver and the television 
equipment, the average level throughout the band 
was, therefore, reduced some 13 T U but the resulting 
characteristic as measured beyond the network was 
that which has been designated ‘“‘overall equalized.” 
Above 20,000 cycles the characteristics all fell very 
rapidly which is an indication of the degree of selec- 
tivity attained. This was contributed to by the radio- 
frequency tuned circuits, the band-pass filters in the 
intermediate-frequency amplifier, and the 20,000-cycle 
low-pass filter between the final detector and audio 
amplifier. The individual characteristics of the various 
filters were designed to be 60 T U down 20 kilocycles 
from the specified cut-off frequency. | 

Similar measurements were made upon the speech 
channel but a less thorough study was deemed suff- 
cient in that case due to the existing background of 
experience. 

EFFECTS OF FADING 

With the system as outlined above, very satisfactory 
performance was obtained during the afternoon and 
early evening hours when reasonably stable transmission 
conditions were prevalent. Later at night, however, 
when marked fading became evident, some rather 
unexpected but easily explainable phenomena were 
observed which may be of sufficient interest to warrant 
brief mention. 3 

When marked fading occurred, the normally clear 
reproduction was accompanied by “ghosts” or ad- 
ditional images which faded in and out in an erratic 
manner, sometimes appearing as positives and sometimes 
as negatives. The effect was most clearly observed when 
using one of the various types of test screens employed, 
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a white card bearing a black diamond-shaped outline, 
approximately a square with its diagonals vertical and 
horizontal. With this simple type of pattern, it became 
evident that the secondary images were additional 
reproductions which were “out of frame” by a greater 
or less amount. In other words, each of these ad- 
ditional images consisted of a portion of two diamonds 
placed side by side with the corners just touching. 
Images “‘out of frame” along the vertical axis are fre- 
quently seen on the motion picture screen. 
The explanation is fairly obvious. The present 
more or less generally accepted view of fading is that 
it is a manifestation of transmission along two or more 
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paths, at least one of which is variable, producing a 
continually changing phase relationship between the 
components and a corresponding waxing and waning of 
the resultant signal. In the present case, the major 
image was probably produced by the so-called “‘ground 
wave.” The secondary images probably resulted from 
components which were transmitted upward at a 
relatively sharp angle and reflected back to the receiving 
station from the Heaviside layer, the difference in 
framing being due to the longer time of transmission. 


The production of negative secondary images is a 
most interesting phase of the phenomena. This 
effect may be explained quite easily by means of a 
series of signal diagrams such as is shown in Fig. 8. 
If attention is confined to the interval during which 
scanning takes place along the line AA, it is evident that 
the television signal will have the form shown. Ampli- 
tudes above the dotted line indicate the current through 
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the photoelectric cell. Since transformer-coupled 
amplifiers are employed in the television apparatus, 
however, the direct component is eliminated and the 
zero axis for the input to the radio transmitter is the 
solid line. Sketch II shows the modulated output of 
the radio transmitter. The received signal, shown in 
III, is assumed to consist of two components, the larger 
due to the ‘“‘ground wave,” and the smaller due to re- 
flected energy from the Heaviside layer. The latter 
lags somewhat because of the greater length of the 
transmission path. The resultant of these two com- 
ponents will necessarily depend on the relative phase of 
the two carriers at the receiving point. Two cases 
are considered: when the components are exactly in 
phase, and when they are exactly out of phase. The 
effect at intermediate positions may be readily 
evaluated from these examples. With the components 
in phase, the detector output is proportional to their 
sum which is shown in IV. It is evident that this 
will result in a major image and a secondary positive 
image. ‘If the components are out of phase, the rectified 
signal shown in V results. It is simply a matter of 
subtracting amplitudes. This resultant consists of 
the desired signal with the amplitude somewhat 
reduced which will produce a gray background. The 
secondary image. will be formed by the two small peaks 
shown and will be lighter than the background, in 
other words a negative. 

A pattern frequently observed was the diamond 
with a cross through its center due to a secondary image. 
This represents a change in framing of approximately 
one half line. With 17.7 pictures per second and 50 
lines per picture, this corresponds to a difference in trans- 
mission time of 1/17.7 X 1/50 x 1/2 or 5.65 x 10-4 
seconds. A rough computation of the height of the 
reflecting layer based on this figure and a distance of 
22 miles between transmitting and receiving stations 
gives 100 kilometers, which is substantially in agree- 
ment with determinations made by other methods. 


TRANSMISSION OF VOICE AND IMAGE WITH A COMMON 
CARRIER FREQUENCY 


Following the demonstration, a brief series of supple- 
mentary tests was arranged to obtain some apprecia- 
tion on experimental grounds of the problems involved 
in transmitting both voice and image with a single 
radio transmitter. The system employed may be con- 
sidered as the extension of carrier current technique 
to radio, but has been described in various other terms: 
“multiplex radio,” “double modulation,” “the Ham- 
mond system,” etc. The output of a 30,000 cycle 
oscillator was modulated with the speech signal. The 
resulting carrier and sidebands were selected by means 
of a suitable filter passing frequency components rang- 
ing between 25,000 and 35,000 cycles and impressed on 
the input terminals of the radio transmitter along with 
the 10 to 20,000 cycle signal from the television ap- 
paratus. A suitable low-pass filter was employed in the 
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line to the latter in order to preclude “crosstalk”? due 
to 25,000-35,000 cycle energy working back into the 
final amplifier stages. The input to the radio trans- 
mitter thus consisted of a band extending from 10 to 
20,000 cycles together with a 25,000 to 35,000 band, 
with a particularly strong component at 30,000 cycles 
representing the low-frequency carrier. 
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CONVERSIONS IN MULTIPLEX RADIO SYSTEM 


In order that it might be capable of handling this 
wider band without discrimination, further modifica- 
tions in the radio transmitter were required. In the 
case of some of the radio-frequency circuits, which were 
required to pass a 70,000-cycle band, it was found to be 
necessary to insert resistance to reduce the sharpness 
of resonance. On account of lack of time, it was not 
possible to obtain a complete series of characteristic 
curves for the transmitter under these conditions. 
Isolated measurements with a single-frequency input of 
35,000 cycles indicated, however, that components of 
this order could be transmitted without serious loss and 
the subsequent performance of the system as a whole 
confirmed this conclusion. 

It is well known that if a sinusoidal alternating 
current 7 = J,» sin wt is modulated with a signal of 
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frequency f = -2 the resulting modulated current 
T 
may be represented by the expression: 


, : k Ie. kIo 
a7=T[,sinwt +z sin(w + P)t +5 sin (w — ®)t 
where k is a fraction indicative of the degree of modu- 
lation. In other words, a modulated current, or wave, 
may be resolved: into three components: (1) a steady 
component, known as the “carrier,” which has the 
amplitude and frequency of the original unmodulated 
current, (2) an “upper sideband” which is equivalent 
to the signal spectrum with each individual frequency 
increased by an amount equal to the carrier frequency, 
and (3) a “lower sideband” which is an inverted repro- 
duction of the signal spectrum, that is, each individual 
signal component is laid off in the downward direction 
from the carrier frequency, or, subtracted from it. 
Hence, assuming a carrier frequency of 1575 kilocycles 
and a signal input to the radio transmitter of the type 
described above, the antenna current, or the trans- 
mitted wave, may be represented diagrammatically 
as shown in Fig. 9. 


It is evident that this type of radio signal can be 
received by employing an arrangement which will 
accept the entire band and subject it to rectification 
in the usual manner. If this is done, the television 
signal and the 30,000 cycle supplementary carrier 
modulated with speech will appear at the output of the 
detector. Branch circuits with suitable filters will 
enable these two components to-be separated and the 
television signal passed on to the reproducing apparatus. 
The other component must be rectified to derive the 
original speech signal, which may then be impressed on 
the loud speaker amplifiers. 


The reception scheme actually employed during the 
experiments was somewhat different. The television 
signal was received separately by means of the triple 
detection set employed for the demonstration. The 
speech signal was received in a similar manner employ- 
ing the set utilized for the speech channel during the 
demonstration. This latter receiver was tuned to 1545 
kilocycles. That reception in this manner is feasible, 
is evident from the diagram. The 1540-1550 kilocycle 
zone contains two speech sidebands and a carrier 
of 1575 — 30 or 1515 kilocycles. It is quite possible, 
therefore, to demodulate in one step, instead of 
“beating” the various components against the main 
carrier (1575 kiloeyeles) to produce a 30-kilocycle 
supplementary carrier which must be rectified a second 
time to derive the speech signal. The 1600-1610 kilo- 
cycle band was ignored. The receivers were sufficiently 
selective that, with the 5-kilocyele interval which 
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existed between the two bands, no noteworthy crosstalk 
was experienced. 

The results obtained in this manner were not as 
satisfactory as those to be had with the other system 
described. This can be attributed to two factors, both 
concerned with the transmitting apparatus: (1) In 
order to transmit both signals with the same trans- 
mitter, that is, the same vacuum tubes, the individual 
current amplitudes had to be reduced to at least one- 
half, resulting in too weak a radio signal to clear the 
prevailing noise levels in New York, (2) In spite of the 
reduced amplitudes, a certain amount of inter-modula- 
tion was experienced in the transmitter which resulted 
in “crosstalk” between the channels. Notwithstand- 
ing these deficiencies, however, it was possible to 
recognize the speaker and to understand his remarks; 
but a short time ago, the performance would have been 
considered a very noteworthy achievement. 

Experiments of this nature, although not new, are 
of particular interest where television is concerned, 
since, as Dr. Ives has indicated, the logical trend of 
development is toward a finer picture structure in- 
volving the transmission of much wider frequency 
bands, or what is more likely, the use of parallel scan- 
ning schemes and multi-channel transmission. The 
work, while necessarily somewhat cursory, may, there- 
fore, be of value in affording an indication of the signifi- 
cance of multi-channel radio transmission in this con- 
nection. From a popular standpoint, these tests have 
been described as the transmission of both voice and 
image ‘‘on a single wavelength.” To what extent this 
statement falls short of actually representing the facts 
in the case is obvious from Fig. 9. It will be seen that 
a wider frequency band is actually employed with this 
system than was required for two separate channels. 
Furthermore, this wider band is much less effectivelv 
utilized. Two bands are required for the voice channel 
in place of one. At the receiver, one of these bands 
was disregarded. To have received both would have 
required apparatus accepting twice the band width 
and the gain in signal would have been offset by the 
corresponding increase in noise level. For all useful 
purposes, therefore, the energy radiated in the form of 
the second band is wasted. 

To proceed further with a discussion of multi-channel 
radio transmission is beyond the scope of the present 
paper. Whatever the system employed, however, 
one conclusion illustrated by these experiments mav be 
pointed to with confidence: Television by radio requires 
a discrete and fairly wide frequency band. Hence the 
frequently predicted introduction of television as an 
adjunct to radio broadcasting without extensive 
changes in existing channel arrangements Is extremely 
unlikely. 


Joints in High-Voltage Multiple-Conductor Cable 


BY THOS. F. PETERSON! 
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Synopsis.—In this paper the author has outlined the evolution of 
multiple conductor joints and explained in detail the development 
of a three-conductor, high-voltage joint for use with belted and 
metal sheathed cables or combinations of these. 

In the final design, spreaders and harrier tubes have been re placed 


ITERATURE on high-voltage cable theory, design, 
testing, and operation is remarkably voluminous. 
This fact is especially noticeable when comparison 

is made with the meager data available on joints or 
splices and characteristics of jointed cable systems. 
Only recently have questions pertaining to the last 
mentioned been treated or emphasized in technical 
papers and discussions. It is quite pleasing however, 
to note their appearance in papers such as Del Mar’s on 
the Effect of Internal Vacua, and others on the use of 
reservoirs and design of joints. This paper falls in the 
same category as the latter and constitutes a presenta- 
tion of data on design, installation, and operation of 
joints on high-voltage systems with which the author 
has been intimately associated. 

In its final analysis a joint. may be considered as a 
reconstruction of cable brought into being because it is 
physically impossible to maintain continuity of cable 
from one end of a feeder to the other. Most efficient 
design would dictate using a joint somewhat stronger 
electrically than the cable with which it is made. 
Except in a few cases, this is theoretically possible, 
although often it would appear as though ‘“‘brute 
strength” tactics were used in its accomplishment. 
Single conductor joints, those in metal sheathed and 
braided cable with immense amounts of insulation and 
those in multiple-conductor cable of monstrous size, 
typify these. The evolution of joints, with improve- 
ments gained partly from experience and more recently 
by the application of scientific principles of design, 
constitutes an extremely interesting subject for study. 

When viewed in its entirety, one notices that the 
trend in joint design has followed rather closely that in 
cable design and quite justly so, since joint construction 
is, in a sense, cable reconstruction. When the old 
Edison tube was in use splices were made in enlarged 
coupling boxes, these being filled with hard compound 
as was the tube. Following this, various types of taped 
and rubber covered cable were developed. However, 
joints were made as before, except for the introduction 
of barrier tubes. Increase in operating voltage then 
gave rise to changes in impregnating compounds. At 
the same time difficulties with voids in hard compounds 
which were unavoidably produced during filling and 

1. With the Brooklyn Edison Co., Ine. 


Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 


by specially reinforced crotches and hand-wrapped insulation. 
To date, all tests,—short time and accelerated life, a-c. and d-c.,— 
have produced failures in cable rather than in joints so constructed. 


Many other claims of superiority over existing types are presented. 
+ + + + * 


with charring of paper, necessitated the use of such 
filling compounds as petrolatum and the introduction 
of hand wrapping, still retaining the barriers, however. 
In more recent developments based on knowledge of 
cable breathing, migration of compound into cable, 
stress distribution, etc., oil and reservoirs have been 
used at joints, barriers eliminated, crotches reinforced 
and, from one point at least, it would seem that joint 
construction has overtaken that of cable inasmuch as 
very little oil filled cable has as yet been placed in 
operation. 

It is quite evident that in old designs, creepage paths 
were considered as the most important factors deter- 
mining dielectric strength, this probably being derived 
from experience with joints on d-c. systems in which 
moisture, condensation, poor workmanship, impurities 
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and the like contributed largely to failures. There 
seemed to have been no regard for stress distribution, 
dielectric constant relations of insulating materials and 
so we find barriers, tubes, porcelain, mica, paper, 
compounds, etc., in series with one another in various 
proportions and placed indiscriminately in the electric 
fields. These statements are not intended to belittle 
the importance of leakage paths but rather to encourage 
consideration of all phases of design. 

Quite general practise today consists in operating 
with alternating current and testing with direct current. 
Under alternating potentials at standard frequencies, 
the dielectric stress distribution is dependent on the 
configuration of electrodes and the constants of the 
dielectric circuits. On the other hand such distribution 
exists only at the moment of application of direct or 
steady potential differences. After this, redistribution 
takes place in the form of a slow transient with end 
conditions depending on the resistivities of paths. If 
then, total stress is sufficiently high, failure will occur 
along the path of minimum resistance. Though the 
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stress distribution under alternating current is deter- 
mined primarily by dielectric constant relations, a 
component may always be determined acting in the 
direction of the leakage path and tending to produce 
this type of failure.’ It is obvious that the direct 
potentials with total voltage applied to path, are more 
severe. However, it is felt that defects brought to light 
by the comparatively high tests based on cable require- 
ments are well worth removing and that the testing does 
not necessarily invite trouble. The importance of con- 
sideration of leakage paths as well as dielectric constant 
relations is thus brought out. 

While the company with which the author is con- 
nected, was contemplating operation at 27 kv., many 
tests were made on multiple-conductor joints. Inas- 
much as this was done under pressure of time no radical 
departures from standard types or accepted practises 
were made. Finally one, hand wrapped, petrolatum 
filled, with porcelain spreaders and mica barrier tubes 
was adopted. Results with this type were fairly satis- 
factory. After several years of operation, however, a 
rather high percentage of failures was experienced on 
test which, on examination, were almost all found to 
have started at connectors, then continuing along 
pencilling and conductor insulation or barrier tubes to 
ground. These were due to such causes as follows: 

1. Copper dust produced by filing connectors. 

2. Jagged pencilling of conductor insulation. 

. 3. Wrinkled conductor insulation, (2 and 3 giving 
rise to voids). 

4. Compound having been driven from mill insula- 
tion at pencilling by heat during sweating of connectors. 

5. Migration of compound into cable, making most 
probable location of voids on contact surface between 
mill insulation and hand wrapping. 

6. Sharp edges of solder, connectors, etc. 

It is quite obvious why, with such causes as these 
conspiring to produce trouble, direct-current tests, at 95 
kv., conductor to ground, and 135-kv., conductor to 
conductor, were so effective in weeding out defects. 

The cures for these evils were soon found. Advances 
were made in cable manufacture (wrinkles being 
practically eliminated), pencilling was improved, one 
or two layers of varnished cambric tape was used over 
connectors, etc. These, with pressure filling, gave rise 
to a fairly satisfactory joint but, like “Champions and 
Records,” this did not stand long, for tests at the 
laboratory under three-phase, alternating current re- 
vealed other weak places, namely, at the crotches and 
porcelain spreaders. Just about this time one company 
whose experience in this direction was very similar to 
ours began to experiment with wooden spreaders, the 
idea being that with a dielectric constant more nearly 
equal to that of impregnated paper better results would 
be obtained. Our progress was along different lines. 

For some time manufacturers and those engaged in 
testing of cable had suffered a serious handicap in not 
being able to carry tests of three-conductor cable to 
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satisfactory completion because of breakdowns which 
invariably occurred at the crotches. The author was 
confronted with and quite successfully solved this 
problem about 21% years ago. Examinations of crotch 
failures of cable tested under oil indicated that there 
were three outstanding causes for these, namely: 

1. Ruptured conductor insulation due to sharp 
bending. 

2. Breakdown of film of oil and then paper at 
crotch. 

3. Circumferential stresses on conductors. 

The first was removed by fanning out legs in stages, 
that is, removing part of belt and bending legs, using 
edge of belt as a fulcrum. 

The second did not yield so readily to the corrective 
measures applied. The attack was based on observa- 
tions made during two tests devised to bring out the 
existance of this cause. _ 

A roll of impregnated tape was used as a spreader in 
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Fin. 


Joints of this type tested; 120-kv. three-phase, 10-65 hours. 
Failures in cable; 130 kv. 15 hr. and 276 kv. instantaneous failure 
in‘cable. 


acrotch. After application of three-phase voltage, the 
roll was badly burnt due to breakdown of oil at its 
center. At another time a sample was prepared and 
the crotch placed in a glass jar of clear oil. Spark dis- 
charge across film of oil in crotch was very much in 
evidence. 

The dielectric constant of oil is approximately 2.5 
and that of impregnated paper 3.2 to 4.1. When insu- 
lations are in series in a dielectric circuit distribution 
of stress is in inverse proportion to dielectric constant. 
It is seen, therefore, why oil or compound was stressed 
beyond its rupturing strength, broke down, and the 
resultant heating, charring, etc., finally culminated in 
breakdown of adjacent paper’. 

Circumferential stresses on conductors manifested 
themselves by the appearance of tree formations at 
crotches through several layers of paper on the backs of 
conductors of certain types of cable, though these very 
rarely resulted in failure. 

A rather simple solution for the above difficulties was 
arrived at after making some exhaustive tests using 
barriers, cotton, and the like jammed into crotches, 
short circuiting oil by wrapping legs with electrostatic 
shields, using wrapping of wick. Finally, after carefully 


2. See author's discussion of paper on a 132-kv. joint, by 
D. M. Simons, presented at A. I. E. E. Winter Convention, 1927. 
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bending conductors, each leg was built up conically with 
black varnished cambric tape starting deep in the crotch 
and extending out 5 inches, the maximum thickness 
being 34 in., 4 inches from belt edge. (See Figs. 2 
and 4.) The conductors were drawn together and a 
varnished cambric belt was applied at crotch to the 
level of the factory belt. Then the lead sheath of cable 
was extended, using lead foil, to the point of maximum 
thickness of varnished cambric. The lead foil and var- 
nished cambric belt were punctured to allow oil to enter 
where normally fillers would be. With this type of con- 


. 3—SHOWING STAGES OF CONSTRUCTION 


1. Cable butted 

2. Fanning conductors 

3. Conductors covered with one layer of tape 
4. Crotch built up metal foil applied 

5. Connectors sweated 

6. Hand wrap 

7. Hand wrap 

8. Barrel slipped into place - 

9. Pressure filling 

10. Caps on—completed joint 


struction, overstressed oil films at crotch were replaced 
with varnished cambric. Thelatter with its high dielectric 
constant (approximately 5) in comparison with im- 
pregnated paper (approximately 3) assumed very little 
of the total stress between conductors, but still took a 
sufficient per cent to relieve the paper at crotch and 
make the stress in it considerably lower than in the 
rest of the cable. The foil served to eliminate circum- 
ferential stresses by maintaining a zero potential sur- 
face at a distance outward from the center of the con- 
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ductors equal to the distance inward to the actual 
neutral axis of the cable. Similar crotches were used 
in testing metal sheathed cables, except that after 
building up individual legs with varnished cambric 
the metallic tape of cable was extended and carried over 
each leg to the point of maximum thicknesses of var- 
nished cambric (see accompanying illustrations). 
Results with this construction were highly satis- 
factory, yielding failures in cable after runs of 35 to 50 
hours at 120 kv., three-phase as compared with 3 to 8 
hour crotch failures previously obtained and so it was 
recommended for use in crotches of joints on our 27 kv. 
system. In the latter role, the applied varnished cam- 
bric served not only as a reinforcement, but also as 


. pacer, thus eliminating another objectionable features 


of existing joint, namely, the porcelain spreader. 
Fig. 4.) | 

Before its adoption for use in connection with metal 
sheathed cable, comparative high-voltage tests were 


(See 


_ made on joints in which metal foil was ended at crotch, 


2. €., cut off and tied down, carried across connectors, 
over hand-wrapped insulation, etc. In all these, the 
decided superiority of the built up construction was 


‘shown. Joints with metal tape carried across the hand- 


wrapped insulation failed after about twenty minutes 


* at 120 kv., while those with tape ended at crotch were 


but a little better. In the first, failures occurred across 
stepped and conical penciling. This type of joint 
would seem unsatisfactory at first sight (despite the 
fact that some manufacturers stand by it because radial 


. stresses are maintained throughout) since filling com- 


pound is of no avail in taking up stress and the total 
voltage is applied to a comparatively weak path between 
pencil and hand wrapped insulation. Joints made in 
manner described, that is, using built up crotches, have 


‘ withstood tests at 120 kv. for 10 to 60 hours without 


failure. In all cases rupture has occurred in cable. 
This is quite favorable, when compared with the results 
obtained on standard Conducell joints which have 
averaged 3 to 10 hours at 120 kv., three-phase. 

Hand wrapping of joints with tape has always been a 
long and tedious operation in which the personal equa- 
tion of the worker is a most important item. 

Prior to making the aforementioned studies and tests, 
an attempt was made to reduce manual labor involved 
in joint construction by substituting barrier tuhes and 
spacers made of bakelite and the like, for the hand 
wrapping. Results of voltage tests were very discourag- 
ing since failures occurred at 120 kv. after from one-half 
to one hour, the higher values being obtained with the 
thinner tubes. Careful examination and investigation 
indicated that such devices which had high dielectric 
constants and were of such shape as to place small 
thicknesses of compound in series with them thus 
greatly overstressing the latter, were of no use and 
should be avoided. Barrier tubes were accordingly 
eliminated from final design (see Figs. 4 and 5) and some 
additional paper hand wrap was applied over connectors, 


966 PETERSON: 


a very reasonable change, considering the facts that the 
paper serves as the necessary barrier in compound and 
makes it possible to retain comparatively long paths 
through compound thus increasing strength of joint, 
without over-stressing component parts. 

Confirmatory test results similar to those recorded 
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95-kv., direct potential differences, conductor to ground, 
have been made without the slightest indication of any 


developing failure. These data, together with very 
satisfactory operating experience serve as evidence for 
claims of superiority of this joint. 

Joints installed in practise donot differ materially from 
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A. One layer, 3 °4-in., black varnished cambric on each conductor. 
B. One layer, 3.4-in., black varnished cambric on each connector. 
C. Varnished cambric strips 1/8 in. to 3 4 in. wide to level of connector 


diameter. 
D. Paper tape 
E. 3. 4-in. black 
F. One layer 5 


varnished cambric conical wound as shown. 
“8 in. lead foil around all three conductors. 


G. Black varnished cambric around all three conductor. 

H. Varnished cambric 5/16 in. thick 4 in. from belt. 

T. Remove v.c. tape 2 in. from edge of pencil. also one layer of con- 
ductor insulation before applying paper tape. 

J. Bell to be beat into original position after crotch is finished. 
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A. One layer. 3 ‘4-in. black varnished cambric on each conductor. 
B. One layer 3 4-in. black varnished cambric on cach connector. 
C. Varnished cambric strips 1/8 in. to 3/4 in. wide to level of connector 


diameter, 
D. Paper tape. 


E. 3-4 in. DALK varnished cambric conical wound as shown. 


F. One layer, 


9.8-in. lead foil on cach conductor from highest point to 


bottom of crotch and in contact with copper foil on conductors. 
G. 5-8 in. lead foil two layers around all three conductors and in contact 


with outer metallic tape of cable. 


H. Varnished cambric 5/16 in. thick 4 in. from bell. 

I. Remove v.c. tape 3 1 2 in. from edge of pencil; also one layer of 
conductor insulation before applying paper tape. 

J. Bell to be beat into original position after crotch is finished. 


Fia. 


have recently been obtained by another of the metro- 
politan companies which has adopted this type of joint 
for metal-sheath cable. In addition to the above 
alternating-current tests, run of five hours duration at 


5—SPECIFICATIONS For 3-Conpucror, 


27,000-VoLT, A-09 CaBLe Joint, 27-3 


those described. Conductors are carefully fanned out and 
covered with one layer of tape to exclude foreign matter, 
crotches are built up, connectors are sweated, insulation 
pencilled conically (approximately 2 in. long) and sand- 
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papeved. Then gaps between insulation and connectors 
are built up with thin strips of varnished cambricand one 
layer is applied over connector. One layer of mill insula- 
tion isremoved fromconductorsand finally each legis built 
up with hand-wrapped tape. An insulating barrel is 
used inside of lead sleeve, merely for mechanical pro- 
tection and joint is either pressure filled with petrola- 
tum, or oil filled and equipped with a collapsible reservoir 
or the like. Though this joint is somewhat more diffi- 
cult to make than the usual type and depends quite 
largely on the ability of the splicer, little difficulty is 
experienced in the field, when men are properly 
trained. 

in the foregoing we have been concerned more partic- 
ularly with electrical rather than mechanical character- 
istics of joints. The latter, however, are of immense 
importance. Absolute cleanliness should be exercised. 
Wipes, plugs, and material must be such as to insure 
against introduction of moisture. Though voids are 
not likely to exist at time of filling, they may develop 
in practise, hence fittings, location in manholes, ete., 
must be arranged to facilitate periodic inspection, 
refilling of joints, or installation of reservoirs. These 
can best be dealt with as individual problems. 

Summarizing, then, it may be said that a joint has 
been developed having high leakage resistance, good 
stress distribution and on which our test results, both 
alternating-current and direct-current, and operating 
experiences, are quite satisfactory. (Note: No studies 
have been made of dielectric loss because to date noth- 
ing in our experience has indicated the need for con- 
sideration of same.) Furthermore, barriers and 
spreade.s have keen eliminated and a zero potential 
surface has keen established around the crotch which 
gradually extends out toward sleeve, thus tending to 
maintain radial st-esses throughout joint. In addition, 
due to removal of tubes, phasing out of cables is more 
easily accomplished since conductors in joint do not 
have to be run parallel to cable. Instead of having 
two Lends in the conductors one at each end of the 
joint, and then a straight run through cells or tubes as 
is necessary in the barrier type joint, the lay or twist 
may ke continued through the joint. Last, and per- 
haps most important, is the universality of the joint. 
Not only can it be used with belted cable and metal 


sheathed cable, round or sector conductor, but also with 


combinations of these. 


It is not intended that these statements be con- 
strued to mean that perfection in joint design has been 
reached. The author expects to attempt improvements 
from time to time and profit by criticism which will 
undoubtedly accompany its more general adoption. 


Discussion 


D. W. Roper: Iam not going to subscribe to the implications 
in the paper that this type of construction is the only one that 
will result in successful high-voltage joints, but I ean subscribe to 
the statement that single-conductor cable joints which are made 
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up in essentially the same manner as the joints on each of the 
three conductors in Mr. Peterson’s three-conductor joints, are 
very successful. In Chicago we have about 750 single-conductor 
joints made up very much the same as the individual conductors 
in Mr. Peterson’s metal-sheathed cable joint; that is, they have 
the reinforcement of the insulation, the extension of the metal 
sheath to the point of maximum reinforcement, and then a 
tapering of the reinfor-ement as well as a tapering of the cou- 
ductor insulation. 


Mr. Peterson mentions the careful selection of materials, 
absolute cleanliness, and careful workmanship. In order to 
secure the latter two features in the single-econductor joints which 
we made, we started a school for the training of our cable splicers, 
using for the purpose a full-sized cable. We had each one 
go through all of the details process of making up a joint, 
or several joints if necessary, until he beeame proficient in the 
mechanical execution of the several processes. 

To make sure that a man was proficient, after he had made 
up each joint, it was cut apart, and examined, and the imper- 
fections in his workmanship were pointed out to him. He was 
required to repeat the process as often as was necessary ,— 
generally only two or three times——until he had eliminated those 
imperfections in his workmanship. After that was done, we 
had him make up a joint at a different location where a high- 
voltage test transformer was available, and in order to secure 
economy, we had three joints made up in series putting high- 
voltage potheads on the ends of the cable and applying the high- 
voltage test required by the specifications to be applied to the 
cable. In each case, the failures occurred in the cable and not in 
the joints. 

Since then, we have made up 750 joints on the 66-kv. cable 
and placed them in service, and have applied the usual high- 
voltage test to the completed lines hefore placing them in service. 
There have been no failures whatever on any of the joints, 
either during the construction training, or on the testing of them 
after the completion of the lines or in service. We have had a 
total of about 400 joint-vears of service on this type of joint. 
So I think, as Mr. Peterson said, we are rapidly approaching the 
condition where joints are stronger than the eable. 

E. D. Eby: In this problem of splicing high-tension cables, 
it is gratifying to note in Mr. Peterson's work an honest attempt 
to make use of seientitie principles of design. 

His adoption of the tapered reinforcement of conductor insula- 
tion adjacent to the lead sheath with the reinforeement overlaid 
with metal tape unquestionably constitutes one of the main 
factors in the success of his design. I advoeated this construction 
to the Cleveland Electric Illuminating Company in 1923, when 
the 66,000-volt single-conductor eable system was first being 
developed. I think this was the first occasion on which this 
construction was proposed and deseribed. How effective it has 
proved in the solution of eable-joint problems is evidenced by the 
fact that practically all of the higher-voltage joints have been 
made in this way and with a success which has been unparalleled. 


A feature of which Mr. Peterson has not taken advantage, but 
which has worked out to complete satisfaction in General Electric 
designs, is that of stepped conductor insulation adjacent to the 
connector. Mr. Peterson found trouble with both stepped and 
penciled insulation in some of his designs but this was probably 
due to the use of inflexible paper tape. Witha flexible tape sucha 
bias-cut varnished eambrie, there isa much better bond between 
the conductor insulation and the hand-wrapped insulation. 
The stepped surface, however, offers decided advantage over the 
penciled surface. An exact number of tapes can be removed at 
each step so that the remaining insulation is of a known and 
uniform thickness. Accidental cutting Into the remaining 
insulation, as sometimes happens with a penciled surface. is thus 
wholly eliminated. The tearing of the tapes against a fine steel 
wire looped around the conductor leaves a spongy edge which 
fills well with the tlushing compound and forms an elastic 


968 


cushion under the hand applied tape. The uniformity of the 
remaining insulation is particularly evident in the case of sector- 
shaped conductors where uniform penciling becomes even more 
difficult than with round conductors. 


While, as Mr. Peterson remarks, it is true that the hand-wrap- 
ping of joints with tape has always been a long and tedious 
operation, it is also true that with the more scientific designs now 
available, the amount of taping to be done has been so much 
reduced and the kind of tape to be applied so much improved that 
hand-taped joints are not only wholly practicable from the 
installation standpoint, but are proving entirely reliable in 
service. Even machine wrapping of the tape does not offer 
sufficient advantage to warrant the use of machines except for 
paper tape. Furthermore, the introduction of the specially 
processed varnished-cambric tape with low dielectric losses has 
removed the one advantage of paper tape which formerly existed 
so that now a hand-taped varnished-cambric joint stands second 
to none, both with regard to ease of installation and its reliability. 

While barrier tubes in three-conductor joints have proved 
disappointing in some designs, they are not an objectionable 
feature when properly shaped and located with respect to the 
conductors. The writer has developed a design for 33-kv. 
sector cable in which the barriers consist of sections cut length- 
wise from standard Kerkolite cylinders, two such sections sur- 
rounding each conductor within an outer cylinder and holding 
it rigidly in definite relation to the other conductors and to the 
outer casing. The construction prevents displacement of 
the conductors within the casing which might occur either from 
short-circuit stresses or from mechanical movement of the cable. 

In Mr. Peterson’s joint for belted cable, he has found it 
desirable to enclose each conductor with an individual reinforce- 
ment of tape where it emerges from the belt. With no barriers to 
support the cables at the center of the joint, this serves a good 
purpose, mechanically. Electrically, however, it is not necessary, 
since a reinforcement enclosing all three conductors and overlaid 
with metal tape will accomplish the desired results. Sample 
_joints tested by the writer have shown no weaknesses in the 
crotch. 

Three-conductor cable of the belted type for 20,000 volts and 
above will probably give place sooner or later to cable of the 
shielded type so that future interest in joint design for three- 
conductor cables will center largely in the latter. It is natural 
that with each separate conductor enclosed in a metal tape under 
the lead sheath, a similar construction should prevail at the 
joint. Apparently Mr. Peterson did not have much success with 
such joints in which the tape was carried all the way across the 
hand-wrapped insulation. Here again perhaps the difficulty was 
with the kind of tape and a penciled rather than a stepped surface. 
At any rate, the writer has had no difficulty in making a satis- 
factory joint of this kind. Such a design for 33-kv. shielded cable 
is shown in the accompanying Fig. 1. The simplicity of this 
joint is at once apparent. The fact that each conductor is 
wholly enclosed within the grounded metal tape eliminates the 
transition made in Mr. Peterson's design from the equivalent of 
three single-conductor cables under the lead sheath to the equiva- 
lent of a three-eonductor unshielded cable in the center of the 
joint. 

That the totally shielded form of joint for three-conductor 
shielded eables is entirely practicable is further evideneed by the 
complete success of a 66,000-volt single-conductor joint of equiva- 
lent design. A further advantage in a totally shielded joint is 
the absence of immediate danger which results from an incom- 
plete filling of the joint casing with oil or compound. In the 
open construction with oil between the conductors under stress, 
the absence of oil would be expected to develop trouble rapidly. 
In the totally shielded eonstruection, providing moisture was 
excluded, an incomplete filling of the easing would not be serious, 

Such descriptive papers as this will do more than anything else 
toward harmonizing ideas and unifying practise. There are 
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certain fundamental principles in the design, installation, and 
operation of cable joints which this publicity will gradually help 
to establish. The standardization of materials and methods in 
this class of work is just as desirable as in other classes of 
equipment. 

D. M. Simons: I should like to make a few remarks, partic- 
ularly on the joints for Type-H or metal-sheathed cable. We 
have been making Type-H cable since 1914 (in commercial 
quantities since 1919), and have given the matter considerable 
thought. I approve of Mr. Peterson’s solution, but I should like 
to point out that there is another solution. 

I believe everyone agrees that one of the great advantages of 
Type-H cable is that all the so-called ‘“‘crotch” failures can be 
avoided, since the metal can be carried into the joint until there 
is sufficient separation between the insulated conductors to avoid 
trouble. Apparently, however, there are two schools of thought 
on Type-H joints, differing in whether or not the metal foil should 
be carried completely across the joint. 

We have made both kinds of joint, ourselves, having made 
those similar to the kind Mr. Peterson has described, with one 
refinement in addition; namely we used a large lead wire at the 
edge of the metal in order to reduce somewhat further the stresses 
there. The other form, which we have generally preferred, is 
to carry the metal shields across the joint. If this is done, 
then, theoretically, the joint has all the advantages of Type-H 
cable. Furthermore, and within the range of voltages where 
experience has not dictated the advantage (from the standpoint 
of the cable itself) of using soft or fluid jointing compounds with 
collapsible reservoirs, the carrying of the metal across the joint 
removes all stress from the compound, and there is no danger 
even if voids should exist. There is also of course nonecessity for 
using reservoirs or otherwise maintaining the compound. 


Bare Diagram of Cable 
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Fig. 1—33-Kv. 3-Conpuctor JOINT FOR SHIELDED CABLE 


Finally, even if a soft compound or fluid oil is used for the sake of 
the cable, there is always a possibility that the joint may be 
partially emptied of oil due to the improper functioning of reser- 
voirs or other causes; and in this case, there will be a great 
advantage if all the jointing compound has been shielded from 
stress by metal wrappings. 


I do not hold a brief for either type, but wish to emphasize 
that there are two types available, both of which have been 
eminently successful in service. I believe in general that Mr. 
Peterson’s type of joint, in which the foil is not carried across 
the joint, would probably tend to give better laboratory tests 
than joints in which the foil is carried across, because the stresses 
are lower. From the practical standpoint, however, I feel sure 
that the metal foil should always be continuous through the 
joint, if hard or fairly hard joint-filling compounds are used, and 
that in ease of fluid compounds with reservoirs, both types of 
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construction should be carefully considered before a decision is 
made. 

R. G. Hooke: At about the time Mr. Peterson started his 
development on high-tension cable joints, we were faced with a 
similar problem. Inasmuch as our solution of it is quite different 
from his, it seems that some of the details of the study which we 
have made and the results obtained may be of interest. 

We first procured samples of several different types of three- 
conductor splices being used by various power companies. 
These were tested in the laboratory and at the same time careful 
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Fic. 2—VOLTAGE STRESSES IN AN OLDER TYPE OF CABLE JOIN 


Curve 1-—Maximum Stress Towarp SHEATH IN FACTORY 
INSULATION ALONG THE CORNERS OF THE SECTOR,—Kv./CmM. 


Curve 2—NMaximum STRESS BETWEEN PHASES IN FACTORY 
INSULATION ALONG APEX OF THE SEcTOR—Kv./CM. 


Curve 3—MAaximuM VOLTAGE FROM SURFACE OF THE 
Factory INSULATION TO AN INSTANTANEOUS NEUTRAL PLANE 
BETWEEN ConbUCcTOKS—Kv. 


CuRVE 4—AXIAL STRESS ALONG SURFACE OF Factory INSULA- 
TION BETWEEN PuHasEs—Kv./CM. 

CurVE 5—MaximumM VOLTAGE ON THE SURFACE OF FACTORY 
INSULATION TO THE NEAREST POINT ON THE SHEATH— Kv. 
CURVE 6—Maximum AXIAL STRESS ALONG THE SURFACE OF 
Factory INSULATION NEAREST THE SHEATH—Kv./CM. 
NOTE: THE ORDINATE OF CURVE 4 IS AT ALL POINTS Pro- 
PORTIONAL TO THE SLOPE OF CURVE 3, AND THE SAME RELA- 

TIONSHIP EXISTS BETWEEN CURVES 6 AND 5 


analytical studies were made of the stresses which occurred in 
each. Mr. Peterson emphasizes the fact that in the past there 
seems to have been no regard for stress distribution o” dielectric- 
constant relations of insulating materials and this was most 
certainly true in the majority of the specimens which we obtained. 
It would be impossible to agree too emphatically with the 
author’s conclusion as to the harmful effects of porcelain 
spreaders, unreinforced crotches, and carelessly designed harrier 
tubes with high dielectric constants. By analytical comparisons, 
it is very easy to see the undesirability of such features. 


MULTIPLE-CONDUCTOR CABLE 
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In our work, we have developed certain methods. more or less 
empirical, for quick calculation of numerous instantaneous 
stresses in different parts of the joints and we find it very helpful 
to represent some of these by curves showing progressive changes 
in the conditions at different points in the splices, proceeding 
axially from one end toward the connector in the center. Illus- 
trations of two of these charts will make their use clear. 


The first illustration, Fig. 2, shows a joint in which conditions 
were particularly bad. The very rapid decrease in the maximum 
gradient to ground, as shown by Curve 1 at the termination of 
the cable sheath, is an undesirable feature. Also, the “bump” 
in Curve 2, caused by the presence of the porcelain spreader 
between conductors, is an obvious point of weakness. 


The next illustration, Fig. 3, indicates a very considerable 
Improvement. In this case, the major irregularities are due to 
the abrupt terminating of a static shield around the three con- 
ductors. Elimination of these discontinuities is obviously simple 
and curves result which are perfectly smooth except for conditions 
at the steps. 


The irregularities on stepped or penciled insulation as shown 
in these figures require some explanation. The calculations 
are made along the surface of the original factory paper and there- 
fore, at these points, abrupt increases of voltage necessarily 
occur due to the decrease in thickness of the factory paper and 
the consequent nearer approach to the conductor surface. These 
changes in potential cause the gradients shown, which are really 
in a radial rather than an axial direction; but they are plotted as 
part of the same curve as the axial stresses because they occur 
between adjacent surfaces of insulating material. Comparative 
effects of different numbers of steps or of different length pencils 
can readily be studied from these curves. 


Of course the figures indicated on these charts are qualifica- 
tive rather than quantitative, and of interest only in sofar as 
they can be used for graphical indication of the differences 
between various designs of joints. However, when compared 
with the careful observations of conditions in the joints after 
the application on test of high potentials for periods of time up to 
several days, it was found that in a great majority of cases the 
weak spots were entirely determinable from analytic study made 
in advance of tests. 


I mention these studies because I think that they emphasize 
the very great value of a scientific approach to the problem of 
cable jointing. In fact, so far as the electric field is concerned, 
splices are very much more complicated and require very much 
more careful mathematical analysis than does the cable itself 
wherein the assumptions of a homogeneous insulating medium 
can be made without appreciable error. 


As a result of these studies a joint was determined upon in 
which the objective was to introduce as few foreign materials 
as possible. In other words, the more nearly we could make a 
splice an exact continuation of the cable, the better were we 
satisfied. With this in view, we concentrated our work upon 
joints insulated with hand-wrapped paper, the tape being carried 
well into the crotches at each end and cable compound being 
applied liberally during the operation. After the conductors 
have been insulated, the central filler space between the three 
conductors is filled with paper fillers, compound, and jute. We 
have found it desirable to fill completely the inside crotches of 
the joint with paper fillers saved from the outside of the cable 
after the belt has been removed, it even being possible occasion- 
ally to thrust one or two fillers back for an appreciable distance 
into the cable itself. The outer spaces between the conductors 
and under the belt are also filled with jute and compound. Jute 
has been used since it is not feasible to obtain paper satisfactory 
for this purpose. 


At first our procedure was to also fill the spaces between the 
connectors and the factory insulation with jute. Recently, 
however, we have adopted the use of wrappings of narrow 
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varnished-cambric tape. In this connection, I am rather sur- 
prised at Mr. Peterson’s practise of carrying the varnished cam- 
bric over the lower edge of his penciled factory insulation. He 
points out in numerous places the undesirability of having thin 
layers of low s.i.c. material in series electrically with rather 
heavier layers of high dielectric-constant insulation. It would 
seem from this consideration that he might experience an over- 
stressing of the edge of his penciled paper, where it is under the 
varnished cambric, this being also immediately next to the con- 
ductor and therefore at a point where the gradients are at a 
maximum. 


Fig. 3—VoLTAGE STRESSES IN A CABLE JOINT OF RECENT 
DESIGN 


Ture EXPLANATION OF THE CURVES IN THIS CASE IS EXACTLY 
THE SAME AS For Fia. 2 


We have found that our workmen were much more successful 
in making steps than they were in cutting a pencil. For this 
reason, therefore, although the pencil gives the best theoretical 
stress distribution, we have adopted three steps on each con- 
ductor. In making the joint, the varnished cambric at the end 
of the conductor is not allowed to overlap any of the paper 
insulation. It is merely used as a filler, its superiority over jute 
being mainly that it is a higher grade material and less likely to 
contain foreign particles or moisture. 

A paper belt is applied tightly over the three conductors with 
the fillers in place and over this is used a copper sereen which 
earries the ground-potential surface completely across the splice 
and is held snugly against the paper belt by a wrapping of heavy 
wicking. The joint is filled under pressure with a light oil or 
grease and expansible reservoirs are used. This splice as nearly 
as possible, is a continuation of the cable and depends entirely 
for its strength upon impregnated, homogeneous, fibrous 
insulation. . 

Perhaps the most important difference between our splice and 
Mr. Peterson's is our use of hand-wrapped insulating material 
completely across the joint, whereas in the central part of his splice 
he depends to a large extent upon the insulating value of the 
compound. The same feature is brought out in Mr. Peterson's 
remarks about joints on eonductor-sheath cable; that he does not 
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believe that it is desirable to carry the metal sheath of the con- 
ductors across the joint. He states that if the metal tape is 
carried across, the ‘joint would seem at first sight un- 
satisfactory * * * since filling compound is of noavailin taking up 
stress and the total voltage is applied to the comparatively weak 
path between pencil and hand-wrapped insulation.” To us, 
this is by no means an obvious conclusion. In the first place, 
over the steps, the zero-potential surface in our joints, whether 
of the conductor-sheath type with the metal carried across the 
joint or of the belted type with the copper screen outside of the 
belt insulation, is very nearly identical with the lead sleeve of the 
joint. In other words, there is very small clearance between the 
lead sleeve and the built-up insulation about the splice. There- 
fore, unless Mr. Peterson uses a larger diameter of sleeve than 
ours, the leakage path in his joint, either from the connectors 
to the ground surface or between conductors, is practically the 
same as it is in ours. The reduction in the length of this path 
due to the use of the screen about the conductors is exceedingly 
small. Secondly, there is one very important point in dielectric 
circuits which it seems to me Mr. Peterson does not sufficiently 
emphasize. It has been proved conclusively by a number of 
authorities that the breakdown strength of oil in volts per mil 
is very much greater for a thin film than it is if the material is 
not broken up into such films. Mr. Peterson accomplishes this 
division of the oil into films in his reinforcement of the crotch with 
varnished cambric, although he speaks of it as simply a replace- 
ment of the compound by a higher-strength material. It is 
actually both of these. However, the filling in of the space 
which he leaves free for compound between layers of fibrous in- 
sulation, in the middle of his splice between which would be dis- 
tributed liberal amounts of oil or grease, should result in a definite 
increase in the breakdown strength of the joint at this point. 
As a matter of fact, some rather hurried and incomplete tests 
which we have made indicated that a direct puncture can oceur 
from the connector to the sleeve on a splice made up as nearly 
in accordance with Mr. Peterson’s design, as we are able to pro- 
duce it, whereas, on numerous tests, no fault of this tvpe or any 
other has ever occurred on joints of the kind which I have 
described and which we have adopted. The failures are in- 
variably in the cable. 


There are one or two questions which I should like to ask the 
author. He states that the cambric belt is punctured to allow 
oil to enter the cable where the fillers would normally be. Inas- 
much as he does not carry the belt completely across the joint. 
we wonder that this puncture should be considered necessary. It 
would seem as if the compound would fill all of the spaces under 
the belt by entering through the empty filler spaces. Possibly 
his real objective is to provide an outlet for air bubbles which 
might collect under this belt insulation. Even this, however. 
would seem hardly necessary unless one end of the joint was 
appreciably higher than the other when it was being filled. The 
use of the statie shield outside of the belt reduces to a safe value 
axial and circumferential stresses which might otherwise be 
harmful. We question, however, whether or not this shield 
eliminates the circumferential stresses in belted cable as is 
claimed. It certainly does maintain a zero-potential surface 
at a distance outward from conductors which is nearly equal to 
the distance from each conductor inward to the cable axis. This 
axis, however, for purposes of stress determinations. is not a 
zero-potential line. True, its average potential is zero. but at 
any instant its potential may not be zero. For example. assum- 
ing the three conductors to be carrying three-phase potential, if 
at a particular moment, the voltage of one conductor is zero, 
the voltages of the other two conductors will be opposite in sign 
and equal to S6 per cent of the erest value of the wave. 
Certainly, the geometric center of the cable would not then be at 
zero potential and for the moment, circumferential stresses 
about the conductors would exist. Determination of the 
magnitude of these stresses In a joint on sector-eonductor cable 
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using different types of splicing materials is exceedingly difficult. 
The fact seems to be that Mr. Peterson, by keeping his ground- 
potential surface nearer (than in the older joints) to the conduc- 
tors, as each conductor is gradually moved away from the other 
two, has reduced the circumferential gradients to values which do 
not cause trouble; but these stresses are reduced only by virtue 
of the gradual transition from cable diameter to splice diameter, 
which is accomplished by the shield, the rate of transition being 
determined by the rate of separation of the conductors from each 
other. 

We are inclined to question the author’s reference to Conducell 
joints. We believe that the design of the Conducell barrier is 
excellent, if barriers are to be used at all and we should like to 
know whether or not Mr. Peterson tried reinforcing the crotches 
of the Conducell joints in the same way that he does his standard 
splice. We should expect this to improve greatly his test results 
on these joints. 

In conclusion, I wish to say that the work which Mr. Peterson 
has done is extremely valuable. His joint is not difficult to make 
and it possesses a large number of very praiseworthy features. 
To me, one of the most interesting of these is the idea of a design 
which permits application of most of the hand-wrapped insulat- 
ing material before the sweating of the connectors. With the 
ends of the conductors open, it should be very much easier to 
apply the insulation and also accomplish a considerable saving 
in time. 

F. A. Brownell: We have tested a number of the author’s 
cable joints between metal-sheath cables and between metal- 
sheath cable and belted cable, and have had one failure in the 
metal-sheath cable joint. 

In each of the metal-sheath joints tested, evidence of over- 
stressing was indicated by carbonized petrolatum at the end of 
the metal shield over the varnished-cambric cone and evidence 
of ionization at the lower edge of the cones. 


In the joints where metal-sheath cable was joined to belted 
cable we found some evidence of overstressing at the surface of 
the conductors. This type of joint appears to be the best that 
has been offered for this type of construction. 

We have been using the idea of the varnished-cambrie cones for 
the past three years in making end-bells for testing cable in the 
laboratory, the only difference being that we apply two half 
sections of lead foil over the formed cone. We find that these 
sections can be applied in Jess time and eliminate more voids than 
the wrapping of narrow widths of foil. 


Our test data on joints where the metal tape has been carried 
entirely across the hand-wrapped insulation are not in agreement 
with the author’s. We have made numerous tests on this type 
of joint in the laboratory and have never broken down a joint nor 
opened one that has shown any indications of having been over- 
stressed. In one test, failure occurred in the cable after 24 hours 
of testing at 125 kv. Another test at the same potential lasted 
for 20 hrs. with the failure in the cable. These tests do not 
compare with the author’stest of 20 min. at 120 kv. Of the 
hundreds in service we have very recently had two failures. 

To compare a joint for belted cable, we have tested and are 
now using the nearest thing to cable reconstruction that we 
believe is possible.—an all-paper joint with jute fillers, gauze 
stocking for shielding, and filled with the same oi] as is used in 
the cable. This joint was designed a few years ago by Phillip 
Torchio, of the New York Edison Company, and is known as the 
Metropolitan joint. We have never broken down one of these 
joints on test. In one case we held 132 kv. for 25 hrs. when the 
eable failed. No evidence of overstressing was found in the 
joint. 

We do not think it necessary to maintain the lay of conductors 
through the joint and we believe that another step in the art will 
be accomplished when phasing-out in manholes is eliminated. 

J. F. Fairman: During the past five years an energetic 
program of cable and insulation research has been in progress in 
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the Brooklyn Edison Company. The results, though by no 
means final or complete, have been very gratifying as reflected 
in the marked improvement in the performance of cable in opera- 
tion. This improved performance is due both to better manu- 
facture and to refinements in handling, jointing, testing, and 
maintaining cable by the operating company. 

Mr. Peterson has discussed one of the more important contribu- 
tions to improved operation made by the operating company 
in describing the evolution of our joint for multiple-conductor, 
high-voltage cable. I believe it is pertinent at this time to 
mention briefly another very important feature in this progress,— 
the installation of oil reservoirs on these joints. 

In 1922 in the early stages of the redesign of the transmission 
system of the Brooklyn Edison Company, it was determined to 
make 27,000 volts the basic transmission pressure for future 
developments. Before placing this system in operation however, 
a great deal of consideration was given to the various factors of 
cable design and method of jointing and testing cables. Three 
fundamental factors essential to good performance of a cable 
system were brought out in this analysis: (1) Thorough initial 
impregnation; (2) a means of assuring against the formation of 
voids after installation; and (3) the prevention of entrance of 
moisture. Good cable could be had at the factory and careful 
handling gave reasonable assurance against oil leakage and the 
entrance of air and moisture, but after a cable is in operation 
with the inevitable cycles of heating and cooling, there is migra- 
tion and absorption of the compound which, although very 
slow, produces voids. Vacua of considerable magnitude have 
been found in cable, and any breaks in the lead sheath or im- 
perfections in the wipe at a joint will allow air and moisture to 
be drawn into the cable or the joint. 


As a result of this analysis, the Brooklyn Edison Company, 
at the initial installation of 27,000-volt cable in 1922, adopted the 
policy of installing oil reservoirs on the cable system in the hope 
of insuring a positive internal pressure above atmospheric 
pressure throughout the cable system at all times. It is obvious 
that with such internal pressure and a supply of oil for filling in 
voids, a break in the sheath would result in bleeding rather than 
the entrance of air or moisture. Loss of oil in this way could be 
detected by inspection of the reservoirs. l 


Such reservoirs were first installed in the stations at trans- 
former and switch potheads. It was found that the migration 
of oil throughout the cable was so slow that these reservoirs on 
the potheads were not sufficient to maintain a positive pressure 
throughout any great length of cable. The next step was to 
install such reservoirs on a few feeders at the cable joints in the 
manholes, and the results obtained were so satisfactory that this 
practise is being extended gradually to the whole 27,000-volt 
cable system. 

Two examples will serve to illustrate the results obtained. 
One feeder of old cable which had had a fairly good record as to 
failures, was taken out of service during a period of rearrange- 
ment. On testing it before putting it back into service, a number 
of failures both in cable and in joints, as well as the dry condition 
of the paper in the sections examined after failure, led us to make 
an experiment on this feeder. Oil-filled reservoirs were 
connected to each joint and it was put through periodic heating 
and cooling cycles for one month at low voltage and 150 per cent 
rated current. During this process 27 gallons of oil were ab- 
sorbed, which is approximately equal to 1 per cent of the original 
compound in the cable. Then the feeder was tested. It went 
back into service without a failure in the cable, and has been 
operating steadily ever since. Another old feeder gave so much 
trouble that the operating voltage had to be reduced to 13,000 
volts. Each joint was then equipped with a reservoir filled with 
oil and operation at 13,000 volts was continued for six months. 
Following this, it was tested for 27.000-volt operation and has 
given very satisfactory service at this voltage for over a year. 
To date 72 gallons of oil, which is approximately 2.6 per cent of 
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the original compound, have been absorbed by this feeder from 
120 reservoirs. 

W. F. Davidson: Mr. Peterson has called attention to the 
tests which were made to determine the merits of joints in which 
metal foil was carried across the connectors and those in which 
it was cut off at some distance back from the connection. This 
suggests a point which seems to have received too little attention 
in connection with cable and joint specifications. 


The significance of this was not appreciated until after con- 
siderable experimental work had been done. In the early stages 
it became evident that in order to secure prompt results it was 
necessary to use cable of superior quality so that the failures 
would occur in the joint rather than in the cable. However, 
when field construction work was started a new factor became 
noticeable. 


The ideal condition in a joint or terminal, or for that matter 
in the cable itself, is to secure strictly radial stresses in the in- 
sulation which is under stress. But it is not always possible to 
do this in joints and terminals. Consequently, we are faced with 
the necessity of meeting more or less severe longitudinal stress. 
In their ability to withstand such stress, various cables show 
extremes of performance. I think it quite safe to say that the 
range of values obtained under these conditions is far greater 
than the range obtained with respect to radial stress. As an 
example, during some recent test on several samples of cable of 
the metal-foil type, it was found that with an end prepared in the 
manner described by Mr. Peterson, one sample could be operated 
for barely 30 hrs. at 120 kv. between conductors before failure 
occurred and even when it was possible to get failure of the cable 
under the lead, the ends almost invariably showed signs of severe 
longitudinal stress. In contrast to this, another sample of cable 
prepared in the same way and having the same insulation thick- 
ness, has operated for over 640 hrs. at 120 kv. without showing 
the slightest signs of stress. 

Mr. DelMar has called attention to surface-tension effects and 
these probably explain some of the differences just noted. We 
might expect therefore to reduce troubles of this nature by 
making sure that the compounds used to fill the joint or terminal 
were of exactly the same character as that used in the cable 
itself so as to make a minimum surface tension along the 
boundary between the cable insulation and the surrounding 
medium: However, there are obvious and serious practical 
objections to such a procedure and it seems absolutely necessary 
to find some other solution to the difficulty. 

Summarizing, I wish to urge the need for ‘‘jointable’’ cable. 
That means not only cable which can stand up under the bending 
and working essential to making a joint or attaching a terminal, 
but cable so constructed and impregnated that it has longitudinal 
as well as radial dielectric strength. 

Herman Halperin: About two years ago tests were made 
in Chicago with the eroteh of a 33-kv., three-conductor (sector) 
cable placed vertically in clear oil in a glass jar with a eopper 
sereen at ground potential inside the jar. The observations 
corroborate those made by Mr. Peterson in that spark discharges 
were observed across the film of oil in the eroteh; but before this 
occurred, streamers were seen along the tape edges just above 
the end of the belt insulation. Some of these streamers ran 
around the conductors. It was found that such discharges could 
persist for about an hour at 120 kv., three-phase, without leaving 
visible signs of deterioration in the insulation, and before dis- 
charges across the oil in the erotech were noticed. It was also 
observed that bubbles of occluded air or other gases, which were 
seen clinging to the insulation previous to the application of 
voltage, would become dislodged upon the application of the 
voltage and flow upwards. 

In the last page of Mr. Peterson's paper, it is stated that the 
joints were filled with petrolatum or oil. Experience in Chicago 
with petrolatum in three-conduetor, 33-kv. joints has been 
unfavorable. About three years ago some 75 three-conductor 
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33-kv. joints filled with petrolatum at atmospheric pressure were 
installed. During the following winter several failures occurred 
in the crotch of the joints. The petrolatum was full of small 
voids or air spaces the size of a pinhead and had pulled away from 
the factory insulation of the conductors, causing void spaces 
around the conductor insulation in the crotch. Apparently 
the petrolatum contracted on cooling and pulled away from the 
mill insulation, and the maximum operating temperatures of 
about 20 deg. cent. were insufficient to melt the petrolatum 
which had a melting point of 30 deg. cent. Therefore it appears 
that if a hard or semi-hard compound is used its properties of 
adhesion to the cable and cohesion should be carefully chosen. 

When these joints were rebuilt, they were filled with a thin 
oil (switch oil) and they gave entirely satisfactory service for the 
seven months when they operated at 33 kv., although in re- 
building the crotches were not reinforced. 

Some experiments were recently started to reinforce the 
crotches on 500,000 and 650,000-cir. mil, three-conductor, 13-kv. 
joints. These cables have 9 /64-in. insulation around each con- 
ductor, which is less than half the insulation on the cable used by 
Mr. Peterson, and the conductors are considerably larger and 
stiffer than his conductors. These joints are to be filled with an 
asphaltic compound that has a Saybolt viscosity of about 750 
sec. at 100 deg. cent., but to eliminate the variable introduced 
by the differences in filling obtained with the semi-hard com- 
pound used, oil was emploved in these experiments. 

The first joints were made with varnished-cambric tape 
applied around the conductors in the crotch in a fashion similar 
to that used by Mr. Peterson except that the foil was not used 
and, in addition, varnished cambric was applied around the three 
conductors. These joints were tested at 4.5 times the rated 
voltage for six hours, after which 10 per cent geometric increases 
were made every hour. The test results have been evaluated 
for the equivalent voltage for six hours. The joint with no 
reinforcement failed at nine hours, which test was equivalent 
to 69 kv. for six hours, using the 7th-root relation that has been 
developed for breakdown voltage—time characteristic of im- 
pregnated paper insulation. The corresponding voltage for 
the joint with the reinforcement was 75 kv., an increase of 10 
per cent, but still failures were obtained in the joint. The 
failures were found in the crotch region at the end of the belt. 

Later, insulation was applied to the conductors only and this 
was done either before or after the connectors had beensweated. 
In the few tests that have been made, the joint with the reinforce- 
ment applied before the copper sweating has been found to be the 
stronger. The equivalent voltage for this joint for six hours is 
about 90 kv., which is 30 per cent better than that found for a 
joint with ordinary construction. 

The fillers were left extending 3 or 4 in. into the joint, and after 
insulating, a couple of turns of twine were wrapped around the 
three conductors to hold the fillers in place. Cutting fillers, 
especially the central one, close to the end of the belt is hable to 
result in damage to the conductor insulation. 

In the discussion of Mr. Simons’ paper in the Winter Conven- 
tion, Mr. Oesterreicher presented* some data on the beneficial 
effects of flared-out shields applied at the cable lead; and I am 
wondering whether Mr. Peterson has used anything of that 
nature on three-conductor joints. 

The experience of the Commonwealth Edison Company is 
in thorough accord with the statement at the end of the paper, 
that such a joint (or any high-voltage joint) ‘“‘depends quite 
largely on the ability of the splicers,”’ and that "little difficulty 
is experienced in the field when men are properly trained.” 

A. H. Kehoe: Unanimous agreement will not be had to the 
statement that a decided improvement has been made over 
types of joints previously used. 

It seems desirable to emphasize that only operating results in 
service are conclusive and that high over-voltage test methods 
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may be wrongly interpreted. My experience with joint opera- 
tion is that failures due to poor workmanship, several types of 
which are mentioned by the author cannot be ignored. One of 
the most common causes of failure in operation apparently has 
been omitted; that is, “leaky wipes.” Such workmanship 
defects are now the principal cause for joint failures but, as 
stated by the author, compound-filling arrangements have 
reduced the number of these failures. 


It does not seem wise to adopt a type of joint which requires 
very superior workmanship to make it successful, as compared 
to one in which ordinary careful workmanship will eliminate 
failure in service. This is likely to take place when high-voltage 
test results are used exclusively as a criterion for successful 
joint operation. They assume that factors of safety for all 
joint elements should have the same value, which is not required, 
particularly where the factory-formed type of joint insulation 
is one of the elements. The advantages of factory-formed in- 
sulation (the author mentioning Conducell, a well-known 
joint of this type) are evident in statistics of operation, and test- 
ing methods which give stress values beyond the breakdown 
values of certain of the elements do not demonstrate what the 
operating results will be if such values are never encountered. 

Mention is made of the experiments with wooden spreaders. 
I can report on this that removal of all spreaders has resulted in a 
satisfactory mechanical joint and has eliminated an unnecessary 
element.. 

The author refers to confirmatory tests for metal-sheath cable 
which appear to be those made by the company with which the 
writer is associated. For joints on the metal-sheath type of 
cable, we have used a joint similar to that described in the paper. 
At present we know of no better way to make such joints, al- 
though possibly some improvement will be forthcoming which 
will reduce the workmanship hazard now ever present with the 
hand wrapping of three-conductor joints. 

For the belted type of cable we doubt if operating results will 
show improvements over the factory-formed type, and so are 
continuing to use the latter. Experience has shown that both 
the time of making joints and their cost will increase by adopting 
the type suggested. 


T. F. Peterson: Although practically all features of the 
joint described, together with the bases for design, have received 
favorable mention by one or another of those contributing dis- 
cussion, there seems to be no general concurrence of thought or 
opinion. Possibly this is due to the fact that many have felt 
the call to defend joint designs with which they have had ex- 
perience and there has been agreement of thought in just such 
measure as their designs are similar to the one in question. 

Mr. Roper’s report on the successful operation of single-con- 
ductor joints made up similar to the individual conductors of the 
joint described is very interesting and gratifying. His descrip- 
tion of splicer’s schools is quite timely and should serve to impress 
the importance of systematic training of men in the art of joint 
construction. 

Mr. Eby has brought to our attention his early use of reinforce- 
ment of the insulation at the edge of lead sheath of single-con- 
ductor cable, overlaid with metal tape. While this means of 
relieving stress is highly commendable, it is felt that the use of 
varnished cambric (obtaining advantages of high strength and 
dielectric constant) instead of impregnated wick or cord, 
together with its use on three-conductor cable, isan advance. He 
feels that building up individual conductors of three-conductor 
belted cable is unessential electrically and cites his experience. 
This is not in accord with the results presented in the paper by 
me or in the discussion by Mr. Halperin. I dare say that the 
use of built-up crotches of test sections in many laboratories, 
including the Electrical Testing Laboratories, is based on some 
such observation as the last mentioned. 

Undoubtedly the combination of low-loss varnished-cambrie 
tape and stepped insulation described by Mr. Eby is a very good 
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one and might supplant the use of paper tape and conical pencil. 
However, difficulties with the latter are not so great as intimated. 
The work is rather quickly and quite accurately done, using a 
sharp knife and sand paper. The resulting surface is rough and 
when insulated presents no abrupt changes or finite discontinui- 
ties. Low-loss varnished cambric is a comparatively new 
development, and although it possesses many advantages, its 
use may not become general until there is more than one source of 
supply. This is the situation which dictates certain practises 
despite technical data pointing to the contrary. 


The use of barriers for electrical reasons will be discussed | 
later. At this time suffice it to say that in the joint described 
they are not needed for mechanical stiffening. Short-circuit 
tests of 20,000 amperes for several cycles have resulted in no 
appreciable movement of conductors. 


Whether the tape of metal-sheath cable should be continued 
through the joint or not is a matter of concern to many. The 
reasons for maintenance of it are variously stated; for example: 


1. Since the cable is so made—the joint should be. 
2. Abrupt discontinuities and transitions are eliminated. 
3. Voids may exist or the joint may drain without harm. 


The first has no particular justification except in so far as there 
are incidental advantages which may accrue. The second is 
accomplished fairly well in the joint offered. As for the third, 
if voids in compound are expected, by all means short-circuit 
them. However, in the case of joints which may drain,—that 
is, lose their oil,—since these will probably fail eventually due to 
water, drying out or the like, this joint offers very little in favor 
of carrying the tape through. On the other hand, if conductors 
can be satisfactorily insulated with tape only, it would seem 
quite possible to cut down on hand wrapping when oil is brought 
into use. Atleast, the entire burden will not be placed on hand 
wrapping (with its uncertain personal element) but some part 
will be sustained by the oil. 


Mr. Hooke has presented some very interesting data and ideas 
on joint design, stress distribution, and dielectric circuit theory. 
The joint which he describes seems to be identical with the so- 
called Metropolitan type inasmuch as both are largely re-builds 
of cable. As such, considerable dependence is placed on the 
hand-made elements of the joint and as Mr. Kehoe points out, 
this is not always very desirable. In the early work in Brooklyn 
an attempt was made to eliminate hand operations entirely by 
insulating conductors with oil and barriers. When this failed, 
joints such as described were evolved. In these, the human 
element or personal equation is quite important so far 
as the hand wrapping is concerned. However, the oil serves 
as a second line of defense and renders inconsistencies in this less 
important. 


Though Mr. Hooke has found a use for the Brooklyn Edison 
Company idea of thin strips of varnished cambric betweer con- 
nector and penciled mill insulation, he criticises the over-lapping 
of the latter with the tape and quotes my statements on the 
undesirability of having short paths of low specific inductive 
capacity material in series with long paths of high specifie induc- 
tive capacity material. He has apparently overlooked the fact 
that in determination of stress distribution or values of gradients, 
the entire path from electrode to electrode must be considered to 
determine flux densities. These, multiplied by 1/s.i.¢., give 
gradients. Obviously, a little varnished cambrie (high s.i. e.) 
over a short path of mill insulation but having in series large 
amounts of oil, paper, ete. (low 8. i. c.) cannot greatly alter the 
stress in the penciled insulation. 


He also questions the use of a conical shield over the crotches 
of three-conductor belted cable, in eliminating circumferential 
stress. The basis for his argument is an attempted proof that 
the cable axis 1s not at zero potential. Given homogeneity and 
symmetry of position this must be the case when three-phase 
voltage is applied. I am at a loss to understand the reasoning 
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in the case cited. When one conductor is at zero potential and 
the others at plus and minus 86 per cent of maximum potential, 
the locus of the zero-potential points is a plane half-way between 
the two conductors and perpendicular to their line of centers. 
Certainly the geometric axis of the cable falls on this. 

Barriers in oil may be considered to produce beneficial results 
in two ways: 

1. Where the free path in oil is broken up so as to reduce the 
distance in which ionization by collision may take place thus 
greatly increasing gradient for breakdown; for example, paper 

and impregnating oil. 
` 2. Where paths are long and breakdown is due to lining up of 
ions—water, impurities, ete.—barriers prevent this action and so 
increase the over-all strength. 

There remains a range from approximately }4 in. to about 2 in. 
in which the use of barriers is questionable. Their s.1.¢. is 
usually high and since their thickness may be no small part of 
the total path of electric flux, the incidental shifting of stress in 
oil may more than overcome the advantage of barrier action. 
In view of this and since operating experience indicated that 
they were very ineffective in preventing failure where moisture or 
poor workmanship were present, barriers were eliminated entirely 
from the joint described. The breaking up of the oil space into 
very short paths, asis done in the Public Service joint by the use of 
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filling materials, is quite permissible, although one might question 
whether this done under unfavorable conditions will furnish 
much of an improvement over the use of good oil. 

I also doubt if many will subscribe to Mr. Brownell’s idea on 
the elimination of phasing-out in manholes, although it would 
seem that this is greatly to be desired in view of the introduction 
of isolated-phase construction, installation of networks, ete. 
At any rate, does it not seem advantageous to phase-out in joints 
(rarely ever more than one in any one location) rather than sub- 
ject one cable end at the pothead to twisting each time there is 
need for change? 

Mr. Davidson’s remarks are a fitting supplement to a paper on 
joints. Regardless of the type of cable or joint, the introduction 
of longitudinal stresses is inevitable at the pothead if at no other 
place. I join with him in a plea for a cable better able to with- 
stand these stresses. 

In response to the queries of Mr. Halperin I might say that 
due primarily to migration, considerable difficulty had been 
experienced with petrolatum-filled joints, but periodic refilling 
(at six-month intervals) almost entirely eliminated this trouble. 
As for the use of flared metal shields at crotches—several of 
these carefully made of spun brass were tried but the results 
were no improvement on those obtained with metal tape laid 
on the built-up conical structure. 


The Use of High-Frequency Currents for Control 


BY C. A. BODDIE'! 


Associate, A. I. E. E. 


HE rapid development of radio has given rise toa 

T parallel development in the art of remote control. 

Remote and supervisory control is being applied 

to an ever increasing variety of problems. This control 

is now commonly effected by the use of special wires 

connecting the apparatus under control with tie point 
from which control is exercised. 


Wires suitable for control purposes are often difficult 
to obtain. If they are supported for any considerable 
distance on the same towers as the power line, induction 
from the power line may seriously reduce their value 
unless special measures are adopted. If the wires are 
carried on separate poles on a separate right of way, 
the cost becomes a formidable item. The other alter- 
native is to lease the necessary circuits from the tele- 
phone company. In this case, the rentals are always 
so high as to be a serious burden on the whole project. 

The expense of obtaining and difficulty in operation 
of special wire circuits have directed attention to the 
possibilities in the use of alternating currents of moder- 
ate or high frequency for control purposes. The object 
has been to utilize the existing power conductors as a 
control circuit. This has been accomplished by super- 
imposing on the live power circuit a frequency suf- 
ficiently different from the power frequency to permit 
its being easily separated from the power frequency by 
suitable tuned circuits. Although this current flows 
in the power system together with the power current, 
it is independent of it. It may therefore be used for 
control purposes. 


The application of alternating current to control 
problems opens up many new fields. The develop- 
ment of apparatus is already quite well advanced. 
Some of the equipment has been in commercial service 
for over two and one-half years and has given good 
account of itself. The applications already developed 
provide for the control of large main line oil circuit 
breakers, substation apparatus, and street lights. It is 
expected that this type of control will be used quite 
generally for all classes of control now requiring special 
circuits, where these circuits introduce a serious burden 
on the project as a whole. 


The development has been carried out along two 
rather distinct lines. The apparatus may be classed 
according to the frequencies employed as 

1. Medium-frequency systems, 

2. High-frequency systems. 

The medium-frequency system employs frequencies 
of the order of 500 cycles. This control frequency is so 
low that it passes through transformers just like power 
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frequencies. The control frequency is generated by a 
motor-generator set and is fed into the circuit usually 
by means of condensers. The special advantage of this 
system is that the line losses are low on account of the 
moderate frequency used. It is possible to transmit 
sufficient energy to the receiving devices to directly 
actuate a relay magnet. This relay is tuned to the 
control frequency and therefore responds only to this 
frequency. The relay is simple and sturdy and requires 
no vacuum tube amplifier. The system is very flexible 
and is well adapted to quite a variety of applications. 

The high-frequency system employs frequencies of 
the order of 50,000 cycles. Frequencies of this order 
are most readily produced by vacuum tubes. The 
energy employed in the high-frequency system is much 
less than that required in- the medium-frequency 
system. Vacuum tube amplifiers are necessary to 
amplify the control frequency at the receiving point in 
order to get sufficient energy to operate a relay satis- 
factorily. On account of its requiring vacuum tubes, 
the receiving equipment is much more bulky and more 
complex than the corresponding equipment of the 
medium-frequency system. Currents of this frequency 
do not pass readily through transformers. Its applica- 
tion is therefore limited mainly to operation over high 
voltage power lines, but it is well adapted to this class of 
service. 


HIGH-FREQUENCY SYSTEM INSTALLED AT 
TIPTON, INDIANA 


Sporadic attempts at control utilizing radio or high- 
frequency currents over wires date back over a period of 
10 or 15 years. These attempts assumed more of a 
spectacular than of a practical trend. Perhaps the first 
definite attempt to control the apparatus of a power 
system by high-frequency currents was made Just 
previous to the opening of the Dresser Power Station 
of the Central Indiana Power Co. There was then 
in operation a high-frequency system controlling two 
66-kv. circuit breakers at Tipton, Indiana. The control 
point was Kokomo, Indiana, some 20 miles distant. 
The 66-kv. line loops through the substation at Tipton. 
An oil circuit breaker is installed in each branch of the 
line as it connects to the high-tension bus at Tipton. 
This is indicated in Fig. 1. 

The local power plant which previously supplied the 
town of Tipton was shut down shortly after the trans- 
mission line was built between Indianapolis and 
Kokomo and power was supplied from the line. The 
substation at Tipton is about a mile out of town. 
An operator is not maintained at this point. The 
object of installing the circuit breakers and the control 
system was to insure continuous service to the town 
from either of two power sources, namely, Indianapolis 
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and Kokomo. In case of line trouble on either side of 
Tipton, the section in trouble could be cut clear by 
operating the proper breaker at Tipton and the town 
supplied with power from the remaining section of line. 
The absence of an operator at Tipton necessitated the 
installation of the control system. 

At the time it became apparent that supervisory con- 
trol of the Tipton breakers would be desirable, an 


indianapolis 


Tipton 
1—ScHEMATIC DIAGRAM OF CIRCUIT BREAKER INSTALLA- 
TION AT TIPTON, INDIANA 


Fia. 


efficient high-frequency telephone system was already 
in regular operation over the Indianapolis-Kokomo 
lines. It was decided to use the transmitter then 
installed at Kokomo and to install one of the standard 
receivers and calling selectors at Tipton for the opera- 
tion of the Tipton circuit breakers. A special fre- 
quency was selected so that there could be no inter- 
ference between the telephone system and the control 
system. This special frequency could be readily 
produced since the Kokomo transmitter was already 


—— —_ z J 
Fic. 2—Tyrpr oF TRANSMITTER INSTALLED AT Kokomo 


This transmitter is rated at 250 watts and is used for both control and 
telephone communication 


provided with a wave-change switch as a regular part 
of the equipment, whereby its frequency could be 
changed from the normal frequency used in telephone 
service to any other desired frequency. The operation 
of changing frequencies was accomplished by the 
operation of the automatic calling dial. 
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= HETERODYNE RECEPTION 


The receiver was of the usual coupled circuit type as 
shown in Fig. 3. The receiver circuits employed were 
exactly the same as used regularly in the telephone 
calling system. This utilizes the well-known hetero- 
dyne method invented by Fessenden for radio telegraph 
reception. Because of its superior efficiency and a 
remarkable ability to ride through serious radio static, 
it soon displaced all other methods for radio telegraph 
reception. It was for these same reasons that it was 
selected as the basis of the calling system for 
power line telephone communication. The heterodyne 
method was of course retained for the application to 
supervisory control. 

In the heterodyne system, the incoming high-fre- 
quency signal is combined with a frequency generated 
locally. In this application, it is customary to adjust 
the locally generated frequency to within about 1000 
cycles of the incoming signal frequency. This differ- 
ence of frequency gives rise to a third frequency equal 
to the difference between the two main frequencies. 
This third frequency is commonly called the beat fre- 


Power Line , Grid Condenser 
———— and Leak 
Antenna” E 
— To Audio Amplifier 
Primary 
Coupli Oscillating 
Coupling Detector 
Fic. 3—ScHEMATIC OF RECEIVER USED FOR Hran FREQUENCY 
CoNTROL 


The sector is kept in a state of continuous oscillation and heterodynes 
the incoming signal 


quency. The second or locally generated frequency is 
in this case produced by maintaining the receiving 
detector in a state of continuous oscillation. The beat 
frequency of 1000 cycles is amplified by a two-step 
amplifier, the second step of which is adjustable and the 
output used to operate a polarized relay. This is 
accomplished by connecting two vacuum tubes in 
parallel as shown in Fig. 4 and supplying their plate 
circuit through a polarized relay having a suitable 
winding. The tubes are provided with a grid leak and 
condenser just as in the case of an ordinary radio de- 
tector. When the amplified 1000-cycle beat frequency 
is applied to the grids of the relay tubes, a negative 
charge is built upon the grid condenser in the usual 
way which gives the grids a large negative bias. This 
greatly reduces the plate current drawn through the 
winding of the polarized relay and allows the tension 
of a spring to close the relay contacts. 

When the control frequency is put on the power line 
by the Kokomo transmitter, a beat is produced between 
the oscillating detector and the incoming frequency 
which, as described above, causes the relay contacts to 
close. When the flow of current from the Kokomo 
transmitter is interrupted, the relay contacts auto- 
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matically open. The calling dial of the sending trans- 
mitter is arranged to interrupt the flow of high-fre- 
quency current so as to produce a series of impulses. 
At each interruption, the contacts of the control relay 
close and thus give a corresponding series of impulses 
to the selector which it controls. 


SELECTOR 
The type of selector used is that commonly employed 
in automatic telephone systems and now so widely 
used for supervisory control. It consists essentially of 


Grid Leak and Condenser Relay Tubes 
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Polarized Relay 


Fic. 4—ScHematic SHOWING METHOD OF OPERATING POLAR- 


IZED RELAY 


Two vacuum tubes are used in parallel to ensure ample mechanical 
pull at contacts 


an electromagnet commonly called a motor magnet 
which drives a contact arm over a bank of contacts by 
means of a ratchet and pawl, as shown in Fig. 5. At 
each impulse of the radio or control relay, the motor 
magnet advances its contact arm one step. By a 
combination of fast and slow relays associated with the 
motor magnet, the circuit through the contact arm is 
held open until the proper code sequence is received. 
After the final pause in the series of code impulses, a 
slow relay drops out and completes the circuit to per- 
form the desired operation if the correct code sequency 
has been received. The relay combination is such that 
during the advance of the selector contact arm a pause 
must be made at two predetermined points and there 
must be no interruption, in each group of impulses 
between the pauses. The total number of impulses 
must also add up to a predetermined total. Unless 
all of these conditions are fulfilled, the operating circuit 
cannot be closed. This interlocking combination is 
more elaborate than that commonly used in the calling 
system of standard power line telephone equipment. 
The installation at Tipton is perhaps the oldest 
practical installation of supervisory control using high- 
frequency currents transmitted over a power line. 
In its initial stage it involved merely the application 
of a standard power line telephone system to the 
service of controlling oil service breakers. It was but 
a short step from this to the full system with answer- 
back applying all the well-known functions of modern 
supervisory control. | 
ANSWER-BACK WITH INDICATING LAMPS 


In order to provide for an answer-back signal, a small 
transmitting set was installed at Tipton and an ad- 
ditional receiver was added to the equipment at 
Kokomo. Controllers similar to those used for con- 
trolling oil circuit breakers replaced the automatic 
calling dial of the desk telephone set. These were 
mounted on a small panel and provided with the usual 
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red and green indicating lamps. Automatic impulse 
senders were provided at Kokomo for sending the 
proper code impulses. The code sent out by the im- 
pulse sender was determined by the oil switch controller. 
Thus, to operate one of the Tipton breakers, the 
Kokomo operator was required to perform only the 
usual function of operating the controller of a standard 
oil circuit breaker. This started the automatic impulse 
sender which sent out a code of impulses corresponding 
to the particular controller operation performed. 

When the code impulses were received at Tipton, the 
proper control circuits were completed and the desired 
breaker operation effected. At the completion of any 
circuit breaker operation a small transmitter was 
automatically started by means of a similar automatic 
impulse sender and a code was sent back to Kokomo 
corresponding to the breaker operation which had 
occurred. ‘These impulses being received at Kokomo 
on selectors caused the proper indicating lamps to show 
on the Kokomo control board. The equipment was 
also arranged so that in case of doubt the operator could 
always check the position of the breakers. 


IMPROVEMENTS IN MECHANICAL DESIGN 


The mechanical arrangement and form of mounting 
used in the Tipton installation has been changed in later 
designs. The receiving equipment, instead of being 
built as a number of independent units and mounted on 
a table, has been changed to the arrangement shown in 


Fig. 5—View or SELECTOR SHowING Motor MAGNET AND 


BANK or CONTACTS 


Fig. 64-6B. The equipment is all mounted on panels 
which are accessible front and rear. The unit con- 
struction is still retained. The top panel carries the 
entire high-frequency equipment. A second panel 
carries all vacuum tubes and associated apparatus. 
The third panel carries the rectifier supplying the plate 
current to the vacuum tube system and the lower panel 
carries all relay and selective equipment together with 
the terminal board. 

For work over short stretches of power line or over 
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sections of badly exposed telephone line, a small unit 
has been developed. This is a complete transmitter 
and receiver and also carries with it sufficient selective 
equipment for some simple applications. The unit is 
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Fic. 6A—Front anv Rear VIEW OF PANEL Type RECEIVER 
SHOWING SELECTOR AND TERMINAL BOARD 


adapted to either telephone service of supervisory 
control. The transmitter tubes are shown at the top. 
A master oscillator and four 7 14-watt tubes are mounted 
so that they may be tied all four in parallel as oscillators 
for control work, or two may be used as oscillators and 
two for modulators for telephone service. The lower 
three tubes constitute the receiver. The unit is 


supplied with 500 volts of direct current from a dyna- - 


motor running on current furnished by a 24-volt 
storage battery. 

The high-frequency system is well adapted for control 
using high voltage power conductors as a circuit. The 
system has also been applied to the control of series 
street lights fed from pole type regulating trans- 
formers. It is not well adapted to this class of service 
because of the bulk of the receiving equipment which 
must be hung on a pole and more or less exposed to the 
weather. It is not suitable to the control of multiple 
street lights This is again owing to the bulk and cost 
of the receiving equipment and to the fact that fre- 
quencies of the order of 50,000 cycles do not readily pass 
through transformers. The system is thus limited to 
service on high-tension lines. 


MEDIUM-FREQUENCY SYSTEM 
As early as 1901, Mr. Rhodes of the New York Edison 
Co. proposed to turn multiple street lights on and off 


by superimposing a 500-cycle control current on the 
power circuits. The early work did not show much 


promise and the project was dropped for some years. 
About four years ago the project was reopened and 
promising results obtained from preliminary work on 
the overhead system at Yonkers, New York. Subse 
quent development was carried out on the underground 
system of the Fordham substation of the New York 
Edison Co. 

While the system was developed primarily for the 
control of multiple street lights, it has been found 
applicable to a wide variety of control problems. It is 
being applied to the control of street lights both series 
and multiple and to supervisory control of all kinds. 
Its simplicity is one of its principal points of merit. 
In addition, its receiving unit is very small in bulk and 
quite inexpensive. These features were essential to 
its success in the field of street light control. 

The moderate-frequency system may possibly be best 
understood by discussing its application to street light 
control. Fig. 7 is a schematic diagram of a substation 
showing the method of energizing a single feeder. 
Feeders may be energized one at a time as in the 
schematic diagram, or in groups, or the entire bus may 
be energized according to the method of operation 
preferred. The control frequency is produced by the 
generator G. This is a rotating machine of a standard 
type, driven by a two-speed induction motor whose 
synchronous speeds are 1200 and 1800 rev. per min. 
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Fic. 6B—Front anp Rear VIEW OF PANEL Type RECEIVER 
SHOWING SELECTOR AND TERMINAL BOARD 


This gives control frequencies of 440 and 660 cycles at 
synchronism. The motor is especially designed for low 
slip which is approximately 114 per cent. Condensers 
of the oil-filled type similar to those regularly used for 
power factor correct'on are employed to couple the 
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generator to the line. Inductance coils are provided to 
tune the circuit asa whole. The power circuit presents 
a low impedance when viewed from the generator 
terminals. Hence a coupling transformer of suitable 
ratio is interposed between the generator and the tuned 
circuit to enable the generator to deliver its full output 
into the power system. 


METHOD OF ENERGIZING FEEDER 


When energizing a single feeder, it is preferable to 
connect on to the feeder just beyond the feeder regulator 
and reactor, as indicated in Fig. 7. This will be apparent 
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Fic. 7—Scuematic Diagram SHOWING METHOD or ENER- 


GIZING FEEDER FOR MEDIUM FREQUENCY CONTROL 


when it is observed that current delivered by the 
generator through the tuned circuit to the feeder has two 
paths in which to flow. It may flow out along the 
feeder through the numerous distributing transformers 
and it may also flow back into the station bus and 
through the large station transformers. If the generator 
is connected beyond the reactor and feeder regulator, 


To Contactor Switch 
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Fig. 8—ScHematTic DIAGRAM oF RESONANT RELAY 
the impedance of these two elements is interposed in the 
path of the current flowing back through the station bus 
and less generator current is required to energize the 
feeder. 

The control currents flow along the conductor just 
as though the power currents were not present. Suf- 
ficient current is fed into the system to establish a 
control frequency potential of approximately 100 volts 
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at the outgoing terminals of the feeder. This control 
frequency potential acts throughout the whole length 
of the feeder in the same manner as the power fre- 
quency but it is quite independent of it. The various 
distribution transformers supplied by the feeder, step 
this control voltage down in the same ratio as they do 
the power voltages. Thus, with 100 volts of control 
frequency on the high side of a 2200-volt distribution 
transformer, five volts are delivered on the 110-volt 
side. It is this voltage which is available for the 
operation of the control relays. 

At any point on the system where control is desired, 
a control relay is located as indicated in Fig. 7 and 
connected to the 110-volt side of a distribution trans- 
former. It consists of a simple U-shaped magnet 
acting on a balanced armature as shown more clearly 
in schematic diagram, Fig. 8. A contact is mounted on 
the armature shaft and arranged to close when the 
relay is energized. A condenser is placed in series with 
the relay winding. The inductance of the winding is 
designed so that the inductive reactance of the relay is 
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exactly equal to the capacity reactance of the condenser 
at the frequency the relay is intended to operate on. 
The total reactance of the relay circuit including its 
condenser is therefore zero, and the control current 
passing through the relay is governed by Ohm’s law, 
thus: 


where E is the value of the control voltage impressed 


_ across the relay circuit, R is the effective resistance of 


the relay circuit, and J is the current flowing through the 
relay winding. When a circuit is adjusted so that its 
reactance is zero, it is said to be in tune or in resonance 
for this particular frequency. 


APPLICATION TO STREET LIGHT CONTROL 


In its application to street light control, it is clear 
that the lower the effective resistance of the relay cir- 
cuit, the more energy will be available for its operation. 
This is owing to the low impedance of the supply 
circuits; the principal difficulty encountered in the 
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development of the relay was in keeping its losses 
sufficiently low. By careful selection of materials and 
proper proportioning of the magnetic circuit, these 
losses were cut well under the values necessary for 
commercial operation. It was the successful develop- 
ment of these low loss relays which made it possible to 
draw sufficient energy from the power system to 
operate a pair of contacts by the direct magnetic pull of 
the control current itself. 

It will be apparent from the foregoing that when the 
feeder is excited by the control generator, all relays 
tuned to the control frequency will close their contacts. 
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By interrupting the flow of current from the control 
generator, the contacts of the resonant relays can be 
made to follow. Thus code impulses from the control 
frequency generator are reproduced by the contacts of 
the resonant relays. The system may therefore be 
used for control purposes of any kind. 

In applying the system to street light control, two 
control frequencies are employed, one for turning the 
lights on and one for turning them off. Selection by 
using different frequencies is preferred in this case 
because of its simplicity. This requires two relays at 
each control point, one resonant to each control fre- 
quency. The contacts of the resonant relays are not 
required to carry the lamp current, but merely to throw 
a toggle switch which is provided with heavier contacts 
to carry the lamp current. Fig. 9 shows a schematic 
diagram of the two resonant relays and toggle switch 
as used in street light control. These elements are 
assembled in a weather proof case. The whole control 
unit is small enough to permit its being installed on the 
base of most ornamental street light posts. 

In its application to the control of series street lights, 
the control unit governs the position of an oil switch in 
the primary side of a pole type regulating transformer 
as in Fig. 10. In this case, the feeder potential is 
usually 2300 volts and a potential transformer is 
necessary to supply 110 volts to the control unit. 
This transformer furnishes power frequency energy to 
operate the oil switch and control frequency energy to 
operate the resonant relays. 


APPLICATION TO SUPERVISORY CONTROL 


Supervisory control by means of moderate-frequency 
currents and resonant relays has recently been applied 
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to a rather new problem. This is to provide for the 
control of numerous sectionalizing switches and some 
oil circuit breakers on a long 110-kv. line. The circuit 
over which the control system operates is rather novel. 
This circuit is obtained by insulating the ground wires 
ordinarily provided on a long high-tension line. The 
protective feature of the ground wires is not sacrificed 
appreciably owing to the installation of spark gaps at 
frequent intervals which provide a discharge path to 
ground. The sectionalizing switches to be controlled 
are installed at 15-mile intervals. At each point where 
a sectionalizing switch is located, a drainage transformer 
is provided with its middle point grounded in addition 
to the spark-gaps. 

The control frequency is produced by a 14-kw. 
generator. This is connected to the line by a step-up 
insulating and drainage transformer. The generator 
voltage is 100 volts and the transformer is provided 
with taps to permit the use of line voltages of 300 to 
500 volts. 


The current supplied by the control generator is con- 
trolled by a standard system of supervisory control. 
The output of the generator is thus broken up into 
impulses and these impulses are received by resonant 
relays at the points where switches are to be controlled. 
The line voltage of 500 volts is stepped down to 10 volts 
by the insulating drainage transformer at each section- 
alizing switch. This voltage is used to operate the 
resonant relays. The contacts of the resonant relays 
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are connected in a circuit to repeat the impulses re- 
received from the control generator into the selector 
system. 


The selector system employs a combination of fast 
and slow relays together with associated motor magnets 
and contact banks as ordinarily used in automatic 
telephony and now adopted as standard practise for 
supervisory control. The complete supervisory system 
and resonant control relays are mounted on a switch- 
board section one panel wide. The type of line con- 
struction and the location of the spark-gaps and drain- 
age transformers Is shown in Fig. 11. 
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This application of medium-frequency alternating 
currents to the control of sectionalizing switches is 
likely to find wide application on long transmission 
lines where conditions will not justify a double-circuit 
line. By this means it is expected to reduce very 
greatly the interruptions to service arising from the 
use of a single-circuit line. The system may also have 
important applications on double-circuit lines and 
assist materially in the solution of control problems 
of all kinds. 


Discussion 


Chester Lichtenberg: One thing that is disturbing to the 
designers, as well as the operators, is the high cost of the equip- 
ment required for carrier-current supervisory control. At 
present the cost of wires is large; however, the terminal apparatus 
required for radio supervisory equipment is also large. It is 
therefore necessary to make a quite careful analysis of the 
situation before a reasonable conclusion can be drawn as to 
whether or not it is cheaper to use supervisory equipment em- 
ploying wires or supervisory equipment using carrier current. 
From some studies which we have made, the wires seem more 
economical for distances up to about 25 mi., beyond that distance 
however, the carrier-current design becomes feasible. 

The ambition of radio engineers seems to be to put super- 
visory equipment on high-tension transmission system. This is 
a splendid idea. It should be recollected however, that the 
supervisory equipment is most essential during times of stress, 
and such times will almost always coincide with high-tension 
transmission-circuit interruptions. Following this idea further, 
it is gratifying to note that the Alabama Power Company instead 
of using its high-tension transmission system, uses insulated 
ground wires. This follows in general the practise of the 
Chicago, South Shore, and South Bend Railway Company 
which uses a single wire for the control and indication of eight 
automatic substations. 

L. H. Junken: (communicated after adjournment) <A sys- 
tem of street-light control using high frequencies superimposed 
upon the distribution feeders has been developed by the General 
Electric Company in its general development of high-frequency 
control. This system uses a vacuum-tube oscillator for the 
generation of high-frequency power. This oscillator has an 
output of approximately 100 watts and is coupled to the dis- 


tribution feeders on the line side of voltage regulators at the. 


substation. The oscillator is built in the form of a switch- 
board panel and is approximately 33 in. wide, 76 in. high and 
15 in. deep. The coupling capacitors used are small due to the 
small amount of control energy required and to the high fre- 
quency used which is about 40 kilocycles. The coupling capaci- 
tors are permanently installed on each feeder over which control 
isto be sent. The oscillator can then be switched from feeder 
to feeder on the low side of the coupling capacitors by means 
of] low-voltage switching equipment. Since the frequency is 
high, the possibility of telephone interference is avoided and 
the presence of voltage regulators between the oscillator and the 
station bus prevents any appreciable amount of energy from 
flowing toward the bus and insures a maximum amount of 
energy flowing toward the feeder. This is a very economical 
arrangement, because it uses very small amounts of control 
energy. 

The receivers are located along the feeders where pole-type 
constant-current transformers are to be controlled. The re- 
ceivers are coupled to the feeder through small coupling capaci- 
tors which can be mounted on the crossarm in a way similar to 
that used for mounting lightning arresters. The receivers use 
a single vacuum tube for the detection of the high-frequency con- 
trol current. This tube is operated at reduced rating and has a 
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life of approximately one year. All of the power for the filament, 
grid, and plate potentials of the vacuum tube js taken from the 
secondary lines, no batteries or rectifier being required. The 
whole receiver is enclosed in a weather-proof sheet-steel box 
arranged for mounting on a pole. The receiving tube operates 
a d-c. relay in its plate circuit and this relay in turn operates a 
time-selector relay which controls the position of the switch in 
the primary of the constant-current transformer. The time- 
selector relay is so arranged that it closes the lighting circuit on a 
short impulse of control energy and opens the circuit on a longer 
impulse of control energy. The receivers are built to receive 
a suitable band of. frequencies and require no tuning or other 
adjustments after their installation. 


This system of control has been installed in service for street 
lighting in Schenectady and Rochester, N. Y., also Bayonne, 
N. J., for about two years and has given very satisfactory per- 
formance. 


A. H. Kehoe: (communicated after adjouroment) While 
the author mentions the control of multiple street lighting by 
high-frequency relays, the section of the paper covering applica- 
tions of street-lighting control deals primarily with series lighting 
circuits. This is probably due to the fact that the multiple type 
of street lamp has not been extensively used in the past except in 
a few large cities. As there are economical advantages to be 
gained by using this type, provided a satisfactory method of 
control exists, it should be emphasized that the principal dis- 
advantage of the multiple type of lighting in the past has been 
the difficulty of control. In the future, comparisons of the 
series vs. multiple systems for street-lighting applications should 
take this development into consideration, as it extends the 
field where multiple street lighting will prove to be the more 
economical of the two types of system. 


H. M. Trueblood: (communicated after adjournment) 
Mr. Boddie’s paper and other recent ones along similar lines 
serve to call our attention to the extent of the range of application 
of the carrier-frequency art. It was only about ten years ago 
when earrier-frequency telephone and telegraph circuits first 
appeared in the Bell System. Since then we have seen, first, a 
rapid development of carrier frequencies in commercial telephone 
and telegraph circuits; second, the use of carrier frequencies 
superposed on power transmission lines for the private com- 
munication services of power companies; and we now have the 
announcement of working applications of carrier frequencies for 
control purposes, a field which Mr. Boddie expects will be ex- 
tensively widened. 

In making note of these achievements we do so with the 
satisfaction any electrical engineer must feel in the furthering of 
the applications of electricity to the useful arts. We ought, 
however, to realize that the development and application of 
carrier frequencies along these three lines and others which may 
later appear, need to be carried out with proper regard to the 
possibilities of interference. In the development of com- 
mercial carrier-frequency telephone and telegraph circuits, 
where different systems are carried on the same pole line, engi- 
neers of the Bell Telephone System have been made fully aware 
of the difficulties of the interference problem, which appears here 
as a cross-induction problem more formidable than at voice 
Methods which have been used to deal with it 
have included special attention to circuit balance, the suppression 
of the carrier wave itself, the use of a single side band, the 
selection of appropriate power levels, and a system of frequency 
allocations within the frequency range employed. No other 
methods than these appear to be open to us for dealing with the 
problem of induction in commercial communication circuits 
from carrier-frequency circuits as applied for control or com- 
munication purposes in connection with power lines, and the 
most fundamental of these methods at present is undoubtedly 
frequency separation. In fact, unless carrier-frequency circuits 
for communication or control purposes in connection with power- 
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circuit operation can be made to approach commercial com- 
munication circuits as regards balance and energy levels, I 
know of no means of avoiding interference in situations of close 
exposure other than frequency separation. 


There is no serious situation at present as regards interference 
in commercial carrier-frequency communication channels from 
power lines, or any of the carrier-frequency applications used in 
connection with power-system operation, so far as I know. I 
believe that those of us who are working in carrier-frequency 
development in its various aspects should see that this fortunate 
condition continues. It is of interest in this connection to 
refer to the work of one of the project committees organized 
under the Joint Development and Research Subcommittee of 
the N. E. L. A. and Bell Telephone System which has been 
charged with, and is actively pursuing, a study of the problem 
of interference in carrier-frequency channels. 


C. A. Boddie: I fully agree with Mr. Lichtenberg when he 
states that the application of high-frequency currents for control 
purposes is at present limited considerably by the, high cost of 
the equipment. It is only on relatively long distances that 
there is a sufficient saving to justify the use of high-frequency 
currents so far as first cost is concerned. <A good deal of work is 
being done in an effort to reduce these costs and it is hoped that a 
considerable improvement can be effected. But it is not the 
matter of first cost alone which is the chief consideration and 
stimulus to the use of high-frequency currents. It is rather the 
need of a mechanically more sturdy and more stable circuit than 
is attainable with telephone-line construction. Itis this mechan- 
ical strength which can withstand sleet and storm and flood 
conditions inherent in power-line construction that offers the 
chief inducement to the use of high frequencies on such a line for 
communication and control. 

The type of control described by Mr. Junken using relatively 
high frequencies generated by vacuum tubes is referred to in 
the paper. This type as stated is not suited to the control of 
multiple street lights, because such high frequencies will not pass 
through transformers and because of the size and cost of the 
individual receiving devices, each of which requires a vacuum 
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tube and accessories. The system has a legitimate field of 
application for the remote control of regulating transformers for 
series lighting, since for this application relatively few receiving 
devices are required and the size and cost per unit is not a 
serious objection. The control currents are not required to pass 
through transformers as in the case of multiple lighting, but are 
taken off the high-voltage feeder by means of special coupling 
condensers. 


I am glad Mr. Kehoe has emphasized the fact that the develop- 
ment of the system of control by the use of medium frequencies 
puts a new complexion on the problem of multiple vs. series 
street lighting. As he says the principal obstacle to the use of 
the multiple system has been the difficulty of control. In 
large cities the multiple system of distribution reaches every- 
where. To supply street lights by the series system means a 
system within a system; that is, ‘‘duplication.” The economic 
advantages of the multiple system which is universal for every- 
thing except street lighting may now be secured. The medium- 
frequency system of control was developed with special reference 
to the problem of controlling multiple street lights. Although 
as brought out in the paper it can be applied to the control of 
series lighting, its principal field of application is to multiple 
lighting. Perhaps this was not brought out in the paper as 
clearly as it should be. 


With reference to Mr. Trueblood’s discussion on the subject 
of interference, I might state that so far as street-light control is 
concerned he will have little to fear. The development has not 
overlooked the question of interference with existing telephone 
lines. In the first place, the system is worked out so that the 
control frequency is applied to the line only twice a day and this 
is only for a period of several seconds. One of these operating 
periods comes at a time when interference if there should be 
any, would be of little consequence. In the second place, the 
control currents are confined entirely to the metallic conductors 
of the power system and are not permitted to return by way of 
ground. In the several installations which have been made 
there is no known interference with the telephone system, even 
that in the substation itself being immune. 


Electromagnetic Waves Guided by Parallel Wires 


With Particular Reference to the Effect of the Earth 
BY S. A. LEVIN" 


Associate, A. I. E. E. 


Synopsis.—A theory of the propagation of electromagnetic waves 
guided by a system of parallel wires is developed with particular 
reference to the effect of the earth, and is simplified so that it is 
identical in form with the elementary theory. 

Important general properties of a system of parallel conductors 
and their application to problems of propagation in power or 
communication circuits, or in a system of both types of circuits, 


INTRODUCTION 


R the propagation of electromagnetic waves along 

any number of parallel wires of any configuration, 

mainly the elementary theory!?? has been em- 
ployedf. Usually the earth is considered as very remote 
or asa perfect conductor. Rigorous theories have been 
developed in special cases for conductors in free space, 
as well as with proper regard to the influence of the 
earth. Earlier literature is found in reference 4; some 
recent work is mentioned in references 5 to 17, inclusive. 
A theory of propagation on a system of parallel wires, 
with particular reference to the effect of the earth, is 
developed in the theoretical part of this paper. To 
make this theory practically applicable, certain assump- 
tions are made in the discussion. The simplified theory 
is identical in form with the elementary theory. 

In a paper based upon the elementary theory Pro- 
fessor Pleijel'8 has derived general properties of a system 
of parallel wires and pointed out their application to 
several problems connected with the propagation of 
electromagnetic waves along power or communication 
circuits, or systems of both.. The section of the present 
paper dealing with applications of the theory shows that 
these properties and their applications follow also from 
the simplified theory mentioned akove and, in addition, 
contains remarks of practical interest. 

It is believed that the simplified theory will permit 
application to many of those problems regarding 
electromagnetic wave propagation in transmission 
systems which previously were often not formulated 
with a sufficient degree of accuracy. 


THEORY 


Consider v wires of circular cross-section parallel to 
the z-axis, (see Fig. 1). Let the z z-plane separate the 
two media A, the air, and B, theearth. The conductors 
may be located in one or both of these media. Some 


*Engineering Department, National Electric Light Associa- 
tion, New York, N. Y. 

1. See references at end of article. 

+See reference 21. This paper, however, was not known to 
the author when the present theory was developed. 

Presented at the Summer Convention of the A. I. E. E., Detroit, 
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derived by Professor Pleijel from the elementary theory, are men- 
tioned together with several remarks of practical importance. The 
simplified theory leads to the same conclusions and, consequently, 
to the same applications. 

The simplified theory gives promise of successful application to 
such problems of propagation in transmission systems which 
heretofore as a rule have not been formulated with sufficient precision. 


may be of copper, some of iron, or any other material. 
All the conductors in the earth must be insulated. In 
the air, some or all of them may be covered with insu- 
lation. Some conductors may be arranged so as to 
correspond to a cable, but some of the following con- 
siderations do not strictly apply to such an arrange- 
ment. The conductors, the media A and B, and’ the 


insulating materials are supposed to be homogeneous 
and isotropic. 


The separations between the conductors, and their 
distances from the surface of the earth, are supposed to 
be so large compared to the radii of the wires that the 
electromagnetic field inside each wire is symmetrical 
about the axis of the wire. The insulation of the wires 
is supposed to be so thin that it can be neglected. The 
fundamental assumption is that at a given frequency f 
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the electromugnetic state* of the system can be repre- 
sented, except at the ends, by a number of traveling 
waves. Only one of them with the propagation con- 
stant T will be considered, unless otherwise specified. 
The components of the corresponding electric and 
magnetic field vectors, F and H, respectively, are the 
real parts of the complex expressions, obtained by 
multiplying 


F(z, y), F(x, y), F (x, Y), H,(r, Y), H (zx, Y), H (x, y) 


by the exponential factor e "*+’“‘ where t is the time, 
w=2rfandj = v -1. The factors F, etc., are 
represented by different analytical expressions inside 
each wire, in the air, and in the earth. They satisfy 
the boundary conditions at the surfaces of the wires 
and at the surface of the earth. 

Regarding the justification of the assumption of a 
field with the components 


F, (x, y) o HA, (A) 


the following may be noted: Considering first the 
simple case of a single conductor of circular cross-sec- 
tion in free space, it has been shown by Sommerfeld” 
and Hondros” (see also references 24, 25, and 26 for 
other important contributions) that there are several 
fields each of the form (A) which satisfy the physical 
requirements; 2. e., Maxwell’s equations and the 
conditions at the boundary and at infinity. Some of 
these fields are rejected for physical reasons. The 
remaining fields may be termed physical fields. Only 
experiment can decide if one or several of the physical 
fields actually can exist since the physical requirements 
do not determine the field uniquely. Experiment 
shows the observed field is equal to one of the physical 
fields, “the main wave.” Thus, at least for the present 
purpose, it is unimportant whether or not there can 
exist the remaining physical fields, ‘‘the secondary 
waves,” or any other field satisfying the physical 
requirements but not included among the main and 
secondary waves found by Sommerfeld and Hondros. 
Hondros has shown that the secondary waves are so 
strongly damped that they cannot be detected even 
if they exist. Reverting to the general case of a system 
of parallel cylindrical conductors, it:may be expected 
that there are several fields, each of the form (A), 
satisfying the physical requirements, and that some of 
these fields are physical fields. Experiment may be 
expected to show that the observed field is equal to a 
field which is the resultant of certain of the physical 
fields, “the main waves.” It may not be important to 
attempt a proof of these expectations if a number of 
fields are found which approximately satisfy the physi- 
cal requirements and adequately account for the 
phenomena observed. 


The z-component of the electric current in the wire n 
equals S Yn F,ds multiplied by e-"#+', 


*Due to sinusoidal electromotive forees, of the frequency f, 
at the conductor terminals when the steady state is attained. 
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Let 
JS y.F,d8s=Il, (1, 


Hereafter the exponential factor e-'*+’“ will be 
omitted for the purpose of simplification. The con- 
ductivity of the wire is y,. The integral is extended 
over the cross-section of the wire, and its value, In, is 
independent of the location of the cross-section along 
the wire. The electromagnetic field everywhere out- 
side the wires, t. e., in the air and in the earth, would be 
the same as the field that would be produced there by 
currents J, concentrated at the axes of the wires, if 
each wire were removed and replaced by the medium 
surrounding it. Consider an element of the concen- 
trated current J,. It produces an electromagnetic field 
that satisfies Maxwell’s equations at all points in space 
and also satisfies the boundary conditions at the surface 
of the earth.'* The same is true for the resultant field 
produced by any combination of elements. Let F.. 
H,, be the vectors of the electromagnetic field produced 
outside the wires by all the elements of the current J. 
alone. The components of these vectors are F:n (x, y', 
etc., multiplied by the exponential factor. The com- 
ponent H,, can be neglected.{ This permits of the 
definition of single-valued electric voltages and magnetic 


fluxes. Maxwell’s equations are (elm. c. g. s. units). 
OF, 
curl H, =47 yF, +K vy 
(2) 
7 dH, 
SADE E E a 
where the constants 
y = conductivity 
K = dielectric constant 


u = permeability 


have different values in the air and the earth. It 
follows from these equations and H,, = 0 that 


` 


F aa 1 D Fan 

"“4aryt+jiwK a Or 

F T 1 D F.n 

mw 4myt+jowK a DY 

(3) 

H 1 OF,, 

zn 7 a oy 

H 1 OF ,, 

ae a Ox 
where 
D F n Ò F n x 5 Š 
>z Dy: =(4rjwyuy— wyrk —MI) Fn 
and (4) 


tSee, for instance, reference 21. 
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Atjwuy— æukK-r? 
F 4ry+jwK 


.’ The field is proportional" to I,„. 

x et 

4 F = Tir (x, y) I, (6) 
r The function f,,, satisfies equation (4) and consequently 
= contains T?. It is represented by different expressions 
» in the air and in the earth, but it is continuous at the 
« surface of the earth. For a given wire n the same 
11 expressions apply for all waves. Thus, two waves on 
«x the same wire with different values of T? give different 
~ values of f,, only because the IT? values are different. 
- This will be expressed by saying that f,, depends upon 
- T?, The value of f,, at the x z-plane vertically below 
~ (or above) wires n and m is (fin)n, and (f:n)m, respec- 
. tively, see Fig. 1. 

. The 2-component of the total electric field at the 
. surface of wire n is 


(5) 


a= 


i Zn 1a (7) 
. where z, is the internal impedance of the wire and is 
practically independent of I. 

- The magnetic flux per unit length through the loop 
- a bcd, see Fig. 1, due to I,, equals 


"7 B Žiu 
Junnav- f- Indy = (a)n In (8) 


where h, 
wire to the x z-plane, counted positive when the wire is 
above the x z-plane. The flux per unit length through 
the loop due to Im is j 

Of om 


hyn hn 
J uHady =f- ~— ay 


Both (¢,), and (¢,,), depend upon T”. 
The voltage to ground of wire n equals, 


| r 1 ) 
f Faar- Cera laj dy 


= V, (10) 
The usual application of the second equation of (2) 
gives 


Imd y = (Pm)n Im (9) 


O fin 
oY 


(11) 


| (12) 
l rin m (Jimla +) Q) (Dm) n = Rmn +j w Lmn 
All terms in (12) depend upon I°. Z,, is the self- 
impedance of wire n. Zmn, is the mutual impedance 
between wires m and n when m carries the current. 
Ran (Lan) is the self-resistance (inductance). Rmn 
(Lmn) is the mutual resistance (inductance) when m 
carries the current. All impedances are per unit length. 
If (V) and (I) are the vector voltage and current, 
respectively, as they are understood in ordinary a-c. 
theory, it follows from equation (11) that 


Va = Ziad Pawn 
m en 


where 


Daa = Zn — (Tine +) WwW (Pna)n = Rin +3 w Linn 
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= ab is the distance from the surface of the , 
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d (V,) 
— Era = Zan (In) + > Limi (Im) = > Zmn (Im) 
m yen m = 
E 


Briefly, this is explained as follows. Note that all 
quantities in equation (11) are complex quantities. 
Put Vn = Vai +j Vaz, etc. Multiply equation (11) by 
e-T* calculate the real parts of the expressions on 
both sides of the equality sign and put them equal to 
each other. The equation thus obtained will contain 
two expressions on the left side of the equality sign, 
each containing a factor one of which is the time- 
derivative of the other. A similar remark applies to 
the expression to the right of this sign. It is seen that 
the equation gives a relation between the instantaneous 
voltage and current values which are the real parts of 
V,e-*“ ete., so that the vector expression on 
the right in equation (13) equals the vector r (V,). 
Finally, the derivative with respect to z of the instan- 
taneous voltage shows that the vector relation 


d (Va) . 


1s true. 
Oz 


From the usual application of the fact that the 
divergence of the sum of the conduction and dis- 
placement current is equal to zero, it follows that 

Ar F 
where r is the radius of the conductor n and F’ the 
component, normal to the surface of the conductor, of 
the total electric field immediately outside this surface. 
The total leakage current from the conductor per unit 
length is 2m r y F’. The total electric charge on 


r(V,) = 


rl, =2rr(y+ 


the conductor per unit length is 2 m r < F’, Thein- 
tersection between a plane z = constant, the surfaces 
of the conductors, and the surface of the earth con- 
sists of a number of circles and a straight line. The 
voltage on each circle is constant. If, as an approxi- 
mation, the voltage on the line is assumed constant, 
it follows by comparison with familiar electrostatic 


methods* that 
D 


m =] 
where Bmn = nm and both are complex coefficients 
independent of T?. Consequently 


= > Bon (Vn) 


Equation (14) can also be written 


d (In) . 
= oz E (As + J W C) (Van) + 


ee 
(14) 


*Neglecting’, in the dielectric, I Fz in div. F = 0. 


S Ann Hj © Cua) (Va) — (Vn) (15) 


men 
where the coefficients A and C are the leakages and 
capacities per unit length, respectively. 


If 
Zinn = Znam (16) 
then 
Roe = Ran (17) 
Ling, = ae 
Since 
Bmn = Bam (18) 
thus 
Ana = Ava (19) 
Cag Se n 


The general validity of equation (16) has not been 
investigated here.'® In the following case the equation 


holds. In Fig. 1 let n = 2. The flux per unit length 
through the loop abc da due to the current J, = 1 is 
(om df 
: È zi 
(Qi): = Í g ay dy 


o 


The voltage to ground at wire 2 due to [, = Lis 


zi a Tr 1 Ò fa 
V = SSS SS dy 
,Anryt+jwkK a oy 
Let f,ı (h:) represent the value of the function at the 
surface of wire 2. The second equation of (2) gives 


| | I 
far (hod — (fade = rates ce 


If r = 0, then 
fa (hs) Sar Es Ziv 


l. e., the z-component of the electric field at the wire 2 
due to I, = 1 equals the negative value of the mutual 
impedance. The z-component of the electric field at 
the wire 1 due to J. = 1 equals 

fe (h) = — Ze, 
But! when T = 0 

fa (ha) = f: (hy), 
This relation is also true when Tr # 0. Thus, when 
r = 0, equation (16) holds irrespective of the location 
of the wires. 

It can easily be shown that all previous considerations 
can be extended to the case where the insulation of the 
wires has finite thickness and the space below the z z- 
plane is occupied by layers of different homogeneous 
and isotropic materials, provided no conductor is close 
to the surface separating two such layers. For instance, 
immediately below the x z-plane there may be a layer 
of water followed by a layer of earth, and so forth. 


DISCUSSION OF THEORY 


Consider equations (13) and (14) or (15) for a given 
wire n. Write down all equations (13), one for each T, 
also all equations (14). If the corresponding coeffi- 
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cients in equations (13) and the corresponding coeffi- 
cients in equations (14) were all equal, the addition of 
equations (13) and the addition of equations (14) show 
that these equations apply to the total values of the 
voltages and currents. The coefficients in (12) are, 
however, unequal for all waves with unequal values of 
r?°. The equations do not apply strictly to the total 
values of the voltages and currents, except in the case 
when only two waves exist with the propagation 
constants T and — Tr. For most practical purposes 
it will be necessary to make an approximation. 


The approximation mentioned consists in the use . 


of equations (13), (14), and (15) in which the vectors 
denote total values, and equation (16), it being under- 
stood that it is desirable to determine experimentally 
the limitations of such a procedure. The equations 
are then identical in form with the equations of the 
elementary theory. The present theory represents an 
advance, at least in so far as the effect of the finite 
conductivity of the earth manifests itself in the coeffi- 
cients. The theory gives a physical picture of the 
phenomena occuring in the conductors and in space. 


i 
148 6 


pa Positive Current Direction l l 
LP” (a) 


(c) 
Fie. 2B, 2C 
It also points out the approximations involved in the 
elementary theory. 


SOME APPLICATIONS OF THE THEORY 


Let 1, 2, 3, 4, etc., denote the ends of wires, I, II, 
III, etc., see Fig. 2A. The total vector voltage to 
ground and the current at 1 will be denoted by v, and 
Tı, respectively, and so on. It follows's from equations 
(13) and (15) that 


vi = by t1 + Dye te + bista + butut.. 
— to = bay t) + dee te + bosta + bog th +... 

V3 = bai ti + ba to + baa ta + Dag tg +... 
— va = ba ty + brt + Oy ts + Ogg ta +... 
etc. 
where the coefficients b ym = bmn are composed of the 
coefficients in equations (13) and (15) in a complicated 
way. Since the line is uniform throughout its length, 
it follows’! that 


(20) 
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bii = boo bs, es Dae 
Dis = bz; bs. = ba, ete. 
Dis = bos b33 = bis 


(21) 


Let A and B be two sections, see Fig. 2B, such that 
equations (20) and (21) apply to each of them but with 
constants b differing on account of changes in the earth 
conductivity, the geometry of the system, and so forth. 
The changes in the geometry may be due to trans- 
positions, see Fig. 2c, different spacings, different 
distances from the ground, ete. There will be a rela- 
tion (20) between the quantities at 1, 3, 5 and at 2’, 
4’,6’. A similar relation will hold between the quanti- 
ties at 2’, 4’, 6’ and at 2,4,6. Eliminating the quanti- 
ties at 2’, 4’, 6’ gives equation (20) where bum = bmn, 
but equation (21) no longer holds. If several sections 
are added in this way, the result is always equation (20) 
with bin = Onn 

Let A, Fig. 2D, be a system, composed of one or 
several sections. At one end of the system are im- 
pedances Z, and Z. (e. g., loading coils); they may also 
have a mutual impedance Z,. (e. g., booster trans- 
former). One wire may be grounded through an 
impedance Z (e. g., ground wire). Between the quanti- 
ties at 2”, 4”, 6” and at 2, 4, 6, a relation (20) holds, 
which together with 

ty! = Vy 


~ 
~ 
| 
~ 
“a 


| 
~, 
-> 


i, 
ty = vg” HZU + Lye 06" 
Ue = 06 + Lote’ + Listy’ 
permits the elimination of the quantities at 2”, 4”, 6”. 
The result 1s equation (20) between the quantities at 
2’,4’, 6’ and at 2, 4, 6 where now some of the coefficients 
b will contain Z,, Zs, Z, ete., but still remain such that 
bmn = bam. If the system A, including its equipment of 
terminal impedances Z,, Z», Z, ete., is connected to 
another system B, see Fig. 2D, the result is still equation 
(20). 

If a transformer is connected as shown in Fig. 2k, it 
is easy to show that there is not a sufficient number of 
equations to permit the elimination of the quantities 
at 2’,4’. Equation (20) does not apply in such a case. 

If necessary, divide a system into sections so that 
equation (20) applies to each section. The terminal 
conditions of such a section will now be considered. 
The wires may be interconnected at the ends, ground 
connections may also be used. For instance, the point 
3, Fig. 2A may be grounded through an impedance Z. 
Then 

v3 = — t (Z + R) 


where R is the ground resistance of the grounding device. 
This resistance is included to correct, at least approxi- 
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mately, the conditions at the ends of the system where 
the considerations of the paper do not strictly apply. 
This resistance R also should be included in Z in Fig. 
2D. If the points 4 and 6, see Fig. 2A, are connected by 
an impedance Z,, then 
14 = — Te, t4 Zı = V4 — Ve 

and so forth. In this connection the following may be 
noted, see Fig. 2A. The wires I, II, III, may continue 
to the right of the points 2, 4, 6. The system to the 
right is then the termination of wires I, II, III at these 
points. 

It is possible to determine the coefficients b in equa- 
tion (20) by experiment.'® These equations are of 
fundamental importance and, together with their con- 
sequences, permit of important applications.'® At 
first sight the great number of coefficients to be deter- 
mined would seem to hinder applications, except when 
the number of wires is small. Fortunately this is not 


1 B i9? : a A 2 
: LYS IG ree 

3 l er 4 
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Fig. 2F 


the case. It is possible, for instance, in a lead contain- 
ing a large number of wires, to study the currents and 
the voltages to ground at the ends of one wire, or the 
currents and the voltages between two wires at the 
ends of a loop of these two wires, by measuring only a 
few coefficients. This has been shown in a few cases,'8 
which correspond, for instance, to the propagation of 
voltage and current along a single telephone wire, or a 
loop of two wires, from the end A, see Fig. 2F, of an 
exposure between power and communication circuits 
to a point B, where the currents and the voltages may 
be of interest. There are also other cases when a study 
can be made by measuring relatively few coefficients, 
as can easily be shown by methods similar to those 
employed in the paper referred to.'® Thus, for instance, 
the voltages and the currents induced in a single wire or 
a loop of two wires in a lead can be studied by com- 
paratively few measurements. 

In conclusion, some remarks will be made regarding 
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the application of equation (20) to problems of induc- 
tive coordination between power and communication 
circuits. 

It is customary and useful to distinguish between 
uniphase and balanced currents and voltages on a power 
system and consider the induction on a telephone sys- 
tem due to them separately. It is seen that the 
coefficients 6 are applicable both to uniphase and 
balanced induction. Once the uniphase and balanced 
components are known in magnitude and phase at the 
ends, the inductive effects can be found by using the 
same coefficients b. It is not necessary to use separate 
coefficients for balanced and uniphase induction. This 
facilitates experimental work and analysis considerably. 

The impedances of loading coils, booster transformers, 
etc., appear in the coefficients b, as seen above. The 
-effect of the line proper can be determined, if all these 
devices are short-circuited. If the coefficients are then 
determined with these devices their influence can be 
found. 

The coefficients have to be determined at different 
frequencies. At a given frequency they will, presum- 
ably, depend upon the current aeneity when iron is 
present i in the circuits. 

It is possible to calculate de coefficients 6 for a 
simple system, assuming the earth to be a perfect con- 
ductor, or very remote. If the coefficients are measured 
the comparison between the measured and calculated 
coefficients gives an idea of the effect of the earth. 

The irregularities in the geometry of the system, in 
the earth’s conductivity, and so on, appear in the coeffi- 
cients b, determined experimentally. This is of very 
great importance, particularly for the voltages between 
two neighbouring wires. If, as is often done, their 
voltages to ground are calculated by some method, even 
of great accuracy, then the difference between these 
two calculated voltages which are usually fairly large is 
not equal to the actual voltage between the wires, 
usually fairly small, since even small errors due to 
irregularities of the system in the voltages to ground 
give a large error in their difference. 


CONCLUSIONS 


A theory of propagation of electromagnetic waves 
guided by parallel wires with regard to the effect of the 
earth has been developed. The theory shows how the 
finite conductivity of the earth enters into the problem 
of propagation. It also gives an idea of the physical 
phenomena involved. The approximations necessary 
for the development of a simplified theory suitable for 
engineering applications have been pointed out. 
applications of the simplified theory to transmission 
systems for power and communication purposes, sug- 
gested by Professor Pleijel, have been indicated, to- 
gether with remarks of practical interest. 
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Discussion 


L. C. Peterson: (communicated after adjournment) In 
connection with some tests planned to determine the inductive 
coupling at the higher frequencies between different wires of a 
system of parallel wires, a theoretical study was made in June 
and July of 1926, based on a paper by Professor Pleijel entitled 
‘‘Current and Voltage Relations in a System of Parallel Con- 
ductors” and given as reference No. 18 in Mr. Levin's paper. 
In his paper, Professor Pleijel gives a set of linear equations 
connecting the terminal currents and voltages of a multi-wire 
line. In the underlying transmission theory, the ground is 
assumed to have infinite conductivity. Mr. Levin states that 
he has demonstrated the validity of Pleijel’s equations, as re- 
gards their form, when the finite conductivity of the ground is 
taken into account. Such a demonstration is quite unnecessary; 
indeed, the fact that the equations maintain the same form ir- 
respective of any assumption regarding the ground conductivity, 
or any approximation introduced in the transmission theory, 
follows immediately from the general properties of an n-terminal 
network. The coefficients in Pleijel’s equations (given as 
eq. (20) in Levin’s paper) uniquely specify the system and hold 
for all possible terminal connections of the line wires. They 
offer, therefore, a means of determining the induction in systems 
of parallel conductors. In a limited number of cases, these 
coefficients may be calculated from the dimensions of the system. 
However, calculations being rather laborious, it is advantageous 
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to resort to the experimental determinations of the coefficients. 

In a system of n conductors, n (2n + 1) independent coeffi- 
cients will be necessary to define the system completely but if 
the system is electrically symmetrical around its midpoint, this 
number of independent coefficients is reduced to n (n +1). 
For instance, an unsymmetrical three-phase system is determined 
by 3 (6 +1) = 21 coefficients and a symmetrical three-phase 
system by 3 (3 + 1) = 12 coefficients. It is obvious that in 
the general case the determination of n (2 n + 1) coefficients will 
be required and hence, n (2 n + 1) measurements. 

Methods for experimental determination of the coefficients 
b in eq. (20) of Mr. Levin’s paper have been worked out. It 
can readily be shown that all the coefficients are obtainable 
from open- and short-circuit impedance measurements on the 
individual wires or on combinations of these wires. 

S. A. Levin: The validity of Pleijel’s equations for any 
finite value of earth conductivity, eq. (20), can be shown as done 
in the paper of reference (18) provided eqs. (13) and (18) are 
demonstrated for finite conductivity. According to Mr. Peter- 
son, the validity of Pleijel’s equations for any finite value of 
earth conductivity follows from the theory of an n-terminal 
network. It seems to me that the application of this theory to a 
system of parallel conductors also requires that eqs. (13) and (18) 
are demonstrated for finite conductivity. This is the only 
demonstration attempted in my paper. I cannot see, therefore, 
that it contains any unnecessary demonstration whether Pleijel’s 
equations are obtained one way or the other. 


Present Status of the International Electrical 
Units’ 


BY E. C. CRITTENDEN} 


Member, A. I. E. E. 


Synopsis.—This paper summarizes the present legal standing 
and practical usage of the international electrical units, particularly 
us maintained in the United States. The international agreement 
reuched in 1910 was provisional and requires some revision. Fur- 
ther investigations of the international standards, as well as of the 
absolute units, are urgently needed to put the system on a satisfactory 
basis for work of high precision. 

Legal authority to deal with electrical units has now been given 
the International Committee on Weights and Measures. This 
provides a permanent working organization through which inter- 
national agreements can be reached and can be made effective 
throughout the world. 

When the committee takes up the question of electrical units for 


INTRODUCTION 

HILE many systems of electrical units have 

been proposed, the leaders in electrical science 

and engineering since the time of Weber have 
almost invariably adhered to the principle that fun- 
damental electrical measurements should be based 
on the mechanical effects of electricity, and thus be 
made concordant with measurements in other fields 
of science and engineering. The metric system has 
also been generally accepted as the basis for the elec- 
trical units. 

Even though this general principle is accepted, there 
are many sets of alternatives between which a choice 
must be made. For example, one may start with the 
mechanical forces between electric charges at rest, or 
on the other hand, first consideration may be given to 
the magnetic effects which are of so much greater 
importance in connection with electric currents. In 
other words, the basis of the system of units may be 
either electrostatic or electromagnetic effects. 

In fact, systems of both kinds are used, and each has 
special advantages for particular cases. The greater 
importance of electromagnetic relations in the practical 
use of electricity, and the facility with which precise 
measurements of electric current can be made by the 
use of magnetic effects, have combined to give the 
electromagnetic system .a predominating position. It 
is nevertheless worth noting that developments of recent 
years, especially in high voltage work and in electronics, 
have made electrostatic effects more prominent than 
they formerly were. It has been established beyond 
reasonable doubt that all material is composed of con- 
stellations of electric charges. The numerical values 
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formal international adoption, it will have to decide whether to main 
tain as nearly as is practicable the values accepted at present or to 
revise them so as to accord with the fundamental c. g. s. system 
With regard to primary standards, tt will have tochoose beticeen the 
mercury ohm and silver voltameter, on the one hand, as agains 
direct determination of the units by methods based on mechanical 
dimensions. 

The Bureau of Standards has under way several investigations 
planned to give a better. technical basis for final decisions on these 
questions. It is desirable also that they be discussed by those 
interested in making precise and accurate electrical measurements in 
order that all the advantages and disadvantages of the changes pro- 
posed may be given adequate consideration. 


of these elementary charges have been determined with 
precision. In numerous devices they already serve us, 
and the future importance of their direct uses no one 
can foretell. In this great and growing field of science 
and practise, essential values are naturally determined 
in absolute electrostatic units. 


It would be beside the point to discuss here the 
various combinations of units which have been proposed 
for the purpose of simplifying the numerical relations 
between quantities and thus making computations 
easier. These proposed systems are treated at some 
length in Bureau of Standards Circular No. 60, “Elec- 
tric Units and Standards,”! and Scientific Paper No. 
292, “International System of Electric and Magnetic 
Units.’ In brief, the view set forth in those publica- 
tions is that in the “practical” electromagnetic system, 
as modified by the adoption of the present international 
units, there has been developed a set of units more 
generally satisfactory than any of the systems proposed 
on a theoretical basis. Consequently, it is concluded 
that there is no good reason to incur the confusion which 
would result from an attempt to change the units now 
ordinarily used. 

During the last 10 years there has been no agitation 
for radical changes in the present system, and certainly 
no such proposals would now be received with favor. 
No one would seriously propose to do away with the 
ohm, the ampere, or any of the important units derived 
from them. It is, however, an open question whether 
the values of these units as now accepted should not be 
adjusted to make them accord more closely with the 
general system of measurements. Furthermore, we 
may well inquire whether the methods of determining 
these values have not reached such a stage of perfection 
that the old expedients for maintaining constancy of 
the units can be safely discarded. If any such changes 
of units or of fundamental standards are to be made, 
1. For numbered references see bibliography. k 
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they must, of course, be thoroughly considered in ad- 
vance in order that the advantages and disadvantages 
resulting from the change may be fully weighed. The 
purpose of this paper is therefore to set forth the present 
status of the units and to ask for discussion of the 
changes which might logically be made if found 
expedient. 


LEGAL BASIS OF THE UNITS IN THE UNITED STATES 


The legal basis for the electrical units used in the 
United States is still the Act of July 12, 1894. This 
accepted the international ohm, ampere, volt, coulomb, 
farad, joule, watt, and henry, as adopted at the Inter- 
national Electrical Congress held at Chicago in 1893, 
and incorporated definitions paraphrasing without 
essential changes the resolutions adopted by that Con- 
gress. The definitions given in the Act for the ohm, 
ampere, and volt were as follows: 


1. The unit of resistance shall be what is known 
as the international ohm, which is substantially 
equal to one thousand million units of resistance of 
the c. g.s. system of electromagnetic units, and 
is represented by the resistance offered to an 
unvarying electric current by a column of mercury 
at the temperature of melting ice, 14.4521 g. 
in mass, of a constant cross-sectional area, and 
of the length of 106.3 cm. 


2. The unit of current shall be what is known 
as the international ampere, which is one-tenth of 
the unit of current of the c. g. s. system of electro- 
magnetic units, and is the practical equivalent 
of the unvarying current, which, when passed 
through a solution of nitrate of silver in water in 
accordance with standard specifications, deposits 
silver at the rate of 0.001118 of a gram per second. 

3. The unit of electromotive force shall be what 
is known as the international volt, which is the 
electromotive force that, steadily applied to a con- 
ductor whose resistance is one international ohm, 
will produce a current of an international ampere, 


and is practically equivalent to sl of the electro- 
motive force between the poles or electrodes of the 
voltaic cell known as Clark’s cell, at a temperature 
of 15 deg. cent., and prepared in the manner 
described in the standard specifications. 

It will be seen that these definitions do not draw a 
sharp distinction between the basic e. g.s. units and 
those defined in terms of concrete standards. If taken 
literally, the law is inconsistent with regard to the 
relations between the two sets of units. The exact 
value of the ohm is to be that obtained from the mercury 
column, the absolute unit being mentioned merely 
as a substantial equivalent, while in the case of the 
ampere this condition is reversed. 


Section 2 of the same act provided, 
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That it shall be the duty of the National 
Academy of Sciences to prescribe and publish, as 
soon as possible after the passage of this Act, 
such specifications of detail as shall be necessary 
for the practical application of the definitions of 
the ampere and volt hereinbefore given, and such 
specifications shall be the standard specifications 
herein mentioned. 


This section has become a dead letter, since it was 
necessary to depart from the National Academy 
specifications in order to obtain consistent results and 
to obtain international agreement. Except in this 
detail, however, it has been possible to follow the terms 
of the law literally and still to put into effect the inter- 
national agreements which have been reached. The 
differences between the absolute and the accepted 
international unit of current have been negligible, and 
the terms in which the Clark cell were referred to were 
not such as to require its use, so that there has been no 
legal obstacle to the adoption of the Weston normal 
cell as a substitute for the Clark. 


THE PRESENT UNITS 


The values of the units now accepted for practical 
use throughout the world were established, in principle, 
by the International Conference on Electrical Units 
and Standards, held in London in 1908. This con- 
ference made a clear distinction, so far as definitions are 
concerned, between the absolute units and those which 
were called international. The Conference used the 
term “fundamental” for the units here called absolute, 
that is, those derived from the basic units of length, 
mass, and time. With reference to these units, the 
following resolution was adopted: 


The Conference agrees that as heretofore the 
magnitudes of the fundamental electrical units 
shall be determined on the electromagnetic system 
of measurement with reference to the centimetre 
as the unit of length, the gramme as the unit of 
mass, and the second as the unit of time. 


These fundamental units are: 


1. The Ohm, the unit of electric resistance which 
has the value of 1,000,000,000 (10°) in terms of the 
centimetre and second, 


2. The Ampere, the unit of electric current, 
which has the value of one-tenth (0.1) in terms of 
the centimetre, gramme, and second, 


3. The Volt, the unit of electromotive force which 
has the value of 100,000,000 (10%) in terms of the 
centimetre, gramme, and second, 

4. The Watt, the unit of power which has the 
value of 10,000,000 in terms of the centimetre, the 
gramme, and the second. 

As a system of units representing the above and 
sufficiently near to them to be adopted for the purpose 
of electrical measurements and as a basis for legislation, 
the conference recommended the adoption of the 
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international ohm, ampere, volt, and watt, defined as 
follows: — ; 

The International Ohm is the resistance offered 
to an unvarying electric current by a column of 
mercury at the temperature of melting ice, 14.4521 
grammes in mass, of a constant cross-sectional 
area and of a length of 106.300 centimetres. (The 
procedure to be followed in setting up mercury 
ohms was prescribed in detail in specifications 
attached to the resolutions.) 


The International Ampere is the unvarying 
electric current which, when passed through a 
solution of nitrate of silver in water, in accordance 
with the Specification II attached to these Resolu- 
tions, deposits silver at the rate of 0.00111800 of 
a gramme per second. 

The International Volt is the electrical pressure 
which, when steadily applied to a conductor the 
resistance of which is one international ohm, will 
produce a current of one international ampere. 


The International Watt is the energy expended 
per second by an unvarying electric current of one 
international ampere under an electric pressure of 
one international volt. | 


It is perhaps worth noting that the units of mass and 
length included in these definitions occur in the descrip- 
tion of the apparatus by which the units are to be estab- 
~ lished, and are not involved in the real definitions of the 
units themselves. That is, these dimensions could be 
stated in any other mechanical units desired without 
affecting the value of the electrical units; the latter are 
essentially defined in terms of the properties of mercury 
and of silver without any reference to systems of 
measurement. They therefore become independent, 
fundamental units which, joined with the centimeter 
and the second, constitute the basis of a complete 
system from which even mechanical units including the 
gram might be derived. 

While these definitions were thus made in form quite 
independent of the absolute electrical units defined in 
terms of the centimeter, gram, and second, the intention 
of the conference was to make the units adopted repre- 
sent very closely the value of the absolute units. In 
fact, one reason advanced for choosing the ampere, 
instead of the volt, as a fundamental unit was the 
possibility of direct determination of the absolute 
value of the ampere by several methods independently 
of any assumed value for the ohm or other electrical 
units. 

The definition adopted for the ampere carried the 
value to six significant figures although it was recognized 
that the specifications for the voltameter were in- 
complete and therefore indefinite. An International 
Committee on Electrical Units and Standards was 
created to complete the work of the conference and to 
carry it on until another conference should be convened. 
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Among other duties, this committee was to secure 
agreement on precise specifications for the voltameter 
and to establish a standard value for the electromotive 
force of the average Weston normal cell consistent with 
the international ohm and the ampere as defined by 
these specifications. The accomplishment of an im- 
portant part of this task was made possible by the 
generous support of four American societies, the 
American Institute of Electrical Engineers, Association 
of Edison Illuminating Companies, Illuminating Engi- 
neering Society, and National Electric Light Association. 
These societies contributed funds to bring representa- 
tives of Great Britain, France, and Germany to America 
for joint experiments with the Bureau of Standards 
upon the silver voltameter and the standard cell. 
The Technical Committee thus created worked at 
Washington for nearly two months in 1910. It did not 
agree on formal specifications for the voltameter, but 
it did bring the experimental results with different 
types of voltameters nearly enough into accord so that 
the value of 1.0183 at 20 deg. cent. for the Weston 
normal (saturated) cell was established and accepted 
internationally. 


VALUES OF THE OHM 


When the Technical Committee met in 1910, it had at 
hand wire standards calibrated in terms of the mercury 
ohms at the German Physikalisch-Technische Reich- 
sanstalt and the British National Physical Laboratory. 
The two values for the ohm were found to differ by only 
one part in 100,000, and the mean value was accepted 
by the Technical Committee in the following resolution: 

The committee decides to choose, for the present 
and until there are other mercury ohms prepared, 
as the value of the international ohm, to be recom- 
mended to all countries for general use, the mean of 
the values of the units realized at the Physikalisch- 
Technische Reichsanstalt and at the National 
Physical Laboratory. Although the international 
ohm as defined by the London Conference has 
not yet been strictly realized, the committee 
believes that its value has been attained in two 
laboratories independently with a good degree 
of precision, and that future work is not likely 
to change it by more than two or three parts 
in 100,000. 

It will be seen that this acceptance of a mean value 
to becalled the International Ohm wasreally provisional. 
The International Committee never succeeded in 
completing the full and formal establishment of the 
unit, and no machinery was provided for the distribu- 
tion and maintenance of a common unit. The work 
of the committee did, however, show that the resistance 
standards of the several national laboratories were 
already in fairly good agreement. Since the standards 
were thus reasonably concordant, in general each 
laboratory considered it best to maintain the continuity 


——_— m 


an a ae Rs eS ee 


June 1927 


of its own values rather than to make small changes in 
advance of a complete international acceptance of a 
precise value. 

In fact, a mercury ohm determination completed at 
the Bureau of Standards a few years later’ gave a value 
differing from the international ohm accepted in 1910 by 
25 parts in a million. This was considered to be a 
check within the limits of certainty of the mercury ohm, 
and the values assigned to the Bureau’s wire standards 
were not changed. Since 1915 no mercury ohm deter- 
minations have been made at the Bureau. The unit 
has been preserved by sets of wire standards whose 
relative values have been found to be very stable. The 
unit has been maintained on the assumption that the 
mean resistance of a group of 10 one-ohm manganin 
wire standards remains constant. The ten standards 
included in the reference group are, however, not always 
the same. Intercomparisons with a considerably 
larger group are made from time to time, and those 
standards which have apparently been most stable are 
chosen for the reference group which is the custodian of 
the unit until the next intercomparison is made. 
Since 1910, 17 different standards have thus at various 
times been included in the reference group. 

Comparisons of the ohm as maintained in different 
countries have been made only irregularly, but the 
results have indicated that all the national laboratories 
have remained in satisfactory agreement. The dif- 
ferences found have seldom been greater than two 
parts in 100,000, which is about the limit of accuracy 
obtainable in the establishment of the international 
ohm. 

In recent years an entirely unexpected complication 
has arisen which makes the old definition of the inter- 
national ohm indefinite. This is the discovery that 
mercury is not a simple element but includes several 
isotopes. If completely separated, these would pre- 
sumably differ in density by as much as 3 per cent, 
although they have the same resistivity on the basis of 
volume. This difficulty is not a serious one, however, 
since mercury from many sources as ordinarily produced 
has been shown to have the same density within a few 
parts in a million. At any rate, the difficulty can be 
met by specifying the density of the mercury to be used 
in the ohm tubes or by prescribing the cross-section 
instead of the mass of the mercury column. . 

Although the mercury ohm affords a means, how- 
ever, of checking the value of the unit to a few parts in 
100,000, determinations of the absolute value of the 
international ohm have shown that this unit differs by 
a considerable amount from the basic unit with which 
it was intended to be practically equivalent. Two 
very careful determinations have been made since 1910 
by entirely different methods, one at the National 
Physical Laboratory,‘ with an apparatus of the Lorenz 
disk type, the other at the Reichsanstalt' by comparison 
of resistance standards with the calculated self-induc- 
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tance of a coil. The two results agree within one part 
in 100,000. This close agreement must be considered 
as partly accidental, since the relative values of the 
reference standards used in the two laboratories could 
not be depended upon to such a high degree of accuracy. 
Expressed in terms of the length of a column of mercury 
of the same cross-section as the international standard, 
these two determinations indicated that the absolute 
ohm would be represented by a column 106.245 or 
106.246 cm. long instead of 106.300. It appears 
certain, therefore, that the absolute ohm is smaller than 
the international ohm by about five parts in 10,000, 
and incidentally that determinations of the absolute 
ohm can be made with the same degree of precision as 
the international ohm can be established and checked 
with mercury ohm tubes. 


VALUES OF THE AMPERE 


The present international ampere represents the value 
obtained by the Technical Committee of 1910 as an 
average of the results found with several different types 
of voltameter. Since current is transitory, the average 
result was recorded and is concretely expressed by the 
value assigned to the Weston normal cell. The inter- 
national volt being the potential drop in the accepted 
international ohm with a current flowing which de- 
posited 1.11800 mg. per sec. in the average voltameter, 
the committee found that the average cell had a voltage 
of 1.0188, and this has since been used as the standard 
Standard cells used in conjunction with resis- 
tance standards calibrated in international ohms pre- 
sumably reproduce ampere values as then obtained. 


The voltameters operated by the Bureau of Standards 
at that time would have established an ampere larger 
than the average by three parts in 100,000. That is, 
in these voltameters the deposits of silver were smaller, 
probably because they were more nearly pure silver. 
As a result of researches carried out over a period of 
several years® following the London Conference, the 
precision of the voltameter as a measuring instrument 
was materially improved, but since these improvements 
in procedure reduced the deposits they would increase 
the value of the ampere as measured by the silver de- 
posited. Seven series of measurements made in five 
different countries since 1910 have shown an average 
deviation of only one part in 100,000 from their mean, 
but the mean is three parts in 100,000 different from the 
1910 value. That is, these voltameter measurements 
would have made the standard cell value 1.01827 
instead of 1.0183. 

As has been remarked above, the ultimate valueof the 
international ampere as defined by the silver voltameter 
is as yet indefinite because no precise specifications for 
the operation of the voltameter have been adopted. 
The Bureau of Standards has proposed specifications 
which are believed to assure the highest attainable 
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degree of purity in the deposit. In voltameters used 
according to these specifications, the absolute ampere as 
measured by the Bureau’s current balance was found 
to deposit 1.11804 or 11.1805 mg. per sec., of which 
about 0.004 per cent was foreign matter included with 
the silver. Consequently, according to these measure- 
ments, if the international ampere were based on pure 
silver deposited, it would be identical with the 
absolute unit within the limits of accuracy of these 
measurements. 


This allowance for inclusions was not made, however, 
when the accepted value for the standard cell was 
established in 1910. Since it has to be added to the 
difference of three parts in 100,000 mentioned above, 
the “international ampere” then set up was smaller 
than the absolute by seven or eight parts in 100,000, 
according to the measurements made at the Bureau of 
Standards. Taking into account also measurements at 
the British National Physical Laboratory’ and at the 
University of Groningen, Holland’, it has been esti- 
mated! that the best value for the international ampere 
of 1910 was 0.99991 absolute ampere, and this conver- 
sion factor has been commonly used. 


There are several distinctly different methods by 
which the absolute ampere can be found. Since the 
1908 London Conference, good determinations have 
been made by the tangent galvanometer’, the electro- 
dynamometer’, and several forms of current balance 7". 
It is not possible, in most cases, to compare the results 
exactly because there have been no common standards 
of sufficient accuracy to preserve and express the values 
obtained by these experiments. The differences have 
been a few parts in 100,000, and it is a question how 
much of these differences 1s due to the errors in estab- 
lishing the absolute ampere and how much to variations 
between the voltameters (or the standard cells and 
resistance coils) used to represent the international 
ampere. Certainly it is possible to establish the 
absolute value within two or three parts in 100,000 
with a single instrument like the current balance. If 
several laboratories were to set up different types of 
absolute instruments and systematically compare the 
results, it should be possible to establish and maintain 
the ampere to one part in 100,000. 


VALUES OF THE VOLT AND OTHER UNITS 


Although the ampere is the second fundamental unit 
adopted, the unit actually maintained for practical 
measurements is the volt, as represented in the standard 
cell. Since 1910 the Bureau of Standards has main- 
tained this unit by groups of reference cells in a manner 
closely analogous to that described above for the ohm. 
With a few substitutions of stable cells for some which 
showed a relative decrease in electromotive force, it is 
believed that these reference groups of selected cells 
have remained substantially constant for many years, 
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some of them since 1906. A few new cells have been 

made recently, and these have agreed with the older 

groups within one part in 100,000. Results of com- 

parisons with other laboratories in this country and 

abroad have also generally supported the belief that the 

Bureau’s cells have maintained their values. 

the last year, however, differences of several parts ir 

100,000 have arisen between the Bureau’s measure- 

ments and those of the National Physical Laboratory. 

and no complete explanation for them has yet been found. 
The absolute value of the international volt and of 

other international units is, of course, dependent on 

tnat of the ohm and of the ampere. On the basis of 

the estimates given above for the two fundamenta’ 

units as established in 1910, the various international 

units have the following values!: 

1 international ohm = 1.00052 absolute ohm 

1 international ampere = 0.99991 absolute ampere ° 

1 international volt 1.00048 absolute volt 

1 international watt 1.00034 absolute watt 

1 international joule 1.00034 absolute joule 

1 international coulomb = 0.99991 absolute coulomb 

1 international farad 0.99948 absolute farad 

1 international henry 1.00052 absolute henry 

1 international gilbert 0.99991 absolute gilbert 

1 international maxwell = 1.00043 absolute maxwell 


FUTURE UNITS AND STANDARDS 


There are few applications in which a change of one- 
twentieth of one per cent (the maximum discrepancy 
existing between the two sets of units) would now be of 
any practical importance. The demands of industry 
for precise measurements have grown with surprising 
speed, however, and if the discrepancy is ever to be 
removed, it would be well to perform the operation 
before the change does become significant in industry. 
For those laboratories which carry on work of high 
precision, the changes involved in going over to the 
absolute units would undoubtedly be troublesome for a 
time, particularly because so much apparatus is pre- 
cisely adjusted to values in the international units. 
The easier course at present would be to retain the old 
units, making such minor adjustments as may be found 
necessary for better international agreement, and to 
establish accurately the necessary conversion factors 
for those who must transfer from electromagnetic 
quantities to electrostatic and to heat or other mechani- 
cal units. When one considers, however, that this 
probably means laying up trouble in increasing amounts 
for decades to come in order to avoid some temporary 
inconvenience, it would appear that the logical course 
is to adopt the absolute units in the near future rather 
than to make merely minor adjustments in the inter- 
national units. 

Before the absolute units could be thus adopted for 
practical use, it would be necessary to have more 
laboratories set up apparatus to give these units and to 
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i find whether these newer determinations agreed satis- 
‘. factorily with those which have been mentioned above. 
a If such apparatus is set up in the several national 
ià laboratories and gives concordant results with a cer- 
* tainty as great as that of the mercury ohm and silver 
i voltameter, the need for these inconvenient custodians 
*. of the units will have vanished. This will be true even 
% if the present international units should be continued in 
% use. 
In the enactment of legal definitions, the concreteness 
- of the standards representing the present international 
- units offers some advantage, but in those countries 
having national laboratories there should be no serious 
>- difficulties in securing the legal recognition of units 
defined in terms of the centimeter, gram, and second, 
to be established and maintained by the national 
laboratory in cooperation with the International 
Committee on Weights and Measures. Other countries 
could define the units similarly and provide for obtain- 
¿© ing copies of standards through the International 
Committee. 


Although this Committee has never heretofore dealt 
with electrical standards, it was empowered to do so by 
an amendment to the international convention on 
weights and measures which was ratified by the United 
States in 1923. In accordance with its enlarged 
authority, the Committee is now inaugurating a series 
of systematic intercomparisons between the national 

-standardizing laboratories, and it will consider eventu- 
ally what steps shall be taken to coordinate more 
effectively electrical measurements as made in different 
countries. 

Whatever course is followed, it is obvious that there 
is urgent need for comprehensive experimental studies, 
including the reexamination and further development of 
the fundamental standards whereby the units are 
established and maintained. This, of course, is pri- 
marily a problem for the national standardizing lab- 
oratories. In general, however, such laboratories in 
recent years have been pressed with problems of more 
immediate and obvious industrial usefulness, or their 
means available for fundamental scientific work have 
been otherwise curtailed. 


PRESENT WORK AT THE BUREAU OF STANDARDS 


In view of the long period over which the units have 
been maintained at the Bureau by means of secondary 
standards, coils, and cells, it would be desirable to check 
their values by new mercury-ohm and silver-voltameter 
determinations. It has been believed, nevertheless, 
that a revival of the researches on fundamental units is 
still more important, and that if successfully carried 
out, these researches would in effect give also as accurate 
a check on the international units as could be got by the 
use of the mercury column and the voltameter. Since 
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it has not been practicable to take up work on both 
types of standards, attention has been given first to the 
development of apparatus for establishing the funda- 
mental units. Of these units, the ohm has been given 
priority because the Bureau has never made any 
determinations of its value, and very few accurate 
determinations have ever been made. Two inde- 
pendent schemes for accomplishing this purpose are 
being developed. Both will use stationary inductance 
coils designed for éalculation of the inductance from 
dimensions. One method, devised some years ago by 
Dr. Frank Wenner, will use mutual inductances so 
arranged that the electromotive force induced in the 
secondaries can be balanced against the potential dron 
in a resistance of which the value is to be determined. 
The other procedure is planned to make use of the 
experience of the Inductance Laboratory under the 
charge of Dr. H. L. Curtis. It will consist essentially 
of the comparison, by a-c. bridge methods, of a self- 
inductance of calculated value with the resistance to be 
measured. In each project, it is desired to carry the 
results to an accuracy approaching one part in 100,000, 
and this requires a theoretical and experimental study 
of many details which are neglected in ordinary mea- 
surements. Fair progress is being made, but it is 
impossible to predict when final results will be obtained. 
For absolute measurements of current, the balance 
used by Dr. E. B. Rosa’ and his associates has been 
reassembled and is being studied for possible improve- 
ments. It is hoped that this will soon give results 
which, in conjunction with the wire ohm standards, will 
serve to check the Bureau’s standard cell values. 


Whatever primary standards are used, the cells 
always serve as one of the essential secondary standards, 
and studies of their behavior are being made. This 
work, as well as the maintenance of the reference group 
of cells, is under the direction of Mr. G. W. Vinal. 


CONCLUSION 


This summary of the present situation in regard to the 
electrical units and standards has been offered because 
the Bureau of Standards has a large responsibility for 
their maintenance and improvement which in recent : 
years it has not been able to meet to its own satisfaction. 
The kind of work necessary to give the accuracy de- 
sired in the basic standards can not be done hastily, 
and it will require several years of work on the part of 
all the national laboratories to provide a good technical 
basis for a final decision on the type of standards and 
on the units to be adopted for international use. 
Detailed results of the several investigations mentioned 
will be published as they become available. In the light 
of these results and those of similar work abroad, the 
International Committee on Weights and Measures 
will have to reach a decision. In the meantime, it is 
desired that those whose interests will be affected by 
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this decision study the situation and make known their 
views as to the course which should be chosen. 
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Methods Used in Investigating Corona Loss 
By Means of the Cathode Ray Oscillograph 


BY W. L. LLOYD, Jr.' 


Associate, A. I. E. E. 


Synopsis.— Methods of employing the cathode ray oscillograph 
for investigation of corona loss are described. By deflecting the ray 
of cathode particles (electrons) in one direction within the tube by a 
voltage proportional to the applied voltage, and in a transverse 
direction by a voltage proportional to the current, a closed figure 
representative of the loss, is thrown upon the screen. Methods of 
obtaining photographic records of these figures and of calculating, 
therefrom, accurate values of the power expended are given. The 
instrument used is well adapted for this work. Power measurements 
of 0.1 watt can be measured with an accuracy of 1 per 
cent. 

From the volt-am pere cyclograms the characteristics of the positive 
and negative loss on the a-c. ware are readily observed. The 
instantaneous voltage at which the loss starts and the instanta- 
neous values of the combined corona and capacity currents can 
be accurately determined, 

Measurements of the corona starting point and loss on various 
conductors check the laws of corona established by Mr. Peek in 1910. 


INTRODUCTION 


HIS paper describes in detail the methods used in an 
T investigation of corona loss with the low-voltage 
cathode-ray oscillograph. The work, which has 
been under way for several years in the High Voltage 
Engineering Laboratory at Pittsfield, Mass., is a 
continuation of the investigation of corona started by 
Mr. F. W. Peek, Jr. in 1910.? It is hoped that this 
detailed description of the methods employed in using 
the cathode ray oscillograph and making the laboratory 
measurements will be of assistance to other investiga- 
tors. A discussion of the results and the conclusions 
are given in Mr. Peek’s paper, Law of Corona —IV .3 
In studying the corona discharge it is highly desirable 
to make use of an instrument having no power-factor 
limitations. It is also desirable that the instrument be 
capable of accurate indications when the current and 
power involved are small and the voltage high. The 
low-voltage cathode ray oscillograph is such an in- 
strument. 


THE CATHODE RAY OSCILLOGRAPH 


This instrument depends for its operation upon a jet, 
or ray, of cathode particles (electrons) moving at 
high velocity within an evacuated tube and impinging 
upon a fluorescent screen. The electrons are dis- 
charged from an incandescent filament (the hot 
cathode). Under the action of a strong electric field, 
the electrons are rapidly accelerated toward the anode. 


1. Both of the General Electric Co., Pittsfield, Mass. 

2. F. W. Peek, Jr., Law of Corona and Dielectric Strength of 
Air, 1, Trans. A. L E. E., Vol. XXX, pp. 18859-1965. 

3. F. W. Peek, Jr., Law of Corona and Dielectric Strength of 
Air, IV. 

Presented at the Summer Convention of the A. I. E. EÈ., 
Detroit, Mich., June 21-24, 1927. 
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The formulas of ‘‘critical disruptive gradients” and “visual dis- 
ruplive gradients” were closely checked. The loss was found to 
follow a quadratic above the visual critical corona voltage, éy. For 
cables and roughened conductors the excess loss below e, due to 
surface irregularities approximately follows the probability law. 
For smooth, polished conductors the loss suddenly jumps from zero to 
a definite value at ey and then follows the quadratic. 

The practical effect of the condition of the conductor surface ts 
forcibly brought out by the following data measured on a 336,400-cir. 
mil. cable at 63.5 in. spacing to neutral plane: 


Voltage between Sixty cycle loss in kw. per mile of conductor 
lines (three —— ——— —| —- ——- ——-— —_]-—-— —_———_ 
phase) Smooth Rough Mutilated 

258 kv. (eff.) 49 ee kais 

220 “ g 18 29.4 gatiti 

205 “ j O 17.0 38.0 

180 ~“ “ O O eT, 

132 “ s 0 0 4.7 


A small hole in the anode permits certain of the elec- 
trons to pass along the axis of the tube in a narrow beam. 
This beam, or ray, of cathode particles, which subse- 
quently passes between two pairs of metallic plates 
upon which voltages can be impressed, can be deflected 
from its normal course by transverse electrostatic 
or electromagnetic fields, or by a combination of such 
fields, and thereby made to trace definite figures on the 
fluorescent screen which becomes luminous at the point 
at which the electrons strike. These figures are 
representative of the electrical phenomena taking place 
within the circuit being investigated, and can be 
accurately interpreted when the various tube and 
circuit constants are known. The figures are accurately 
traced irrespective of the frequency of voltage or current 
producing the deflections of the electron beam, for this 
beam has practically no mass and hence no natural 
period, at least within the limit of the higher radio 
frequencies.* 

Photographic Records. Although not strongly lumi- 
nous, the figure traced on the screen of the tube can be 
photographed. A sharp image can be obtained by 
using a lens but the length of exposure required is very 
great (3 min. or longer). Consequently this method 
is not desirable when a large number of records is 
to be taken. 

An accurate but somewhat blurred image can be 
obtained with a comparatively short exposure by 
operating the tube in a darkened room or box and 
placing the emulsion side of a “super speed” photo- 
graphic film directly in contact with the end of the tube. 
The exposure required is about ',,, to '’, sec. for a 


4. For a more detailed discussion of this device, the reader 
is referred to an article by J. B. Johnson, Bell System Technical 
Journal, November, 1922, p. 142. 
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straight line image, and about l4 sec. for other 
figures. The exposures are made by bringing the 
filament of the tube up to the proper temperature and 
then closing the anode circuit for the required length of 
time. 

Tube Calibration. The construction of the tube is 
such that the deflection of the cathode beam as shown 
on the screen of the tube is approximately proportional 
to the maximum voltage difference between the de- 
flector plates. Photographs were taken of the indi- 
vidual deflections, horizontal and vertical, for various 
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1— Vertical deflection—anode potential 241.5 volts 
2— Horizontal deflection—anode potential 241.5 volts 
3—Vertical deflection—anodeo potential 315.0 volts 
+— Horizontal deflection—anode potential 315.0 volts 


known sinusoidal plate voltages and different anode 
potentials. These films were measured and curves 
plotted showing the relationship between deflection, 
horizontal and vertical, and deflector-plate voltage. 
See Fig. 1. 


It was thought that possibly the calibration might 
vary over different parts of the screen, but simultaneous 
exposures of the axes, producing straight diagonal lines 
across the screen, and photographs of the individual 
axes displaced as far from the center as practical, 
indicated that there was little or no change in the 
calibration. - 


CORONA Loss MEASUREMENTS 


Volt—-Ampere Cyclograms. The most satisfactory 
arrangement for studying corona losses by means of 
the cathode ray tube has been found in this investiga- 
tion to be that shown diagrammatically in Fig. 2. A 
specimen of the conductor to be studied was suspended 
vertically at a uniform spacing from a broad, vertical 
metal plate having a length of about 20 ft. This 
plate was composed of three sections of equal width. 
The end sections, each five ft. in length, were grounded 
and the middle section, which was insulated from the 
other two, was grounded through the variable non- 
inductive resistance, R}. The function of the end 
sections was to intercept the corona discharges from 
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the ends of the conductor and leave a uniform sectio: 
exposed to the active plate. 

Although this ground plate, which served as a part 
of the neutral! plane, was 5 ft. wide, it was rather narrow 
relative to some of the spacings used in the tests. In 
the near vicinity of the set-up there were several other 
grounded objects (principally a metal wall) which were, 
in effect, extensions of the ground plate. Consequently 
the active section of the plate was only a part of the 
practically infinite neutral plane, and therefore inter- 
cepted only a fraction of the flux emanating from the 
conductor. The relative amount of flux intercepted 
became less as the spacing was increased. The objec: 
of this work, however, was to study the critical voltage. 
the mechanism of the discharge, and the relative rather 
than the absolute value of the losses. For this purpose 
the set-up was found to be entirely satisfactory. 

The step-up and potential transformers were iden- 
tical, and were rated 10 kv-a., 25-cycle, 200/100,000- 
volt. These transformers were capable of delivering 
150,000 volts intermittently without injury and, when 
operated at 60 cycles, without high flux density in the 
core. Voltage control was obtained by means of 
variable resistances in series with the low-voltage 
winding of the step-up transformer. Resistances are 
very flexible, and give practically no wave distortion 
when used in connection with a load of constant 
impedance, as in these tests. A constant-impedance 


load, consisting of high-voltage condensers of a total 


capacity of about 0.00125 u f., was shunted across the 
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DEFLECTOR - PLATE VOLTS 
R. M. S. SINE WAVE 
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Fig. l1B—Cvurve SHOWING THE RELATION BETWEEN DEFLEC- 
TOR-PLATE VOLTAGE TO PRODUCE a VERTICAL DEFLECTION 
or 1.8 iN. (Pos. + NEG.) AND ANODE POTENTIAL OF TUBE 


high-voltage winding. This was a load several times as 
great as that imposed by the exciting kv-a. of the 
transformers plus the maximum corona loss obtained. 
The function of this capacitance was to smooth out the 
voltage wave impressed on the conductor. It ac- 
complished this by supplying the magnetizing current 
of the transformers and by providing a heavy sinu- 
soidal current to minimize the disturbing influence of the 
non-sinusoidal corona currents. 

A resistance potentiometer, consisting of two non- 
inductive variable resistances, R, and R», was shunted 
across the low-voltage winding of the potential trans- 
former and provided a means of obtaining a voltage of 
the desired value across the deflector plates of the 


g= 


June 1927 


cathode ray tube. The voltage thus obtained was 
for any particular setting of R, and R: proportional to 
and in phase with the voltage impressed on the corona 
conductor.’ | l 

The voltage drop across R, was proportional to and in 
phase with the current flowing to ground from the 
middle section of the test conductor and was impressed 
across the remaining pair of deflector plates. 

Since the corona phenomena are re-occurring, the 
figures traced on the screen of the oscillograph tube 


2—DIAGRAM OF CONNECTIONS FOR A STUDY OF CORONA 
BY MEANS OF THE CATHODE RAY OSCILLOGRAPH 
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under the above conditions are stationary and are 
accurately indicative of the instantaneous relationships 
between voltage and current. When no corona exists, 
both the current and voltage waves are sinusoidal and 
90 degrees out of phase as dry air is practically a perfect 
dielectric. The figure traced on the screen is then a 
pure ellipse. With the connections as shown in Fig. 2 
the abscissas of the ellipse are proportional to voltage 
and the ordinates proportional to current. The cyclo- 
gram in Fig. 3A illustrates this condition. The indi- 
vidual axes were obtained by grounding one pair of 
deflector plates at a time and thus obtaining each 
separate deflection independent of the other. When 
corona is present on the test conductor the voltage 
remains sinusoidal but the current wave is badly dis- 
torted. An individual discharge takes place during 
each half-cycle of voltage, near the crest of the wave if 
the impressed voltage is only a few per cent above the 
critical disruptive value. These discharges appeared 
on the screen of the tube as an irregular “hump” on 
each half of the figure. The circuit employed was such 


5. The phase angle and ratio errors of a high-voltage trans- 
former when operating at low core densities on no load as a step 
down transformer are very slight and, for this investigation, 
ean be neglected. 
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that the lower right hand hump represented the dis- 
charge during the time that the conductor was negative. 
The upper left hand hump represented the positive 
discharge. The cyclogram in Fig. 3B illustrates this 
condition for a voltage slightly in excess of the visual 
critical value. 

A permanent record of the figure traced by the 
electrons on the screen of the tube was most easily 


obtained, as noted above, by placing a ‘‘super speed” 


photographic film in contact with the end of the tube. 
The film was first placed in position in the dark box 
containing the tube. The tube was then moved ahead 
by means of an adjusting screw and forced into contact 
with the film. The filament of the tube was heated to 
the proper temperature, the required current having 
been determined previously by means of the filament 


B 


Fie. 3—VoLT-AMPERE CYCLOGRAMS 


A—Below corona starting voltage 
B—Just above corona starting voltage 
Conductor; No. 00, polished 

Spacing; 63.5 in. to neutral 
Voltage; 91.0 kv. (eff.) to neutral 


ammeter and visual inspection of the figure on the 
screen. The desired voltage was then impressed on the 
test wire. One pair of deflector plates was grounded 
and the anode circuit closed for approximately 14 
sec. The first pair of plates was then connected in 
circuit and the other pair grounded, and another 14- 
sec. exposure made. Both pairs of plates were then 
connected in circuit and an exposure of about 14 
sec. was made. In this way a record of the figure 
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and both axes was obtained. The film was developed 
in the usual manner. 

In order that the voltage drop across R, be pro- 
portional to and in phase with the current flowing to 
ground from the middle section of the ground plate, 
it was essential that there be relatively no capacitance 
or inductance in this part of the circuit. Since the 


Heavy CORONA 


CYCLOGRAM OF 


Fig. 4—VOLT-AMPERE 


Conductor; No. 00 polished conductor 
Spacing; 21.5 in. to neutral 
Voltage; 150 kv. (eff.) to neutral 


ground capacity of the active section of the ground 
plate was approximately 4.9 X 10-‘ u f. and was, in 
effect, shunted across R;, the value of this resistance, 
which was non-inductive, was kept less than 100,000 
ohms. Consequently the maximum phase-angle error 
introduced was less than one degree. 

A grounded network was.placed above the bushings 
of the transformers to shield out stray fields which 
otherwise would have reached the effective section of 
the ground plate. 


Most of the work was done at 60 cycles but some 
measurements were made at 420 cycles. Practically 
the same test circuit was used in both cases. At normal 
frequency, even with the loading capacitance removed, 
the system drew a leading current, but at 420 cycles the 
impedance of the step-up transformer was so increased 
and the impedance of the high-side load so decreased 
that the system drew a lagging current. It was neces- 
sary, then, in order to reduce the current drawn from the 
supply lines to a minimum, to remove the extra capaci- 
tance from the high side and shunt a large capacitance 
across the low side of the step-up transformer. 


The sources of power for all of the tests, both 60 and 
420 cycles, were sine-wave alternators of large capacity. 

Analysis of Cyclograms. Since the abscissas of the 
cyclograms are proportional to instantaneous voltage, 
and the ordinates proportional to instantaneous current, 
if the wave shape of one of the two quantities is known 
the other can be plotted with time as abscissa and the 
unknown quantity as ordinate. Fig. 5 illustrates a case 
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in which the horizontal deflection was produced by a 
known sinusoidal voltage (a voltage proportional to and 
in phase with the voltage of the test conductor) and 
hence the current wave, in both magnitude and phase, 
was readily derived, as shown, from the cyclogram. 
The original cyclogram from which Fig. 5 was taken is 
given in Fig. 4. 

As well as giving an indication of the wave form of 
the current in the corona discharge, the cyclograms 
also provide an accurate means of determining the 
instantaneous voltages, positive and negative, at which 
corona forms on the conductor. In Fig. 6, E; (pos.) 
and E; (neg.) represent these voltages. 

Since the discharges fade out very gradually, the 
cyclograms give no definite indications of the exact 
stopping points. It is evident, however, that the 
discharges do not persist far beyond the crests of the 
voltage waves. As brought out later, the stroboscope 


verified this point. 


The maximum charging current of the conductor 
due merely to the normal conductor capacitance 
and the maximum rate of change of voltage for that 
particular maximum voltage is represented (approxi- 
mately) by I. (max). 

The maximum currents occurring during ‘the dis- 
charge are- represented by Imaz (pos.) and Ima, (neg.). 

The rotation of the cathode beam in generating this 
general type of cyclogram is, as viewed normally, 
counter-clockwise. 


STROBOSCOPIC OBSERVATIONS 
In order to obtain an approximate check on some of 
the discharge characteristics disclosed by the cathode 
ray tube, a stroboscope, or synchronous shutter, was 
used to permit visual inspection, in a darkened room, 


Sinusoidal Voltage. Ordinates 

proportional to Complex Current 
, E - Known Voltage. 

= I — Derived Current. 


Fig. 5S—GRAPHICAL ANALYSIS OF THE VOLT-AMPERE CYCLO- 


GRAM SHOWN IN Fig. 4 


Cyclogram abscissas proportional to known sinusoidal voltage. Ordi- 


nates proportional to complex current 
E—Known voltage 
I—Derived current 


of the corona discharge from a polished conductor at 
any point on the voltage wave. These observations 
checked the instantaneous disruptive voltages very 
closely, and indicated definitely that the discharges 
terminate shortly after the passing of the voltage crests. 
The corona “sparks” are most intense when they first 
appear. The illumination then gradually fades out and 
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. disappears at a point 10 to 25 deg. beyond the obtained by dividing the cyclograms into 20 equal- 


- voltage crest. 


POWER CALCULATIONS 


| When taken by means of the circuit shown in Fig. 2 
the cyclograms obtained are volt—ampere curves, the 
horizontal deflections being practically proportional 
to and in phase with the sinusoidal line voltage to 
= ground, and the vertical deflections practically pro- 
-= portional to and in phase with the complex current 
- flowing between the conductor and ground plate.’ 
= The average power represented by the cyclogram can 
then be calculated by the method outlined below. 
The figure is divided into a convenient number of 
equal-time sections, and the product of the mean 
abscissa and the estimated mean effective ordinate is 
obtained for each section. The sign of each of these 
products is determined algebraically from the sign 
of the factors, the abscissas being positive to the left 
of the vertical axis and the ordinates positive above the 
horizontal axis. The algebraic mean of these products 
is then proportional to the average power expenditure, 


and when multipled by the product of average volts per- 


unit horizontal deflection and average amperes per 
unit vertical deflection is expressed in watts. This 
process is rather involved but, since the current waves 
are quite complex, it is the only accurate method of 
calculating the power represented by the figures. 

The current and voltage factors are obtained from the 
constants of the test circuit, the tube calibration 
curves, and the line voltage. The voltage factor is equal 
to the maximum line voltage divided by the maximum 
horizontal deflection (positive or negative) in units. 
The current factor is equal to the deflector-plate volts 


Fic. 6—Corona DISCHARGE CHARACTERISTICS AS INDICATED 
BY THE VOLT-AMPERE CYCLOGRAM 

E; Proportional to instantaneous disruptive voltage 

Imaz Proportional to maximum current 


I.(maz) Approximately proportional to maximum conductor charging 


-~ current 


(maximum) per unit vertical deflection (obtained from 
the tube calibration curves) divided by the value of R; 
in ohms. The calculation of the unit current constant 
was simplified by the use of a curve plotted for a given 
set of conditions and made applicable to other condi- 
tions by means of a simple formula. 


It has been found that sufficient accuracy is usually 


6. See tube calibration curves (Fig. 1). Deflections are not 
strictly proportional to deflector-plate voltage. 


time sections. Each section then represents 18 degrees 
of the cycle. The instantaneous voltage at the mid 
point of each section is very nearly the average voltage 
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Fic. 7—MeETHOD oF CoMpuTING PowER EXPENDITURE REPRE- 
SENTED BY THE VOLT-AMPERE CYCLOGRAM 
LEGEND 
Dm =Z = —(-Z) =263 dy =d = 22.5 dza? =m = — 27.9 
D, =U = — (— U) = 41 d; we =183 dg,’ =n = — 25.8 
Dı = V = —(— V) #119 d’ =f = 88 dsa’ =0 = — 20.2 
Dy =» W = —(— W) =18.6 d =g = 30 dsa =p = — 9.0 
Dy =X = — (— X) = 23.4 d? »mh= — 20 dia =q = — 2.8 
Ds =Y = —(-— Y) =260 di’: =i = — 64 dz =r = + 28 

dı =a = 13.6 d,’ = j = — 9.8 da =s = 7.2 
d = b = 22.9 dia’ = k = — 14.0 dia =f = 10.0 

d} =c m 24.5 do,’ = | = — 25.0 
Ex lu 
P = 4N [Di (di + dy’ — dia — dia’) + D: (dz + do’ — dra — dag’) +.. 
. + Ds (dy + dy’ — dya — dxy’)) watts 
N = 5 
90 [s] 
Dı = Dm sin 3 N T Dmsin9° = 26.3 X 0.156 = 4.10 
e x ( z 
D = Dm sin oe = Dm sin 27° = 26.3 xX 0.454 = 11.9 
5 x 90 n 
D; = Dm sin IN = Dm sin 45° = 26.3 X 0.707 = 18.6 
x fe] 
D, = Dm sin 2N = Din sin 63° = 26.3 x 0.891 = 23.4 


9 x 90 : 
D; = Dmsin = Dmsin 81° = 26.3 X 0.988 = 26.0 


N 

Dz pa dz + dz’ —dya = dra 
(Di = 4.1) | (13.6 | —9.R | —10.0) +14.0) = 41 X 7.8 = 32.0 
(D2 = 11.9) | (22.9 | -6.4| — 7.2) +25.0) = 11.9 X 34.3 = 409.0 
(D3 = 18.6) | (24.5 | —2.0| — 2.8) +27.9) = 186 X 47.6 = 86.0 
(Dg = 23.4) | (22.5 | +3.0| + 2.8) +25.8) = 23.4 X 54.1 = 1270.0 
(Ds = 26.0) | (18.3 | +8.8 | + 9.0} +20.2) = 26.0 X 56.3 = 1400.0 

Sum = 4058.0 

Sum 4058 
aN. 4x5 7 202.9 

Emor 150. X 1.414 X 103 


Eu = Dm = 26 3 = 8060 volts per unit. 
; r ‘Ry E.P 8.996 X 10% xX 12.48 x 10-4 
aE Oe Be 5040 Xx 12.9 


= 0.000173 amp. per unit. 
P = Ey Ty X 202.9 = 8060. X 0.000173 X 202.9 = 282.5 watts. 


for that section, and the corresponding average instan- 
taneous current can be estimated with sufficient 
accuracy. Horizontal and vertical deflection readings 
are then taken at the mid point of each 18-degree 
section, or, beginning at a zero point on the voltage 
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wave, at 9 deg., 27 deg., 45 deg., 63 deg., 81 deg., 
99 deg., etc. The impressed voltage being sinusoidal, 
the instantaneous voltage corresponding to each of the 
above points is Ema: sin 0, where @ is 9 deg., 27 deg., 
45 deg., 63 deg., 81 deg., 99 deg., etc., as above. 

Since the deflections of the cathode beam are practi- 
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8-—DERIVATION OF POWER FROM A CORONA CYCLOGRAM 


Voltage to neutral = 212 kv. max. 
Spacing to neutral = 21.5 in. 


Conductor: 365 in. diam. polished 
POLAR COORDINATE METHOD 
+ Half — Half 
(26.3 sin 9° = 4.1) (13.6 — 9.8] 4+ 14.0 — 10.0) = 4.1 X 7.8 = 32.0 
(26.3 sin 27° = 11.9) (22.9 — 6.4] + 25.0 — 7.2) =11.9 X 34.3 = 408. 
(26.3 sin 45° = 18.6) (24.5 — 2.0] + 27.9 — 2.8) = 18.6 X 47.6 = 885 
(26.3 sin 63° = 23.4) (22.5 + 3.0] 4+ 25.8 + 2.8) = 25.4 X 54.1 = 1265 
26.3 sin 81° = 25.9) (18.3 + 8.8) + 20.2 + 9.0) = 245.9 X 56.3 = 1459 
4049 4049 
Average unit product = ~ — = 202.4 
20 
Volts per unit = 8050 
Amperes per unit = 0.0001735 
Power = 8050 X 0.0001735 X 202.4 = 283 watts 
c, difference between two methods = 1.06‘; 
RECTANGULAR COORDINATE METHOD 
Sect. E 1 P Sect. E I P 
1 5.1 x 14.8 = 75.5 9 - 5.1 KX — 18.0 = 91.8 
2 14.6 X 24.0 = 350. 10 — 14.6 X — 26.9 = 393. 
3 21.8 X 24.0 = D4. 11 — 21.8 X — 27.2 = 593. 
4 260 X 18.0 = 468. 12 — 260 X — 19.6 = 510. 
5 260 X 10.0 = 260. 13 — 260 X — 95 = 247. 
6 21.8 X 2.3 = 50.1 14 — 21.8 X 0 = 0. 
7T 146 X — 4.7 = — 68.6 15 — 146 X + 55 = — 80.3 
8 51 X— 9.8 = — 50.0 16 — 5.1 X + 9.8 = — 50.0 
l 1509.0 1704.5 
Average unit product = (1509.0 + 1704.5) + 16 = 200.8 
Volts per unit = 8050. Amperes per unit = 0.0001735 
Power = 8050 X 0.0001735 X 200.8 = 280 watts 
cally proportional to deflector-plate voltage, the 


horizontal axis of the cyclogram, Fig. 8, is then divided 
at u, — U; v, — v; W, — W; £, — ©; Y, — y, according to 
the equation: 
D, = Dz sin 6 
where D, = Horizontal deflection, positive or nega- 
tive, at angle, 0, as above. 
D,, = Maximum positive or negative horizontal 
deflection. 

Ordinates of the figure corresponding to the ab- 
scissas u, — u; v, — v; etc., are taken as the points of 
intersection of the figure with vertical lines drawn 
through these abscissas, for all sections except those 
containing an abrupt break in the rate of change of the 
ordinate, or those having such a nature that the ordi- 
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nate obtained in this manner is obviously not theapproxi- 
mate mean value for the section. An accurate estimate 
of the mean ordinate of a section having an irregular 
boundary is obtained by joining the limits of the 
given section by a straight line and taking the average 
ordinate of the straight line and the curve at the given 
abscissa as the value for use in the subsequent calcula- 
tions. In this illustrative example (Fig. 7), a is the 
ordinate taken to correspond to abscissa u (dotted 
line joins limits of section), and c to correspond to 


10 abscissa w. 


When obtained by means of the tube in use at present, 
the horizontal axis is not exactly a straight line, nor is 
either half of it perpendicular to the vertical axis. It is 
most convenient, therefore, when tracing the figure from 
the photographs on transparent coordinate paper, to 
place the vertical axis in coincidence with the axis of 
ordinates, and the horizontal axis in its true position, 
the origin being the intersection point of the vertical 
and horizontal axes. In measuring the ordinates it is 
necessary to take the displacement of the axis of 
abscissas into account. 

Since vertical deflections above the horizontal axis 
represent current in the positive direction, and horizontal 
deflections to the left of the vertical axis represent 
voltage in the positive direction, the first quadrant 
represents negative power, the second positive, third 
negative, and fourth positive. 

A complete example of the power loss calculations on 
a typical cyclogram is given in Fig. 7. Space is not 
available for including the derivation of the formula 
used, but it is simple and was developed in order to 
expedite the calculation of numerous cyclograms. 

This method of calculating power expenditure is, in 
effect, the same as that of transcribing the figures to 
rectangular coordinates and integrating the power wave 
in the customary manner. Fig. 8 gives an example of 
the two methods of calculation as applied to the same 
cyclogram. 

To one who had little or no experience in making 
these calculations it will seem, on account of the blurred 
figure with which one has to work, that the accuracy 
would be poor, but such is not the case. After a small 
amount of practise one can estimate the centers of the 
lines very accurately, and it has been found that dif- 
ferent individuals working independently and at 
different times will obtain results that check within 
one per cent. Power values as low as 0.1 watt can be 
measured with this same accuracy. 

A slight error is introduced in the results obtained 
by means of the methods illustrated in Figs. 7 and 8 by 
the deviation of the cathode-beam deflection from a 
linear function of the deflector-plate voltage. This 
error is, for all practical purposes, inappreciable and the 
error in abscissas practically compensates for that in 
ordinates. Under some circumstances, however, it may 
be desirable to make more exact calculations and a 
brief outline of this method follows: 
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The abscissas of the mid-point divisions on the hori- 
zontal axis of the cyclogram are located by determining, 
from the proper calibration curve, the deflector-plate 
voltage necessary to produce the maximum abscissa of 
the figure; multiplying this value by the sines of the 
mid-point angles; and determining, from the calibra- 
tion curves, the deflections corresponding to these 
products. At these new abscissas, the average ordi- 
nates are read and each one is multiplied by the ratio of 
average deflector-plate volts per unit required to 
produce that ordinate to average volts per unit to 
produce the maximum ordinate. The current and 


B 


9—CYCLOGRAMS OF HEAvy CORONA 
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A—Volt—coulomb cyclogram 

B—Volt—ampere cyclogram 
Conductor: 0.015 in. diam. smooth 
Spacing: 7.5 in. to neutral 
Voltage: 15.0 kv. (eff.) to neutral 


voltage factors are determined from the maximum 
deflections as before. | 

It should be noted that in obtaining the various 
products of abscissas and ordinates the value of ab- 
scissa required is, for instance, maximum deflection 
(max. abscissa) times sin 9 deg., etc., and not the 
corrected abscissa from which the corresponding 
current is obtained, and the ordinate is the corrected 
value as given above. 

These corrections, the effects of which are very slight, 
were not made in the loss data given in this paper. 

Volt-Coulomb Cyclograms. The corona phenomena 
can be studied from a somewhat different angle if the 


LLOYD AND STARR: CORONA LOSS 


1003 


resistance, Rs, in Fig. 2 is replaced by a capacitance C;, 
or by a parallel combination of capacitance and high 
resistance C;’. The ordinates of° the cyclograms 
obtained are then proportional to the instantaneous 
charges induced on the ground plate by the voltage on 
the conductor. 


If pure capacitance is used, the figure will drift over 
the screen of the tube due to the accumulation of a 
negative charge on the deflector-plate connected to 
Cs. Since in the case of 60-cycle corona on conductors 
at relatively close spacings, the positive and negative 
discharges are of unequal magnitudes, C; will accumu- 
late a positive or an additional negative charge which 
will cause further drifting of the figure. Inthe case ofa 
small conductor (0.015 in. diam.) at a fairly close 
spacing (7.5 in. to neutral) it was found that at about 
15.0 kv. to neutral the positive excess was just sufficient 
to compensate for the negative charge acquired from 
the electron stream within the tube. Consequently the 
figure would remain stationary near the center of the 
screen and could be photographed when the line and 
anode voltages were properly manipulated. 

When a high resistance is shunted across C, to pro- 
vide a leakage path for the excess positive or negative 
component, the figure remains stationary at all voltages, 
and can be photographed in the usual manner. 

Fig. 9A is a volt-coulomb cyclogram of the discharge 
characteristics of a 15-mil (0.015 in. diam.) conductor 
spaced 7.5 in. to neutral and operating at 15.0 kv. to 
neutral. This figure was generated in the clockwise 
direction. The approximately parallel top and bottom 
sides of the figure represent the 60-cycle charge (affected 
somewhat by the motion of the space charge surround- 
ing the conductor) induced on the ground plate by the 
normal conductor capacitance. The slightly curved 
end sections represent the excess charge induced during 
a part of each half cycle by the periodically increased 


TABLE I 
Conductor:—0.365 in. diam., polished. 
Spacing :—63.5 in. to neutral. 
Length:—10.0 ft. 
Temp.: = 20 deg. cent. Bar. 28.77 in. hg. 
Tube anode potential = 290.0 volts. 
Eec = 87.0 kv. eff. 


ô = 0.977 


Kv. (eff.) Power loss (watts) 
to R3 
neutral ohms Meas Calc.* 
87.0 11,067 3.51 2.65 
91.0 11,067 7.45 7.22 
100.0 11,067 11.8 12.6 
115.0 11,067 25.3 25.1 
130.0 11,067 43.2 41.8 
149.5 11,067 69.7 70.0 


*Values calculated by means of Peek’s formula (large wires) multiplied 
by 0.374 (mo = 1.00) 


conductor capacitance. This increased capacitance 
exists only during the discharges and hence disappears 
near the crests of the voltage waves. Consequently 
the excess charges can not be returned to the circuit and 
are lost. 
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This type of cyclogram has been employed in other 
corona investigations, notably those ef Dr. Ryan, and 
provides a convenient means of studving the phenomena 
from the standpoint of the charge and discharge of 
“space condensers,” but is not so convenient as the 
first type for power calculation purposes.’ 

A volt-ampere cyclogram corresponding to Fig. 9A 
is given in Fig. 9B. 


POWER Loss DATA 


By means of the first method described above 
(i. e. the volt—ampere cyclograms), loss measurements 
were made on several solid conductors of various sizes 
under different conditions of spacing and surface 
regularity, and also on a large, concentric-strand cable. 
Typical data are given in Tables I and II and on the 
accompanying curves. 

Fig. 10 gives the 60-cycle loss characteristic of a 
very small, smooth wire (0.015in. in diameter) at a rather 
close spacing (7.5 in. to ‘‘neutral’’), and at voltages up to 
the arc-over value. It will be noted that the curve 
of square root of power against line voltage is very 
nearly a straight line for a considerable distance above 
the point marked e, indicating that in this region the loss 
followed a quadratic law quite closely. Near the upper 
end this curve turns up rapidly, indicating that the loss 
increased at a higher rate just preceding arc-over. Dirt 
and oxide on this conductor had practically no effect on 
the loss above e,. The effective diameter of the con- 
ductor was probably sufficiently increased by the foreign 
matter to compensate for the irregular surface. 

Figs. 11 and 12 give the 60-cycle loss characteristics of 
a large, solid conductor (0.365 in. diameter), both polished 
and rough, at two spacings (63.5 in. and 21.5 in. to 
neutral). The curve for the roughened conductor in 
Fig. 11 was plotted from the data given in Table I, and 
the curve for the polished conductor in Fig. 12 was 
plotted from the data given in Table II. No loss 
whatsoever could be detected from the polished con- 
ductor until the visual critical voltage was reached. 
At this point it suddenly jumped to a definite value and 


TABLE II 
Conductor 0.365 in. diameter polished. 
Spacing :—21.5 in. to neutral. 
Length:—10.0 ft. 
Temp. = 18 deg. cent. Bar. = 28.47 in. hg., 
Tube anode potential = 290.0 volts. 
Ec: Increasing voltage = 77.0 kv. (et?.); Decreasing voltage = 75.0 
kv. (eff.). 
Kv. elf.) 
to 


6 = 0.99 


R3 Power loss (watts) 


eea eee M 


neutral (Ohms) Meas. Calc.* 
79.0 5040 8.57 15.1 
85.0 5040 35.4 31.5 
9D O 5040 42.3 42.0 
100.0 5040 70.3 67.5 
115 0 9040 118.0 117. 
130 0 5040 177. 180 
150 0 5040 283. 285 
*Values calculated by means of Peck’s formula (large wires) multiplied 
by 0.73. «mg = 1.00) 
« Ryan and Henline, The Hysteresis Character of Corona 
Formation, A. dB. E. Trassacrions, Vol. XLII, p. 1HS. 
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then, with further increase of voltage, followed a 
quadratic law very closely. It will be noted that for 
this conductor at the closer spacing two critical 
voltages are indicated, one for increasing voltage and a 
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Conductor: 0.365. in. diameter 
° smooth surface 
+ rough surface 
Spacing to neutral: 63.5 in. 
Length: 10.0 ft. 
Frequency—60 cycles 


Fia. 


different one for decreasing voltage. This character- 
istic seemed quite definite in the case of large polished 
conductors at small spacings, and was probably an effect 
of the space charge created by the uniform corona 
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TABLE III 
Spacing ed (Kv. eff.) ey (Kv. eff.) 
Conductor to ee nl fe See 
neutral Calc. (for md Calc. (for © ee 
(diam. in.) Condition (in.) Observed mq ™ 1) (Actual) Observed My = 1) (kv.) 3 
0.015 Smooth 63.5 7.2 11.7 0.615 13.0 12.4 11.0 0.99 
0.015 g 7.5 6.5 9.12 0.710 10.0 9.65 9.0 0.99 
0.064 “ 7.0 16.3 14.8 1.10 21.0 21.4 20.0 1.00 
1). 204 a 63.5 41.5 40.0 1.07 62.0 61.5 59.0 0.99 
0.204 u 21.5 34.2 33.9 1.04 53.0 52.1 51.4 0.99 
0.365 Polished 63.5 62.7 62°7 1.00 89.0 90.5 87.0 0.977 
0.365 “ 21.5 50.5 52.6 0.961 76. 76.0 76.0 0.99 
0.365 Rough 63.5 54.0 62.7 0.86 87.0 90.5 66.0 0.975 
0.365 s 21.5 44.5 52.6 0.848 77.0 76.0 60.8 0.99 
336,400 
C. M. 
A.C.S. R Smooth 21.5 77.0 90.4 0.852 125 119. 100.5 0.963 
u “ 63.5 95.0 113. 0.842 147. 149. 119. 0.975 
" Mutilated 63.5 Sees 113. ware Teh 149. 63 0.962 
“ “Weathered” 
(Rough) 63.5 113. 149. 105. 0.964 
eg Disruptive critical voltage in Peek's formula. (= eo, practically, for conductors of diameter greater than 0.15 in.) 
mq and my _Irregularity factors. 


ey Visual critical voltage in Peek `s formula. Observed value is that at which loss becomes quadratic. 


ec Actual corona starting voltage 
8 Atmospheric correction factor. 


envelope. The roughened conductor gave a loss at 
much lower voltages than the polished, and a greater 
loss at the higher voltages. In this case the loss ap- 
parently followed no definite law, and was very sensitive 
to accidental surface conditions until well above the 
starting voltage when the curve became a quadratic. 
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Conductor: 0.365 in. diameter 
° smooth surface 
+ rough surface 
Spacing to neutral: 21.5 in. 
Length: 10.0 ft. 
Frequency—60 cycles 


The excess loss above the quadratic due to surface 
irregularities gave a typical probability curve. 

Loss measurements were made on a 336,400-cir. mil 
A. C.S. R. (aluminum conductor steel reinforced) 
cable with the surface in three different conditions, 
namely, smooth, rough, and mutilated. A smooth, 


clean cable spaced 63.5 in. to neutral gave no loss below 
119.0 kv. to neutral and closely followed the quadratic, 
for mo = 0.85, above 125 kv. This value of m, was 
about the average obtained with this conductor at the 
21.5-in. and 63.5-in spacings. See Table III. In the 
case of the roughened conductor the outside strands 
were scratched, as if the cable had been dragged 


800 TIIT] 


GO oe GS 


TTS 
8 
S 
ri 
HATET 
28 
# 
E 


P 


60 80 100 120 140 
KILOVOLTS TO NEUTRAL (EFF.) 


13—OBSERVED Corona Loss—MEASURED BY MEANS OF 
THE CATHODE Ray OSCILLOGRAPH 


Fic. 


Comparison of losses at 420 cycles and 60 cycles 
Conductor: 0.365 in. diam., polished surface 


S 
‘Spacing to neutral: (=) ;° = 21.5 iB. 


A = 63.5 in. 
Length: 10.0 ft. 


over rough ground, and were covered with spots of 
dirt and oxide. The loss started at a lower voltage 
(89 per cent of the former starting value) and was 
higher over the entire range. The outside strands of 
the mutilated conductor were in a condition such as 
would be produced by dragging the cable over hard 
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sharp rocks. The loss started at a very low voltage 
(53 per cent of the starting value for the smooth con- 
ductor) and was of greater magnitude than in the other 
two cases. 

It was found that the curve obtained by subtracting 
the quadratic from the loss curve of the mutilated con- 
ductor was a typical probability curve. Extrapolation 
of the curves for the three conditions beyond 150 kv. 
(up to which voltage the measurements were taken) 
showed them to come approximately together at 185 kv. 


The loss from the smooth cable had much the same 
characteristics as that from the roughened solid con- 
ductor (Fig. 13). The surface irregularities, in the 
former case due to stranding and in the latter case due 
to burrs and scratches, caused the loss to begin below 
the “visual critical voltage,” e,, (for a smooth conductor 
of the same diameter) but not so low as the critical 
disruptive voltage, eo» The quadratic seemed to apply 
when the true critical voltage, e., was approached. As 
was mentioned in connection with the solid conductors, 
the loss from the cables at voltages below e, was very 
sensitive to changes in surface condition. When the 
strands were badly scratched the loss started at a 
relatively low voltage, far below the value of e, for 
the smooth cable, and was of considerable magnitude at 
voltages too low to cause any discharge from the 
undamaged conductor. 


It is of interest to study the data obtained with the 
above three specimens of cable and the following 
conclusions are of particular interest: 


1. Ate,, corresponding to a three-phase line voltage 
of 258,000 volts, the loss from the smooth cable was 49 
kw. per mile of conductor. 

2. At 220,000 volts, three-phase, the loss from the 
smooth cable was 18.0 kw. per mile and from the rough 
cable was 29.4 kw. per mile. 


3. At 205,000 volts, three-phase, there was no loss 
from the smooth cable, 17.0 kw. per mile loss from the 
rough cable, and 38.0 kw. per mile loss from the muti- 
lated cable. 

4. At 132,000 volts, three-phase, the loss from the 
mutilated cable was 4.7 kw. per mile of conductor. 

5. At sea level and in fair weather the smooth cable 
would operate at 205,000 volts, and the rough cable at 
180,000 volts, three-phase, without corona loss. Corona 
would still be present on the mutilated cable at 130,000 
volts, three phase. 

From the above data it is evident that a great deal of 
care should be exercised in stringing the lines in order to 
keep them as free as possible from burrs and scratches. 
It is also evident that small changes in the surface 
condition of the conductor produce large changes in the 
magnitude of the loss near the critical voltage. The 
deviation of the loss curve from a quadratic below 
e, seems to follow the probability law and, since the 
loss below e, is determined by the size, projection, and 
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number of irregular “spots” on the conductor, it is 
reasonable that this law should apply, at least 
approximately. 


It seems that the best general practise is not to at- 
tempt to design the line for a given amount of corona 
loss, but to so choose the conductor and spacing that 
the dielectric strength of air (t. e., 30 kv. per cm. max. 
under standard atmospheric conditions) multiplied by 
the irregularity factor of that conductor is not exceeded 
at the conductor surface for the highest operating 
voltages. Recent developments in the manufacture 
of cables having large diameters relative to their 
effective cross sectional areas make it economically 
possible to design and construct corona-free lines. 


The irregularity factor is determined by actual 
measurement on a specimen of the given conductor or 
a similar conductor which has been installed and well 
weathered under the particular conditions involved. 

Radio interference, and interference with successful 
carrier-current communication on the line itself are 
gaining importance as factors making the elimination 
of corona an important matter. ` 


Loss at Higher Frequency. Fig. 13 gives the loss 
characteristics of a large, solid conductor, polished, at 
420 cycles in comparison with the same at 60 cycles. 
The ratio of losses at the closer spacing was about 3 
and at the greater spacing was about 3.5. The conduc- 
tion component of the loss was apparently considerably 
greater at the small than at the large spacing and 
probably accounted for the difference in ratios. These 
curves are quadratics with the same .critical voltages 
as the 60-cycle curves on the same conductor. 


COMPARISON WITH RESULTS OF PREVIOUS 
INVESTIGATIONS 


The quadratic law, which was established by Mr. 
Peek in 1910, was closely checked for voltages above 
the “‘visual critical” value (e,). Below this voltage the 
deviation from a quadratic of the loss curves for cables 
and roughened solid conductors was found to follow 
the probability law closely. 


In order to obtain absolute values it is necessary to 
correct the loss data obtained in these tests because the 
ground plate did not intercept all the electrostatic flux 
emanating from the conductor. The correction varies 
with the spacing. For any given spacing, however, 
the percentage of flux intercepted by the plate is ap- 
proximately constant regardless of the voltage. 


The correction is readily obtained by comparing the 
calculated charging current of the conductor with the 
measured values. In this manner it was found that 
at a spacing of 63.5 in. to neutral about 44 per cent of 
the total current was measured, and at a spacing of 
21.5 in. to neutral about 78 per cent was measured. 
The uncorrected measured loss at the greater spacing 
was about 38 per cent of the value calculated by 
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means of Peek’s formula, and at the smaller spacing was 
about 70 per cent of the calculated value. 


The formulas for critical disruptive gradients and 
particularly the visual critical gradients as determined 
by Mr. Peek’s early work were closely checked. 


The disruptive critical voltage, e4, which is the volt- 
age at which the quadratic curve starts; the visual 
critical voltage, e,, and the actual corona starting volt- 
age, e., for a number of conductors are tabulated in 
Table III. Both the calculated and observed values 
of the first two quantities are recorded. The calculated 
values of e, are from Peek’s® disruptive critical formulae 
form, = 1. The observed values of e4 are the voltages 
at which the projected curves of square root of power 
against voltage intersects the voltage axis. The 
quantity m, (actual) is the ratio of observed e4 to calcu- 
lated e4. 


yh 
FACE CONDITIONS 


Roug 


Fic. 14— COMPARATIVE CYCLOGRAMS SHOWING THE INFLU- 
ENCE OF CONDUCTOR SuRFACE CONDITION UPON CORONA 
DISCHARGE CHARACTERISTICS. 


Conductor: solid, 0.365 in. diameter 
Spacing to neutral: 63.5 in. 


The observed values of e, are the voltages at which the 
losses began to obey a quadratic law. The calculated 
values were obtained from Peek’s visual critical for- 
mulae for m, = 1. 


Over the entire range of conductors tested, a remarka- 
bly close agreement exists between the observed and 
calculated values of e,. There is also a fairly close 
agreement between the observed and calculated values 
of ea. It will be noted that in the case of the roughened 
solid conductors the loss actually started at voltages 
well above the e, of the same conductor in a polished 
condition. The same may be said regarding the 
roughened cable. For the mutilated cable, however, 


8s. See ‘Dielectric Phenomena in High Voltage Engineering,” 
by F. W. Peek, Jr., pages 117-152. 


LLOYD AND STARR: CORONA LOSS 


1007 


e. is lower than eu (eg = evin the case of large conductors 
such as this). This condition is largely accounted 
for by the presence on the cable of numerous sharp 
projections which produced flux concentrations and 
consequently, local discharges at relatively low voltages. 


CHARACTERISTICS OF THE CORONA DISCHARGE 


Typical cyclograms showing the discharge character- 
istics under different conditions are given in Figs. 3B, 
4and 14. It will be noted that for polished conductors 
(Figs. 4, 14 left side) the individual discharges, partic- 
ularly the negative, form very suddenly, and the current 
waves contain abrupt distortions. In the case of rough- 
ened conductors (Fig. 14 right side) and cables the 
individual discharges form much more gradually and 
the current wave distortions are much less abrupt. 
Fig. 14 illustrates the influence of surface conditions 
upon the magnitude and character of the discharge. 


The decrease of instantaneous disruptive voltage 
with increasing line voltage is shown in Fig. 14. 


SUMMARY 


The low-voltage cathode ray oscillograph is well 
adapted to investigations of phenomena involving small 
currents of complex wave shape. ` This instrument was 
used in a study of the volt—ampere characteristics of the 
corona discharge. The circuit employed was such that 
the figures traced on the screen of the tube were volt- 
ampere cyclograms. These cyclograms were photo- 
graphed by placing the film directly against the end 
of the tube and the power expenditure represented 
was calculated by a method which was in effect the 
same as that of transcribing the polar figures to 
rectangular coordinates and integrating the power 
wave in the usual manner. The results were converted 
to watts by means of the tube calibration data which 
were obtained by impressing definite voltages across 
the deflector plates and measuring the resulting 
deflections. 


The cyclograms give accurate indications of the 
structural nature and characteristics of the corona 
discharge. 


Some of these characteristics were checked visually 
by means of the stroboscope. 


The following conclusions were drawn regarding the 
power loss and starting voltage: 

1. Above the “visual critical voltage,” e,, as given 
in Mr. Peek’s early work, the loss-voltage relation is 
a quadratic. 

_ 2. For polished solid conductors the loss suddenly 
jumps from zero to a definite value at e, and then 
follows a quadratic. 

3. For cables and roughened solid conductors the 
excess loss above or below that given by the quadratic 
law approximately follows the probability law below 
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e,. This excess loss may be either positive or negative, 
or both. 

4. The critical disruptive gradients and particularly 
the visual critical gradients as determined in Mr. 
Peek’s early work were closely checked. 

5. The loss near the starting voltage is greatly 
affected by the regularity and condition of the conductor 
surface. 

The characteristics of the discharge are briefly as 
follows: 

1. For polished solid conductors the individual 
discharges, particularly the negative, start suddenly 
and are accompanied by heavy rushes of current. 
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2. For roughened solid conductors or cables the 
individual discharges start gradually and the current 
waves contain no sharp breaks. 

3. The instantaneous disruptive voltages decrease 
with increasing line voltage. 

4. The individual discharges stop near the crests of 
the voltage waves. 


Acknowledgment is made of the assistance of Mr. 
T. M. Hotchkiss, and others of the staff of the High 
Voltage Engineering Laboratory. 


Discussion 
For discussion of this paper see page 1020. 
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The Mechanism of Corona Formation and Loss 
BY F. W. PEEK: 


Fellow, A. I. E. E. 


Synopsis.—T he mechanisms of corona and corona loss have been 
studied with the cathode-ray oscillograph. High voltage power of the 
order of 0.1 watt can be measured with an accuracy of 1 per cent with 
this instrument. The measurements show that the loss follows the 
quadratic law above the visual critical voltage. 

On polished wires there is no loss until the visual critical voltage is 
reached. The loss then starts quite suddenly and takes a finite value 
on the quadratic curve. 
loss below the visual critical voltage on brushes at local ‘‘rough’’ 
spots. The loss due to these irregularities can be represented by the 
probability law. This is quite in accord with former work. 

In practise it is important not to mutilate the conductors in 
stringing. The really important factor in design is the irregularity 
factor, me, for weathered conductors. No line should be operated 
with a corona loss under fair weather conditions. Itis nol necessary 
from the economic standpoint since large diameters can be obtained 
with special types of conductors. o, 

The visual critical corona voltage can be calculated with great 


INTRODUCTION 


HIS paper records the continuation of an investiga- 

T tion started in 1910, first reported to the Institute 

in 1911? and from time to time thereafter as 
seemed desirable. 

At this time the results of a study with the cathode 
ray oscillograph are given. This instrument, not avail- 
able in a very practical form when the investigation was 
started, has now made it possible to obtain a very good 
picture of the mechanism of corona formation and loss 
as well as to measure small losses. The instrument 
used was of the Western Electric hot cathode type. 
Probably the first work on corona with the cathode 
ray oscillograph was done by Prof. H. J. Ryan who has 
added considerably to our knowledge of this subject?. 


RESUME AND CONCLUSIONS 


The cathode ray oscillograph used in the investigation 
described in this paper offers a means of studying the 
mechanism of corona loss as well as a means of measur- 
ing accurately small low power factor losses. 

This investigation clearly shows the mechanism of 
corona loss. It was found that the corona loss follows 
the quadratic law above the visual critical voltage. 
Below this voltage there is no loss on polished con- 


1. Consulting Engineer, General Electrice Co., Pittsfield, 
Mass. 

2. Peek, Law of Corona and Dielectric Strength of Air—lI, 
Transactions, A. I. E. E., 1911, Vol. 30, pp. 1889-1988. 

3. Ryan and Henline, Hysteresis Character of Corona Forma- 
tion, TRANSACTIONS A. I. E. E., 1924, Vol. 33, p. 1118. 

Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 


On cables and imperfect conductors there isa 


accuracy. As the applied a-c. voltage is increased above the visual 
critical value, the instantaneous critical voltage becomes lower and 
lower until finally corona starts at the zero point of the wave. This 
occurs when the applied voltage is twice the visual critical voltage. 
At still higher voltage, corona starts below zero or on the falling wave. 
The effect is as if the instantaneous critical voltage is reduced by an 
amount approximately equal to the excess of the applied voltage 
above the visual critical voltage. Thus when the excess is equal to the 
visual critical voltage the instantaneous voltage is zero. This 
occurs when the applied voltage is twice the visual critical voltage. 
The reason for this is clearly shown as well as many other interesting 
facts. 

Artificial corona was readily produced with all of the char- 
acteristics of real corona after the mechanism was determined. 

The quadratic law seems to be the rational expression for the loss. 

Details of measurements are given in the supplemental paper on 
measurements by Starr and Lloyd, ‘‘ Methods Used in an Investiga- 
tion of Corona Loss by Means of the Cathode-Ray Oscillograph.”’ 


ductors but loss may occur on an imperfect conductor 
due to local corona at surface irregularities caused by 
abrasions, dirt, etc. A weathered cable has the 
characteristic of a dirty wire and may approximate 
the quadratic down to the disruptive critical voltage. 
The operating voltage should be below the disruptive 
critical voltage for the weathered conductor. The 
losses due to chance irregularities near the critical 
voltage are closely approximated by the probability 
law. This quite confirms the results of the former 
investigations. 


The measured visual critical corona voltages check 
the calculated values very closely. 

The cathode ray oscillograms show quite clearly how 
the corona loss occurs. As the applied voltage is in- 
creased above the visual critical voltage, corona starts 
at a lower and lower instantaneous value of voltage on 
the a-c. wave. The instantaneous value of starting 
voltage on the a-c. wave is decreased by an amount 
approximately equal to the excess of the applied 
voltage above the visual critical voltage. For 
instance, when the applied voltage is. twice the 
visual critical voltage, corona starts at the zero point 
of the voltage wave on each half-cycle. Thus the excess 
of the applied voltage above e, is 


2e, — e, = e, 


The critical voltage is then decreased by this amount 
or reduced to 
&—e = 0 
The reason for this is quite evident. After corona 
starts, a tube of corona surrounds the conductor and 
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is charged through the “corona arcs” up to the maxi- 
mum of the wave when the arcs go out or corona stops. 
This corona tube or “space” charge increases quite 
suddenly to a finite diameter at the start and then more 
gradually as the maximum of the wave is approached. 
This charge caused by the excess voltage returns 
towards the conductor with the falling wave and adds 
to the cnarge caused by the applied voltage on the 
next half-cycle. When the sum of these charges is 
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Fic. 1—ARRANGEMENT OF VERTICAL PLATE AND CONDUCTOR 
FOR A STUDY oF CORONA BY MEANS OF THE CATHODE Ray 
OscILLOGRAPH 


sufficient to cause the breakdown gradient, corona 
starts at an instantaneous voltage less than the visual 
critical voltage. With the start of corona there is a 
. sudden rush of current. When twice the visual critical 
voltage is applied, the excess voltage is equal to the 
critical voltage. The charge due to this excess voltage 
is then sufficient to cause corona without any additional 
charge. Corona thus starts on the following half-cycles 
on the zero of the wave as shown above. If the applied 
voltage is further increased, corona starts below the 
zero of the wave or on the falling voltage. 

Corona characteristics can be produced artificially 
by means of condensers. For example, take two con- 
densers and place a gap in series with a resistance 
across one of them. If voltage is applied and gradually 
increased, capacity current flows until the gap breaks 
down. There is a sudden rush of current. The spark, 
which represents the corona, continues to the maximum 
of the voltage wave when it stops. This leaves an 
excess charge on one condenser which adds to the charge 
caused by the line voltage on the next half-cycle. The 
gap breaks down at lower and lower instantaneous 
voltage as the applied voltage is increased and becomes 
zero when the applied voltage is twice the initial start- 
ing voltage as in the case of corona. 
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It is shown that the loss is caused by the charging 
of the space condenser through the “resistance” of the 
corona arc or by the motion of the charge through the 
field and that the quadratic is the rational form for the 
loss to take. 

The formation of corona current is much faster on 
the negative than on the positive wave. 

The results are of practical as well as theoretical 
importance. For instance, Fig. 7 shows very decidedly 
the importance of using care in stringing conductors. 


METHODS OF TESTS 


The cathode ray oscillograph was connected as shown 
in Fig. 1. With this arrangement the field across one 
pair of plates is proportional to the voltage while that 
across the other pair is proportional to the current. 
When voltage is applied across a capacity load, an 
ellipse is described, as shown in Fig. 2, the abscissas 
being proportional to the instantaneous voltages and 
the ordinates to the instantaneous current. These 
figures are recorded photographically. The voltage 
deflections to the left are positive while those to the 
right are negative. Positive currents cause deflections 
above the horizontal axis and negative currents below 
the axis. If the voltage wave is known, the voltage and 
current waves can be plotted as shown in Fig. 8. 
Power is easily obtained by measurements of the 
instantaneous voltage and current and by simple 
calculations as follows: 

Each figure is divided into an integral number of 
equal-time sections and the product of the mean 
ordinate by the mean abscissa is obtained for each 


Fia. 2—CYCLOGRAM OF Capacity CURRENT BEFORE THE START 
oF CORONA 


section. The average of all such products is then 
multiplied by the circuit calibration constants, volts 
and amperes per unit deflection of the cathode beam. 
The result is expressed in watts. This is equivalent to 
transcribing the figures to rectangular coordinates and 
then integrating the power wave in the usual manner. 
Power of the order of 0.1 watts can be measured with an 
accuracy of about 1.0 per cent. 

The general arrangement for corona measurements 
is shown in Fig. 1. The measurements were usually 
made between a single wire and a plane. Precautions 
were taken to eliminate the end effect by making the 
measurements on about 10 ft. of wire in the central 
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“= partofthe plane. Precautions were also taken to guard 
< against stray fields and to prevent phase angle dis- 
~ placement errors. 

Since they are very completely covered in the 
supplemental paper, it is not necessary to go into 
further details here regarding the measurements. 

The assistance of Messrs. W. L. Lloyd, E. C. Starr, 
T. M. Hotchkiss, and other members of the High 


r Voltage Engineering Laboratory Staff in carrying on ` 


this investigation, is acknowledged. Mr. Starr’s work 
in making the measurements was especially valuable. 


EARLY WORK AND LAWS FOR DETERMINING LOSS AND 
CRITICAL OR STARTING VOLTAGE 


The following brief statement of laws established 
- in the first paper of the series should be of assistance 
- in comparing the earlier work with the present. 
The several laws of corona are as follows: 
The risual critical voltage or the voltage at which 
corona first starts: 


p | 
q. r log. a kv. to neutral (crest) 


e, = 
0.3 
ge = 3806 (1 + —=_) kv. per cm. (crest) 
Vor 
3.92 b 
273 +t 
Where | 
r = radius in cm., 
s = spacing in cm., 
t = temp. deg. cent., 


b = barometric pressure cm., 
The power los: is: 


241 ae 
p= (f + 25) vr/s (e — eo)? 10-5 kw. per km. of one 


conductor 
S 
eo = go Mo r 6 log, p effective kv. to neutral 
. go = 21.1 m, = irregularity factor 
For small conductors: 
541 0.30 1 ) ) s 
Ca = Do T vêr \ 1 +230r r OB y 


This has been referred to as the quadratıc law and 
states that the loss increases as the square of the excess 
voltage above the disruptive critical voltage, eo The 
quadratic law obtains when a plot between vp and e 
gives a straight line. The disruptive critical voltage, 
e, is lower than e, and, in fact, corresponds to a gradient 

+ ofg) = 30 kv. per cm. or the strength of air in a uniform 
~ field. In the early work it was stated that with a 


4. Lloyd and Starr, Corona Loss Measurements by Means of 
the Cathode Ray Oscillograph, p. 997. 
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polished conductor, no loss would be expected below 
the visual critical voltage e,. It was further stated that 
the loss should then start quite suddenly and follow the 
quadratic law. For rough conductors the loss should 
be expected below e, due to the surface irregularities. 
This should follow because abrasions, dirt, and other 
chance irregularities cause high local stress and thus 
local corona and loss below e,. Since local corona is 
caused by chance conditions, it is difficult to predeter- 
mine. It wasshown that this loss followed the proba- 
bility law. 


CORONA Loss MEASUREMENTS By THE CATHODE RAY 
OSCILLOGRAPH 


Power Loss and the Quadratic Law. In Fig. 3A, 
measurements made by the cathode-ray oscillograph 


(POWER LOSS-WATTS)# 


POWER LOSS-WATTS 


120 


20 40 6 80 2100 
KILOVOLTS TO NEUTRAL (EFFECTIVE) 
Fic. 3—OBSERVED Corona Loss 


Measured by means of the cathode ray oscillograph 
Conductor: 0.0382 cm. diam. smooth 
Spacing: 161 cm. to neutral 
Length: 305. cm. 


TABLE I 
CORONA LOSS ON SMALL CONDUCTOR 
Conductor—0.0382-cm. diameter, smooth 


Spacing —161 cm. to neutral 
Length  —305 cm. 
Freq. —60~ 
Effective current (milliamperes) 
l Power 
Kv. (ef.) Disruptive Entire loss 
to neutral interval cycle (watts) 
11.6 0.0102 
13.0 0.0392 0.0405 0.123 
14.4 0.246 
16.4 0.0749 0.0630 0.382 
19.6 0.105 0.0868 0.588 
24.0 0.137 0.115 1.11 
30.0 0.181 0.157 1.90 
38.0 0.249 0.218 3.36 
46.4 0.322 0.296 5.53 
60.5 0.461 0.400 9.14 
91.0 0.740 0.669 25.4 
112.0 0.939 0.860 41.5 


Correction Factor—Divide current by 0.43 
Divide power by 0.40 


are plotted between loss p, and voltage e, for a small 
wire. The v p is plotted with e in Fig. 3B where 
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the resulting straight line is the test of the quadratic. 


The loss starts suddenly at e, and follows the straight 
line. The extension of this line cuts the axis at eo 
or ea. Between e, and e, there is very little loss for this 
relatively smooth wire. This curve is a check on the 
quadratic law for voltages up to ten times the starting 
voltage. 

Fig. 4 shows that a larger polished wire also follows 
the quadratic law above e,, or that 


=k (e — €o)?. 
The Disruptive Critical Voltage and Visual Critical 
Voltage. The disruptive critical voltage e4 or e, is due to 


oo 
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20 on ae 140 
VOLTAGE TO NEUTRAL KILOVOLTS EFFECTIVE 
Fig. 4—OBSERVED Corona Loss 


Measured by means of the cathode ray oscillograph 
Conductor: 0.520 cm. diam. polished 
Spacing: 161. cm. to neutral 
Length: 305. cm. 


a gradient of 30 kv. per cm. at the conductor and is the 
voltage used in the quadratic, for large conductors; 
e4 is used for small conductors. The gradient gp cor- 
responds to the strength of air. Quoting from the first 
paper, “With perfect’ conductors loss does not start 


TABLE II 
CORONA LOSS ON MEDIUM CONDUCTOR 
Conductor—0.520-cm. diameter, polished 


Spacing —161 cm. to neutral 
Length —305 cm. 
Freq. —60~ 


Effective current (milliamperes) 


Kv. (eff.) Disruptive Entire Power loss 
to neutral interval cycle (watts) 
60.0 1.80 
65.0 3.81 
80.0 10.3 
100.0 23.3 
130.0 54.3 


Correction Factor—Divide power by 0.33 


at the voltage e» at which the disruptive gradient is 
reached at the conductor surface, but only after the 
disruptive strength of air has been exceeded over 
an appreciable distance from the conductor, that is, ata 
higher voltage e,. With such conductors there would 
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be no loss until e, was reached. The loss would then 
suddenly take nearly the definite value calculated for 
this applied voltage by the equation.’? With the 
usual imperfect conductors there is loss below e, due 
to tufts of visual corona at local irregularities. Any 
appreciable corona loss is thus always accompanied by 
visual corona. For a dirty or mutilated wire, loss 
occurs at local brushes below the true e, for the wire. 
These local losses below or near the critical voltage are 
difficult to predetermine because they are caused by 


02 03 04 05 06 07 OB 09 186 
RADIUS OF CONDUCTOR (CM.) 


Fic. 5—CRITICAL DISRUPTIVE GRADIENT 


chance conditions. This is generally not of great 
practical importance as it is desirable to operate below 
€y. The loss on new wires decreases after operation as 
the irregularities are burned off. The local irregularity 
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OL TAGE TO NEUTRAL, KILOVOLTS EFFECTIVE 
Fie. 6—OBSERVED Corona Loss 


Measured by means of the cathode ray oscillograph 
Conductor: 0.928 cm. diam. smooth (1) 
mutilated (2) 
Spacing: 161. cm. to neutral 
Length: 305. cm. 


loss then becomes insignificant compared to those 
caused by dew, frost, rain, etc. 

Values of g, and g4 or go determined by the cathode 
ray oscillograph are the plotted points in Fig. 5. The 
drawn curves are the calculated values. The check is 
very good. 

Loss Near the Critical Voltage and the Effect of the 
Condition of the Conductor Surface. In Fig. 6, loss 


June 1927 


curves are plotted for a rough and for a highly polished 
wire both directly between p and e and between v p 
and e. The curve between the v p and e shows that 
the loss follows the quadratic law. For the polished 
wire there is no loss until e, is reached. At that voltage 
the loss suddenly takes a definite value on the quadratic 


curve. With the rough wire there is loss below e, 
TABLE III 
CORONA LOSS ON LARGE CONDUCTOR 
Conductor—0.928-cm. diameter 
Spacing —161 cm. to neutral 
Length —305 cm. 
Freq. —60~ 
| Effective current (milliamperes) 
Kv. (eff.) Disruptive Entire Power loss 
to neutral interval cycle (watts) 
Polished surface 
87.0 0.192 0.361 3.51 
91.0 0.330 0.404 7.45 
100.0 0.508 0.485 11.8 
115.0 0.695 0.622 25.3 
130.0 0.915 0.789 43.2 
149.5 1.18 1.01 69.7 
Roughened surface 
67.3 0.995 
74.8 3.86 
52.3 6.95 
86.7 8.72 
90.7 10.5 
09.4 16.9 
114.3 29.7 
129.0 46.0 
149.3 74.0 
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KILOVOLTS TO NEUTRAL (EFFECTIVE) 


Fra. 7—OBSERVED Corona Loss 


Measured by means of the cathode ray oscillograph 
Conductor: A. C. S. R. Cable 
Aluminum—30 strands, 336,400 cm. 
Steel—7 strands 
Diam. 0.741 in. 
Length: 10.0 ft. 
Spacing to neutral: 63.5 in. 
1 Clean and smooth 
2 Rough 
3 Badly mutilated 
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due to local brushes at irregularities. The loss on the 
rough wire is in excess of the loss on the smooth wire 
up to about twice e,. As determined in the early work, 
this excess loss follows the probability curve 

p=q Eto —e)? 


Fig. 7 shows loss curves near e, for smooth, rough, 
and mutilated conductors. The excess loss for the 
mutilated conductor is shown by the dotted line. 
The ratio between e, for the rough and polished wires 
gives the irregularity factor mo After operation or 
weathering, the loss at e, becomes quite small. 

The measurements by the cathode ray oscillograph 
are thus quite in agreement with laws formulated in the 
former work as follows:5 


a. At the visual critical voltage and above, corona 
loss follows the quadratic law over a wide voltagerange, 
or 

p = k (e — €o)? 
b. There is no loss below e, for polished wires. 
c. For roughened wires, there is a loss below e, at 


TABLE IV 
CORONA LOSS ON CABLE 
Conductor—A. O. S. R. cable, 1.88-cm. diameter 


Spacing -—161 cm. to neutral 
Length —305 cm. 
Power loss (watts) 
Kv. (eff.) _—— 
to neutral Smooth Rough Mutilated 
65.0 0.648 
75.0 . 2.34 
85.0 6.53 
95.0 11.3 
105.0 16.5 
110.0 3.69 
115.0 7.44 
120.0 3.06 13.1 27.8 
125.0 9.20 18.7 
130.0 15.3 22.5 33.6 
135.0 21.6 28.5 
140.0 25.4 32.5 40.6 
145.0 28.8 36.2 
150.0 34.6 41.0 48.8 


spots due to local corona. The critical voltage, ea, is 
then decreased by a factor mọ. This irregularity loss 
follows the probability curve. For the ordinary 
weathered cable, the loss is generally not far from the 
quadratic down to eov. 


d. €o, €a, and e, check former measurements. 

The loss as affected by various factors will be more 
critically studied later in connection with the cyclo- 
grams. In the curves in Figs. 3,4, and 6, the loss is not 
reduced to the equivalent of parallel wires. This can 
be done by a correction factor. The loss is somewhat 
less than that for parallel wires due to the fact that the 
ground plate from which current was taken was not of 
infinite extent. Part of the flux went to this plate and 
part to the equivalent of an infinite plane. The loss 


5. (a) Peek, Law of Corona and Dielectric Strength of Air, 
TRANS. OF THE A. Í. E. E., Vol. 30, pp. 1889-1988. (b) Peek, 
‘*Dielectric Phenomena in High Voltage Engineering,” McGraw- 
Hill. 
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may be corrected so that it corresponds to one of two 
parallel wires of the given length by multiplying by 
the proper factor. 


THE MECHANISM OF CORONA OR How CORONA FORMS 


The Critical Voltage or Breakdown. The cathode ray 
oscillograph gives a very good picture of the mechanism 
of corona formation from instant to instant during the 
a-c. wave. Some exceedingly interesting facts have 
been observed. For instance, as the applied voltage is 
increased above the visual critical voltage, e,, corona 
starts at a lower and lower instantaneous voltage on 


Commucton, 0928 cw Daw Sunons 


G ow tonut aw 


b i 

Peenuet nc ¥Y —~ét0 s 
eed 

LL 


verted Haaa EÉ cyclogrems premrtional lo lee wahoo yt 


Fia. 8—VARIATION OF INSTANTANEOUS CORONA STARTING 
VOLTAGE WITH APPLIED VOLTAGE 


Applied Visual Instantaneous critical 
Voltage (kKv.) critical voltage (¢;) (Kv.) 
— | i voltage (K vv.) | -——-———_—"—_- 
Eff Max (Max.) Pos. Neg 
87.0 123. 122.6 105 101. 
91.0 129. ae 102 93.3 
100.0 141. j 90.4 81.2 
113.5 161. = 76.5 66.7 
130.0 1384. s$ 60.4 49.1 
149.5 212. re 42.8 30.1 
the wave. The instantaneous value of the starting 


voltage on the a-c. wave actually becomes zero when the 
applied voltage is approximately 2e and finally crosses 
zero at higher applied voltages. 

The visual critical corona voltage or the a-c. voltage 
at which corona starts when a low voltage is applied 
and gradually increased, is very sharp and definite 
and can be determined with accuracy. The formula 
for calculating this voltage is given above and seems 
to check well with the present tests. When the voltage 
is increased above the visual voltage and then reduced, 
the corona stops at the same voltage at which it started. 
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Loss occurs when the voltage is above the critical 
voltage. A- study of the instantaneous corona at volt- 
ages in excess of the critical voltage is thus important 
to an understanding of the mechanism of corona loss. 
Fig. 8 shows a set of cyclograms taken on a wire. The 
top figure was made just at the start of corona at e,, 
and represents capacity current with a slight corona 
hump at the maximum of the voltage. The ordinates 
give current, while the abscissas give voltage. Follow- 
ing the X axis to the left, it will be noted that a sudden 
increase of current or hump starts just before the 
maximum voltage is reached, and at an instantaneous 
voltage not far from e,. At the maximum voltage, the 
corona hump disappears. The curve is then ap- 
proximately the capacity ellipse, altered somewhat by 


A 
(a) Applied voltage e = 65.6 kv. max. to neutral: 


Visual critical voltage e, = 18.1; 
Instantaneous critical voltage ¢; = — 26 kv. 


(b) Applied voltage, e = 212 kv. max.; 
Visual critical voltage ep = 18.1; 
Instantancous critical voltage e; = — 142 kv. 


Fig. 9—INSTANTANEOUS CORONA STARTING BELOW ZERO OR 
ON THE FALLING WAVE FOR APPLIED VOLTAGES Far IN EXCESS 
OF THE VISUAL CRITICAL VOLTAGE, C, 


Spacing conductor to plane 161 cm. Diameter of conductor 0.371 cm. 
Frequency 60 cycles. Scale smaller in (b) than (a). Compare with Fig. 8 


the motion of the space charge, until corona starts 
again on the next half-cycle. The polar diagrams have 
been translated to the usual rectangular co-ordinates at 
the right. The corona hump is well shown in these 
figures. It will be noted that the corona starts at a 
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lower and lower instantaneous voltage as the applied 
voltage is increased until in the last figure the in- 
stantaneous starting voltage on the a-c. wave e; is 
almost zero. At a still higher voltage, e; passes 
through zero or becomes negative, as in Fig. 9. Re- 
ferring to Fig. 114, when the voltage is gradually 
increased, corona starts at the maximum of the wave 
when the visual critical voltage e, is reached. This 
voltage is very definite. When a higher voltage, e, 
is applied as in Fig. 11B, corona starts during the first 
half-cycle at the instantaneous voltage e,. The charge 


Fig. 1O—CoMPARATIVE CYCLOGRAMS SHOWING THE INFLUENCE 
or CONDUCTOR SURFACE CONDITION UPON CoRONA DISCHARGE 
CHARACTERISTICS 


Conductor: A. C. S. R. Cable. 0.741 in. diam. 


336,400 cm. cross-section area 
Spacing: 63.5 in. to neutral 


on the conductor is then q, or the flux is y.. e, is the 
voltage necessary to produce the flux or the charge 
required to cause the breakdown gradient g,. In this 
particular example, assume that the wire at the start 
is negative. After corona begins, the positive ions are 
attracted to it and discharged. The repelled ions 
become in effect a charged cylinder, of varying diameter, 
surrounding the conductor. The stress between the 
conductor and this charged cylinder, or “space charge,” 
now remains more or less constant with increasing 
voltage or just high enough to maintain the corona 
charging arcs; see Fig. 15. The stress is limited by the 
breakdown gradient of the air, go. Corona continues to 
form and to increase the outer cylinder until the maxi- 
mum voltage is reached or slightly passed, when it 
stops. At this instant, the stress between the wire 
and the corona cylinder is just below the breakdown 
value. With decreasing voltage, the stress between 
the wire and the space charge decreases and somewhere 
on the descending wave becomes zero. This leaves for 
the instant the total flux on the space charge. The 
conductor and the space charge are then at the same 
potential. This occurs at e— e, on the descending 
wave. If there were no drop in the corona, this con- 
dition would occur at the maximum of the wave. With 
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reversal of the voltage, the space charge, in effect, adds 
to the charge on the conductor. When the sum of 
these two charges becomes, in effect, equal to q., so as to 
cause a gradient g, near the conductor surface, break- 
down occurs. Then, if the charge due to the voltage 
is g,, and that due to the space charge is q,, breakdown 
occurs when 

Gi t+ Qs = Qe 
or in terms of flux 

Vi + Ys = "A 

In Fig. 11B, the voltage has been increased above 
e,. It is seen that corona starts at the reduced instan- 
taneous voltage e; on the second or + half-cycle. This 
is the voltage necessary to produce the flux y;. The 
effect is as if the charge q, produced by the excess in the 
voltage above e, on the first half-cycle were added 
directly to the charge on the conductor in the next half- 
cycle so that corona starts when the sum of these be- 
comes q,. In other words, corona starts at the in- 
stantaneous voltage e, on the first half-cycle that the 
voltage is applied. On the next and following half- 
cycle it starts on the wave at a lower instantaneous 
voltage, e; Fig. 12 shows this graphically. 

In Fig. 12a, flux just sufficient to start corona at 
voltage e, is shown leaving the conductor. Corona 
“arcs” are about to form, suddenly increasing the volt- 
age across increased capacity and causing the sudden 
increase in current shown in Fig. 9. Fig. 12B shows the 
conditions at the maximum of the voltage wave. 
The outer cylinder has been charged through the 
corona ‘“‘ares.’”’ The stress at the conductor is still 
sufficient to maintain corona and there is considerable 


@,-@, ¢-¢,-Excens of Crest Voltage Above e, 
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flux from the corona cylinder. The space charge 
cylinder has been fully charged and the “‘arcs’’ die out as 
the voltage starts to fall. Fig. 12c shows the point 
on the decreasing wave where all the flux is on the space 
charge and there is no voltage between the conductor 
and the space charge. In Fig. 12D, corona is starting on 
the second half-cycle at the reduced voltage e;. The 
same flux is attached to the conductor as caused by the 
voltage e,, in Fig. 12A. The flux is caused partly by 
ei and partly by the space charge. It is thus not 
necessary for e; to be as great as e, to cause the break- 
down gradient. z 

The reduction in instantaneous critical voltages is 
approximately equal to the excess of the applied 
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Thus, if e is the applied voltage, 
e — Cy a Cy — ĉi; 


voltage above e.. 


or 
e; = 2e,— e. 

- This equation states that the instantaneous starting 
voltage, e;, is zero when the applied voltage is 2e,, 
or that when the space charge is in effect q., no ad- 
ditional charge is needed to start corona. Instanta- 


ey 
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A. Just at start of corona. Flux from conductor only 

B. Just before corona stops at crest of voltage wave. 
conductor and space charge 

C. After corona stops. Flux from space charge only 

D. Just at second start of corona. Flux from space charge adding to 
conductor charge 

Center figures. 


Flux from 


Schematic diagram of corona discharge circuit 


neous voltages, e;, are plotted with applied voltages in 
Fig. 13. Note that e; is zero at approximately 2e.. 

If the above rule held over a wide range of voltage, 
it would be found that 

e + e; = 2e, = constant 
As a matter of fact, as would be expected, the tests 
show that e + e, is not constant, but approximately so, 
near the critical voltage. Actually, the effect is as if the 
total space charge were not effective in reducing the 
critical voltage, but that 
= ę,— (e— e)a 

where a is a leakage factor and is less than unity. Fig. 
14 shows this for several different wires. If the total 
charve were effective, the curves would be parallel to the 
xaxis. At 420 cycles, as would be expected, the leakage 
isnot appreciable. 
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It is stated above that the stress at the conductor 
after corona starts does not increase with increasing 


voltage but remains at a value just sufficient to keep the. 


air broken down and to supply the outer cylinder or 
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Fic. 13—VaRIATION OF INSTANTANEOUS VOLTAGE OF CORONA 
FORMATION wira LINE VOLTAGE 


Conductor: Solid-smooth surface. 0.015 in. diameter 
Spacing to neutral: 63.5 in. 


space charge. This is illustrated by the test curves in 
Fig. 15. The voltage was measured between the 
conductor and small wires placed at different points in 
space. It will be noted that the voltage between these 
points increases directly with increasing voltage until 
the critical voltage is reached, after which the voltage 
remains more or less constant. 

Artificial Corona. The mechanism of the corona 


af cher 


oS = os 
+ t- 


è 


e,+ e- KILOVOLTS 
8 § 


40 80 120 160 200 
e — KILOVOLTS MAXIMUM APPLIED 


Fig. 14—VaARIATION OF e; +e wiTH LINE VOLTAGE 


e; = Instantaneous disruptive corona voltage 
e = Maximum line voltage to neutral 
Conductor: 

1 0.464 cm. radius polished 

2 0.260 cm. radius polished 

3 0.019 cm. radius smooth 
Spacing: 161. cm. to neutral 


breakdown can be illustrated with condensers. For the 
sake of simplicity, take two condensers as in Fig. 16. 
Shunt one of these with a gap set to spark at voltage 
e, and of such characteristics that it never short-circuits 
cı This gap thus has a valve action sparking when a 
voltage e, is impressed across it but not short-circuiting 
ci. On the first half-cycle, the spark, which represents 
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he corona, starts at the instantaneous line voltage 
v> because e, is the total applied voltage that causes 
he breakdown voltage e, on c;. At that instant the 
oltage across c+ is e, — e,» With increasing line volt- 
ge, the voltage across c, does not rise above e, because 
f the arc. The excess voltage is placed across cz. 
Nhen the maximum of the wave is reached, the current 
tops and the arc goes out. Ata voltage e— e, on tne 
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15—ExXPLORATION OF StTaTIC FIELD SURROUNDING A 
CONDUCTOR 


Fia. 


X = Distance from conductor center to equipotential surface 
E; = Voltage across space X 
Conductor: solid copper, polished 
0.927 cm. diameter 
Spacing: 161. cm. to neutral 
Critical disruptive corona voltage—86.8 kv. 


falling quarter of the wave, the total voltage is on cz. 
Finally, on the + half of the wave, the voltage across 
the gap again becomes e, and the spark again starts. 
This occurs at the instantaneous line voltage e;. e; is 
lower than the instantaneous voltage e, at which corona 


es 
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16—OPERATION OF SINGLE-Gap, FIXED-CAPACITANCE 
ARTIFICIAL CORONA CIRCUIT 


i 


Fia. 


started on the first half-wave, by the amount that e 
exceeded e, because an excess charge, (e — e.) c, On c, 
adds to the charge due to the line voltage, or 


e; = 2e.— e 
This is the relation arrived at for corona on wires and, 
as in the case of corona, the spark starts at zero in- 
, stantaneous line voltage when the applied voltage is 
twice the critical voltage. The above holds whatever 
_ the relation between the capacities of the condensers, or 
, whether one gap is used or several gaps are used to 
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break down successively. The actual corona loss 
relation would be more nearly approached with a suc- 
cessive breakdown of gaps with increasing voltage. 


Fia. 17 —StnaLeE-Gare CIRCUIT FOR PRODUCING AND STUDYING 
ARTIFICIAL CORONA 


Fig. 18—ARTIFICIAL CORONA 


A—Just above critical voltage 
B—Considerably above critical voltage 
C—Over twice critical voltage —corona starting ‘below zero” 
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A similar voltage relation holds if the gap is permitted to 
short-circuit the condenser except that the gap must 
then be set at double voltage. The voltage, relations 
are followed out for several half-cycles in Fig. 16. 
The arrows on the condensers show the relation of the 
fluxes at different parts of the wave. In one instance 
it will be noted that all of the flux is attached to the 
“space charge” or condenser cz. 

Compare Fig. 16 with Fig. 12, where thesamerelations 

are shown for actual corona and space charge. 
_ A condenser arrangement for artificial corona was 
made asin Fig. 17. Tests were also made with several 
gaps breaking down successively. The cyclograms in 
Fig. 18 show how closely artificial corona agrees with 
actual corona. 

The Power Loss. The mechanism has so far been 
described up to the point where the charge of the ionized 
space of the first half-cycle in effect adds to the charge 
on the conductor of the next half-cycle and breakdown 
occurs when the sum of these two charges is in effect 
equal to q,, or causes a stress gẹ. In this particular case, 
the start was made with the wire (—). The returning 
charge was then also (—). Following the new break, 
this was cancelled by a (+) charge while a (+) charge 
was repelled from the conductor. The space charge 
cylinder moves out with increasing voltage and is 
charged through the corona arcs until the wave reaches 
maximum. The arcs then die out or corona stops. The 
sudden increase of current at the critical voltage is 
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Fic. 19—EFrectivE Corona CurRRENT DurRiIna DISRUPTIVE 
INTERVAL 


Conductor: 0.927 cm. diameter, polished 
Spacing to neutral: 161. cm. 
Length: 305. cm. 


caused by a sudden increase of voltage across the in- 
creased capacity. Part of the energy in the ‘“‘space 
charge” field is returned to the circuit and part of the 
energy is not returned or is returned at the wrong part 
of the wave and is lost. When the conductors are far 
apart, the main part of the loss occurs in the space 
between the conductor and corona cylinder. Where 
the conductors are close together, or the voltage is 
approaching the spark-over voltage, a conduction loss 
is also caused by ions migrating to the opposite con- 
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ductor. The measurements show that over a very 
wide range of conditions the loss follows the quadratic 
law 

p = k,(e — e)? 


An examination of the mechanism makes this appear 
the rational form for the loss to take. This seems so 
for the following reasons: The space charge is propor- 
tional to (e — e») C. Energy is required to move this 
charge through the field or through the voltage from the 
conductor to the corona cylinder. The voltage be- 
tween the conductor and the space charge or corona 


TABLE V 
P = 4f C(e — eo)? X 10° watts 
f = frequency 
c = conductor capacitance to neutral, farads 
e = max. line voltage to neutral, kv. 
ĉo = max. critical voltage to neutral, kv. 


P (watts) * 
e Co e — ĉo f C 
(Kv.) (Kv.) (F. X 10-!! Meas. Calc. 
Conductor: 0.0381-cm. diameter. spacing: 161 cm. to neutral 
C (corrected) = 0.747 xX 10-!! farads. f = 60. eg = 9.90 
s/r = 16,900 
16.4 9.90 6.5 60 | 0.747 | 0.014 0.076 
18.4 “ 8.5 “| “ 0.100 | 0.130 
20.4 Sg 10.5 ss * 0.246 0.198 
23.2 s 13.3 ià ” 0.382 0.318 
27.7 “ 17.8 “ “ 0.588 | 0.570 
33.9 “ 24.0 “ “ © Lun 1.04 
42.5 di 32.6 we | n 1.90 1.92 
53.8 S 43.9 s A 3.36 3.45 
65.7 a 55.8 zi e 5.53 5.60 
85.6 “ 75.7 “ “ | 10.2 10.3 
128.8 s: 118.9 e s: 25.4 25.4 
158.0 z 148.1 z = 41.5 39.5 


Conductor: 0.519-cm. diameter, spacing: 161 cm. to neutral 
C (corrected) = 1.06 xX 10-!! farads. f = 60. co = 59.0 s/r = 1240. 


Conductor: 0.927-cm. diameter spacing: 161 cm. to neutral 
C (corrected) = 1.13 X 10-!! farads. f = 60. eo 89.6. sr = 695. 


123. 89.6 33.4 60 1.13 3.51 3.04 


129. “ 39.4 ns s 7.45 4.2: 
141. Ái 51.4 z fi 11.8 7.20 
160. i 70.4 Si i 25.3 13.5 
184. ss 94.4 : i 43.2 24.2 
212. s 122.4 S S 69.7 40.8 


Conductor: 0.927-cm. diameter spacing: 54.6 cm. to neutral 
C (corrected) = 2.44 X 10-!! farads. f = 420. eg = 69.4. s/r = 236, 


69.4 47. 


117. 6 420 2.44 84.4 93.0 
132. se 62.6 “ | g 165. 161 
147. S 77.6 s£ i 250. 247 
170. j 100.6 s F 415. 415 
191. ns 121.6 = k 587. 601 
206. s 136.6 7 764. TST 


*In making the loss calculations, the values of C in the formula were 
corrected to correspond to the actual capacitances of the conductor to the 
active section of the ground plate. The factors were determined by com- 
paring the calculated and measured charging currents. 

The measured values are tho actual values computed from the 
cyclograms. 

= * x * x s + 

The check between the measured values of loss and the corresponding 
values calculated by the above simple formula is very good when s r 
is large or when the frequency is high. When s,r is small or when the 
frequency is low, it is necessary to introduce a factor which is a function 
of the capacitance and also a factor to take care of ionic leakage as in 
the quadratic law. ‘Thus in the tables above, for the lower values of S r 
with 60 cycles, the difference between the measured and calculated watts 
Is considerable, The corrective factor has not been applied to any of the 
above tables. 
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cylinder is proportional to (e — eo) and, in fact, appears 
to equal (e — e») for the higher frequencies and very 
large spacings. The energy may be considered as 
being lost in the resistance of the corona arcs charging 
and discharging the corona cylinder. The loss is thus 


w = (€— e) (e — e) kC = (€— e) kC 
or the power 
p =4fCk(e— e) 


The above relation checks the measured values for 
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p 20 — VOLTAGE, CURRENT, AND PowER Waves AS DERIVED 
FROM CoRONA CYCLOGRAMS 
E = Voltage 1 = Current P = Power 
Conductor: 0.927 cm. diameter, polished 
Spacing: 161. cm. to neutral 
A—87.0 Kv. (eff.) to neutral 
B—113.5 kv. (eff.) to neutral 
C—149.5 kv. (eff.) to neutral 
D—113.5 kv. (eff.) to neutral 


large spacings at 60 cycles and for all spacings at 420 
eycles. When the frequency is low or when the spacing 
is small, ions must pass from conductor to conductor; 
see Table V. This is equivalent to a leakage loss or loss 
in a resistance intermittently placed from conductor to 
conductor. Then 


p = k: (f +a) C (e— e) 
wherein the factors a and k are an integral part of the 
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equation and were originally determined empirically 
in the quadratic law. The part of the energy in the 
space charge that is returned to the circuit at the 
proper part of the wave is not lost but gives the extra 
capacity effect of corona. 

There is no loss at e, because breakdown does not 
take place until the voltage e, is reached. There is then 
a sudden break over a finite distance from the con- 


Fic. 21—Waves oF VOLTAGE, CURRENT, AND POWER— 
VoLtTaGE FAR IN Excess OF CRITICAL VALUE AS DERIVED FROM 
Corona CYCLOGRAMS 


E = Voltage I = Current 

Conductor: 0.0382 cm. diameter, smooth 

Spacing: 161. cm. to neutral 

Voltage: 112.0 kv. (off.) to neutral: ep = 12.8 kv. 
e; = 9.5 kv. 


P = Power 


ductor and the loss falls on the quadratic curve with eo 
as the disruptive critical voltage. The stress between 
the conductor and the corona cylinder is not reduced to 
zero when corona starts but has a value approximately 
equal to go or ga at the conductor and decreases outward 
to the corona cylinder along approximately the same 
curve that obtained just before corona started. Be- 
yond the corona cylinder, the average stress must be 
higher or the curve flatter to maintain the voltage 
proportional to e, across the portion that is not ionized. 

It might be expected at first glance that the disrup- 
tive critical voltage should be e, rather than e», since 
loss does not start on polished conductors until e, is 
reached. A more critical examination, however, shows 
that following the initial break controlled by g., the 
strength of air becomes qo. Thus, although g, controls 
the start of the loss, after the initial break occurs and 
corona extends out, the controlling gradient is go. This 
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Fig. 22—Waves or VOLTAGE AND CURRENT AT 420 CYCLES AS 
DERIVED FROM A CORONA CYCLOGRAM 


Voltage to neutral: 147. kv. max. 
Spacing to neutral = 161. cm. 
Conductor: 0.927 cm. diameter, polished 


follows up to the maximum of the voltage wave when 
corona stops. g, 1s required to cause the next start, ete. 

It is interesting that when the applied voltage is zero, 
all of the energy is on the space charge and is 


, 100: 
(e= e) OG, 
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The voltage, current, and power relations are shown 
very well for a polished conductor 0.365 in. in diameter 
at different voltages, in Fig. 20. The relations are 
shown in rectangular coordinates transcribed from the 
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Fic. 23—OssErRVED Corona Loss at 420 CycLes MEASURED 
BY MEANS OF THE CAaTHODE-Ray OSCILLOGRAPH 


Conductor: 0.927 cm. diameter, polished surface 
Length: 305. cm. 
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Fia. 24—ARTIFICIAL CORONA 


A—Voltage and current waves 
B—Voltage. current, and power waves 
Gap G assumed to limit 
Voltage of Cy to ei’ 
Em 
2.5 


, 


Ci = Ce e' = 


P = Power input to circuit 


measured cyclogram at the left of each figure. Fig. 20A 
was taken near the critical voltage. The (+) and (—) 
power waves are practically equal and correspond to the 
charging kilovolt-amperes except for the excess (+) 
hum- saused by the loss. In Fig. 20B, the voltage has 
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been greatly increased and the instantaneous startinz 
voltage e; has decreased. There is now a considerable 
excess (+) power, hut without the decided hump. 
In Fig. 20c, the voltage has been increased to almost 
2€.. e; has approached zero. The power wave is now 
smooth. 

Fig. 20D is the same as 20B with the addition of the 
charging kilovolt-ampere curve and the difference be 
tween this curve and the total power curve. This is the 
approximate corona loss curve. 


An examination of the current curves in Fig. 20 
shows that for a polished wire the instantaneous corona 
start is extremely rapid on the negative half of the wave, 
while on the positive half it is more gradual. The start 
on the negative half is so rapid that oscillations are 
readily produced. The effect of the conductor surface 
is shown very well in Fig. 10. A cable acts very much 
like a dirty wire. 

An examination of the power curves shows a dif- 
ference for (—) and (+) corona. There isnot, however, 
any great difference in the actual loss on the different 
half-cycles. 


Figs. 13 and 14 show a slight difference in the in- 
stantaneous starting voltages. 


Fig. 21 is interesting. It was taken at a voltage 
considerably higher than the critical voltage, e.. The 
instantaneous e; voltage has decreased below zero or the 
corona starts on the falling wave. 


Fig. 22 shows corona at. 420 cycles. The character- 
istics are the same as at 60 cycles except that there is 
less evidence of conduction as would be expected. 

Fig. 23 shows that the corona at 420 cycles follows 
the quadratic law. 

Characteristic voltage, current, and loss curves for 
artificial corona are given in Fig. 24. 


Discussion 


AN INVESTIGATION OF CORONA LOSS 
(STARR AND Luioyp) 
LAW OF CORONA AND DIELECTRIC STRENGTH 
(PEEK) ; 
Detroit, Micu., JUNE 24, 1927. 

V. Karapetoff: The diagram of connections used by the 
authors permits of obtaining an oscillogram of the total current, 
consisting of a reactive charging component and an in-phase 
energy component. In some cases it may be of interest to obtain 
a picture of the latter component alone. Perhaps this could be 
accomplished by some differential arrangement; that is, by using 
a condenser which takes the same reactive charging current as the 
conductor under test but has practically no corona loss. The 
high-voltage side of the step-up transformer would then be wound 
for a double voltage, with the middle point grounded: the added 
condenser would be connected to the other terminal of the 
transformer, and the resistance KR, would be connected to the 
neutral point. Only the difference of the currents taken by the 
conductor under test and the perfect condenser would fow 
through R3. 

A Mechanical Transcriber. With an increasing use of the 
eathode ray oscillograph in practical work, the problem of rapidly 
transcribing records with a sine-law axis of abscissas to those with 


June 1927 


Cartesian coordinates becomes one of considerable importance. 
Where hundreds of similar records have to be transcribed, the 
tedious point-by-point method of transfer of individual ordinates 
can hardly be considered satisfactory. A mechanical trans- 
scriber is a device consisting of kinematic connections with a 
stylus at one end and a pencil at the other. By going with the 
stylus over the outline of an oscillogram on a photographic 
film, the pencil is made to draw on a strip of paper the correspond- 
ing curve in rectangular coordinates. 

In order to enable those interested to build a mechanical trans- 
seriber, the underlying principle is shown in Fig. 1 herewith. 
The film containing the record is fastened to the platen 2-2, 
which has a slot, 3. A pin, 4, attached to the crank, 5, can slide 
in the slot. When the crank is turned by means of the handle, 6, 
the platen and the oscillogram perform a harmonic motion along 
the X-axis. The same crank, through the friction wheel, 7, 
drives the table 8-8, to the left. A strip of paper is fastened to 
this table, and the pencil, 15, draws a curve in Cartesian co- 
ordinates. It will be seen that by means of this mechanism the 
sine-law abscissas are wiped out, and abscissas proportional to 
time are substituted. 

To transfer ordinates of the oscillogram from the platen to 
the table, the carriage 9-9, with a crossbar, 10, is used. The 
carriage can be moved up and down on the rails 12 and 13. 
The pencil, 15, is attached to the carriage by means of the bracket 
14. The stylus, 11, is fastened to the crossbar, 10. 


Fic. 1 


To operate the transcriber, the crank is turned slowly and at 
the same time the carriage is moved up and down in such a way 
that the stylus always remains on the curve. The pencil then 
traces the transformed curve. When many oscillograms are to 
be transcribed, one person should turn the crank and another 
operate the carriage. 

Determination of Power Loss by Weighing. When power 
loss is to be evaluated regularly from a large number of oscillo- 
grams, the point-by-point method described in the paper may 
prove to be too tedious. It is necessary to measure a large 
number of ordinates, multiply each by the sine of an angle, and 
add the products, keeping the positive and the negative quantities 
separate. An automatic method of weighing may prove useful 
in such cases, especially since it enables us to use a much larger 
number of ordinates with a comparatively small additional re- 
quired amount of time. The principle of the method is shown 
in Figs. 2 and 3. For the sake of illustration, we shall assume, 
with the authors, that it is sufficient to divide each cycle into 
20 equal intervals of time, A t, each corresponding to 18 electrical 
degrees. Replacing integration approximately by summation, 
the average power, P, per ae may be written in the form 


P= a/T) Sams 


tmo 
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where T is the duration of a cycle, and im and €m are the average 
values of current and voltage during the small interval At. In 
Fig. 2, the curve, a b c d f h, represents a loop obtained ex- 
perimentally, with sine-law abscissas. The circle, N is drawn 
with a radius equal to the amplitude of the voltage, E = 
Og=Ok. The circle is divided into 40 equal parts, correspond- 
ing to 9 deg. each. Thus, the arc p corresponds to the interval 
At, and r i; the middle point of this interval. Os is the mean 
voltage em during this interval, and sv is the corresponding 


Similarly, the ordinates z, y, etc., mark the 
The abscissa 
E sin 27 deg., ete. 


mean current, im. 
middle points of the consecutive intervals A tł. 
Os = E sin 9 deg., the next abscissa Oz = 
Thus, eq. (1) becomes 

= (At/T) E [m sin 9° + im, sin 27° + ete.] (2) 
Instead of scaling off the ordinates and multiplying them by 
the sines of the corresponding angles, the simple balance beam, 
shown in Fig. 3, may be used. It is provided with notches at 
distances from the center proportional to sin 9 deg., sin 27 deg., 
etc. The beam is supported in the usual way on a knife edge 
at the center, has a pan P at one end and a counterweight, Q, 
at the other end, to balance the pan. Some strip or wire of 
uniform weight per unit length is provided, so that lengths can 
be measured by weighing. Let a piece of length, sv, be cut off 
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and placed in the first notch to the left of A. The turning 
moment exerted upon the beam will be proportional to îm, sin 
9 deg., that is, proportional to the first term within the brackets 
in eq. (2). 

Corresponding strips are placed in the remaining notches. 
The ordinates in the quadrants I and III of the loop give positive 
values o torque (counter-clockwise), and those in quadrants II 
and IV contribute to the negative torque. Having placed all 
the strips, the beam is balanced by putting some strip in the 
pan P. Let the length of this strip be Z. If the pan were placed 
at the distance p from A, corresponding to the radius of the semi- 
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circle M, the length J would represent the value of the expression 
in the brackets. If the pan is at a distance p', the corrected 
value of J, reduced to the arm length p,is J (p'/p). All the quan- 
tities in eq. (2) being known, the power P may be readily 
computed. l 

The number of strips may be reduced to one-half by re-drawing 
the parts of the loop in the quadrants III and IV in quadrants I 
and II, as shown by the curve b c! d! f. This can be easily done 
by folding the film along p p'. In this case, instead of cutting a 
piece of strip equal to s v, and later one corresponding to s v!, a 
piece of length v v' can be cut off at once, covering both positive 
quadrants I and III. Similarly, a piece of length w w! will 
tak’ care of both negative quadrants. Since both strips act 
on equal lever arms, the net results on the beam is the same as 
if piece of lengths v w! and w! v? were placed on the positive side. 
This procedure of using different pieces on the beam may be used, 
if it appears to be preferable. 

Other Uses of Weighing. A similar method of computation by 
weighing may be used in other cases when the unknown quantity 
is of the form 


Q=azr+by+cz+ete. (3) 
wherein a, b, c, ete., are known constant coefficients, and zx, y, 2, 
etc., are some measured quantities. In a balance beam, notches 
are then made at distances a, b, c, ete. (positive or negative) 
from the knife-edge support, and strips of paper or metal, or 
wires of lengths z, y, z, etc., are placed at these lever arms, 
keeping in mind the sign of each product. The length of wire 
or strip necessary to balance the beam, multiplied by its distance 
from the center, will give the value of Q in eq. (3). The follow- 
ing examples may be cited: 

(a) In cost estimates, where a, b, c, are unit costs and z, y, z, 
are quantities of materials, 

(b) In computing the voltage drop along a line with branch 
loads. 

The factors a, b, c, may then represent lengths and gz, y, z, 
load currents.} 

(c) When analyzing an irregular wave into its harmonics, 
equidistant ordinates are multiplied by the sines of certain 
angles.? By providing a balance somewhat like in Fig. 2, and 
another with cosine notches, the amplitudes of harmonics can be 
quickly and accurately determined. Two balance beams are 
necessary for each harmonic, so that the arrangement would 
pay only when a large number of waves is to be analyzed. l 

C. F. Harding: Referring particularly to the reference to 
the loss due to corona, it may be well to point out that these 
papers confirm the importance of attacking a problem such as 
this from many different angles, in many different sections 
of the country, and on many different transmission lines. 

Beginning about the year 1912, and extending through 
several papers before the Institute, and a number of discussions, 
results of net losses due to corona on various transmission and 
experimental lines have been presented by various authors, and 
compared with the theoretical values, i. e., the empirical equa- 
tions which have been developed in various laboratories. 

In most instances, those losses have compared favorably with 
the results calculated from the formulas which have been de- 
veloped by Mr. Peek, and which have been repeated in this paper. 
That is particularly true for the losses at relatively low voltages, 
such as those up to and slightly exceeding the critical voltage 
between wires. If the net loss due to corona calculated by Peek’s 
formula be plotted in kw. as ordinates, and the kilovolts between 
eables or between one cable and neutral be expressed as abscissas, 


1. V. Karapetotf, Engineering Mathematics (Wileys), Part V, Chapter 
II. In the early days of electrical engineering, a German firm used to 
market a simple balance on which one could "hang amperes" at proper 
distances and balance them by a weight in the pan. The weights were 
stamped directly in square millimeters, to indicate the required cross- 
section of line conductor. 

2. V. Karapetoff, Experimental Electrical Engineering, Vol II, Third 
Edition, p. 577. 
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a parabola results as indicated in the paper. If the actual net 
loss due to corona be plotted for an experimental line or for a 
transmission line operating under the same conditions, 1. e., 
the same frequency, density factor, size cables, spacing, 
etc., this curve checks very closely at low voltages with 
the quadratic curve. In many instances the test curve was 
found to be slightly higher in the lower range of voltage, 
but had considerably lower values of power loss throughout the 
higher ranges of voltage. 


In other words, if we assume that the net corona loss in kw. 
is equal to some constant multiplied by the square of the differ- 
ence between impressed voltage and critical voltage, the quad- 
ratic law of Peek’s formula results. Actual tests show a curve 
of smaller loss and less slope at the higher voltages; at least on the 
lines at Purdue University. This would seem to indicate that 
either this exponent (2) is a little high, or that the critical voltage 
E, varies with the voltage E impressed upon the line. Possibly 
both conditions exist simultaneously. Actual values for the 
exponent—call this N—have been of the order of 1.55 to 1.7 but 
always less than the 2 of the quadratic law of Peek. 


In the paper presented by the speaker in 1924 at the Pasadena 
convention, the result of the possible increase of this Eo, t. e., 
the disruptive voltage’ of air, because of the formation of the 
coronal cylinder of greater capacitance, at these higher values of 
voltage, was suggested. If we consider that this relatively large 
conducting cylinder of ionized air which has been termed the 
coronal cylinder does exist about the cable at extra high voltages, 
in other words, if we take the assumption of the papers presented 
by Messrs. Peek, Lloyd, and Starr, it is probable that the critical 
voltage E, at this point, as the result of the larger capacitance of 
this larger coronal cylinder, does change materially with these 
very high voltages impressed between cables. We are dealing 
with the critical voltage at the surface of the coronal cylinder or 
some other intermediate point rather than the voltage at the 
cable itself. 


This would seem to indicate that it may be possible, by means 
of tests on transmission lines where net losses due to corona are 
determined very accurately from wattmeter measurement in 
the high-voltage circuit itself, to bring these test relations into 
conformity with, or conversely, and more appropriately to bring 
the formula into conformity with the empirical functions estab- 
lished by such tests. 


The important feature of this, it seems to me, is the fact that 
in practically all these tests, made over a long series of years, 
including a large number of spacings of cables ranging from 1$ 
ft. to 38 ft., with sizes of cables from No. 0 up to 300,000 ecir. 
mils stranded, that the Peek formula is a very conservative one, 
and that the corona loss actually is considerably less, at these 
higher voltages, than would be indicated by the calculations. 
We are on the safe side, therefore, if we design transmission lines 
in accordance with that formula. 


The statement is made, however, in the papers under dis- 
cussion that the line should not be operated at or above the 
critical voltage at which corona forms; i. e., under drv-weather 
conditions. Designing for that voltage means that such a line 
will operate in many cases with considerable corona formation 
upon it, as many have noted substations and lines in more or less 
continuous operation with corona formation. It is important, 
therefore, to determine both by tests in laboratory and on 
operating lines just what this difference is between the two 
curves at the voltages in excess of the critical voltage. 

W. F. Davidson: Mr. Lloyd and Mr. Starr described the 
method they have been using with the cathode ray oscillograph 
for studying corona formation. A short time ago I tried a simi- 
lar tube in studying the distortion of current through a cable 
sample, with the idea of determining whether there was corona 
formation. 


We used basically somewhat the ideas suggested by Professor 


o 
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Karapetoff of eliminating the straight capacity component of 
the charging current through the samples. 


The supply transformer in this case was grounded at one end; 
the sample S connected as indicated in the accompanying Fig. 4 
and brought down through a small resistance to ground, the no- 
loss air condenser C connected in parallel through a correspond- 
ing resistance, in fact, two resistances. The cathode ray is con- 
nected with one plate so as to take the drop V. — Ve giving a 
deflection proportional to watt-component current through the 
sample in the test, now, by controlling the total resistance R we 
had the possibility of shifting the base position of the current 
through the air condenser. That was sometimes of value and of 
help. 

The other component was obtained in two different ways, in 
the first work, much as Mr. Lloyd has described, by taking the 
potential applied to the transformer. We found considerable 
difficulty in using our particular tube, however, because neither 
axis was straight; that is, the pattern instead of being straight, 
gave two rather distorted curves. 

In order to overcome that difficulty, we made a calibration 
in the direction of abscissa, corresponding to these deflections, 
then we arranged our time curve. These were controlled by a 
phase shifter P, that was supplied from the same primary as 
the transformer. The cyclogram would then appear in various 
forms, and we would shift the thing around, changing the phase 


around, changing the phase shifter until the particular point 
we were interested in was on the central axis and then we scaled 
this point. 

There were two operators, one reading the phase shifts and 
the other reading the ordinates, and it took only about a minute 
to get a complete record. We were rather disappointed in some 
of the results because although they were very satisfactory in a 
qualitative way, we were not successful in getting them in a 
quantitative way. Perhaps we could do better with a tube that 
did not have such a badly distorted pattern. 


J. Ryan: (communicated after adjournment) The results ob- 
tained by the authors of these corona papers and their corre- 
sponding conclusions will help greatly to establish a better under- 
standing of the nature of corona. During the past four years by 
independent effort we have arrived at substantially the same 
results and corresponding conclusions. Our studies during the 
past year were mostly concerned with the mobility and make-up 
of the space charge and the manner in which its portions having 
constant and alternating polarities function. 


Three methods have been used successfully for the cyclic 
study of corona by means of the cathode ray tube. In the first 
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of these the ray-pointer is deflected electromagnetically.*"4 In 
the second the deflections are produced electrostatically so as to 
yield quadrature ray-pointer deflections proportional to the 
voltage and to the rate of increase or decrease of the current in 
instantaneous relation. Thus the ray-pointer develops areas 
proportional to the time-integral of the volt-amperes or energy.® 
The third has been used by Mr. Peek and his co-workers. In it 
the ray-pointer is also actuated electrostatically and yields 
deflections proportional to simultaneous values of voltage and 
current. The first and third methods produce volt-ampere 
cyclograms and the second energy cyclograms. 

ew first avoids the necessity of using electrostatic deietan 

ted within the cathode ray tubes but requires a great 
EA of deflector current coils and potential-circuit resistors, 
some of which are expensive. Electrostatic deflectors mounted 
within the cathode ray tube are used in the second and third 
methods. Externally mounted electrostatic deflectors are not 
satisfactory because of the bound charges that assemble on the 
inner walls of the tube opposite the deflectors. We have used 
the three methods and recommend the use of the second and 
third. The choice depends upon the character of work. to be 
done. Occasionally both are required in the same undertaking. 
Because a condenser must be used in the current circuit of the 
energy cyclograph it cannot be used when more than a mere 
trace of rectified current is present. Such current when small 
enough may be successfully bypassed with a ‘“‘leak’’ of the proper 
value. Again when the observation of sudden changes of current 
or e. m. f. are to be made the energy cyclograph being a volt- 
ampere-time integrator, is less helpful and the electrostatically 
operated voltage-current cyclograph should then be used. 

Following the recognition of the presence of the space charge 
that surrounds a conductor in corona it was found that the 
corona loss equals the energy that is dissipated in the space- 
charge condenser at unity power factor subjected to the voltage 
in excess of the critical voltage, i. e., voltage above the lowest 
voltage that will sustain a fixed brush pattern. Thereafter the 
capacitance and position of the space-charge condenser were 
studied with the energy cyclograph, using cylindrical barriers 
around the conductor to fix the radius within which the space 
charge is confined.’ These studies were then followed by others 
to determine the central radial position of the alternating portion 
of the space charge by means of the potential exploring wire. 

During the past year my co-workers, J. C. Carroll and J. T. 
Lusignan, Jr., have . tudied the cyclic character of the ion-content 
of the space charge. One of the many purposes of the study 
was to add to the background of knowledge required to improve 
interpretation of the observations made with the potential 
exploration wire and to understand the function of the constant- 
polarity portion of the space-charge function in alternating 
corona formation. The corresponding results and conclusions 
are being embodied in a paper soon to be presented to the 
Institute.’ 

It has long since been known that the values of positive and 
negative corona-forming voltages differ. Dependent upon the 
particular conditions the difference varies from zero to a con- 
siderable fraction of either polarity of the critical voltage. The 
rectified portion of the space charge in alternating corona is 
caused by this difference. For example if the critical voltage is 
— 3. The Cathode Ray Alternating-Current Wave Indicator, H. J. Ryan, 
A. I. E. E. Trans., Vol. XXII, 1903, p. 539. 

4. The Conductivity of the Atmosphere at High Voltages, H. J. Ryan, 
A. I. E. E. Trans., Vol. XXIII, 1904. p. 101. 

5. A Power Diagram Indicator for High-Tension Circuits, H. J. Ryan, 
A.I. E. E. Trans., Vol. XXX, 1911, p. 1089. 

6. The Hysteresis Character of Corona Formation, H. J. Ryan and 
H. H. Henline, A. I. E. E. Trans., Vol. XLIII, 1924, p. 1118. 

7. On the Nature of Corona Loss, C. T. Hesselmeyer and J. K. Kostko, 
A. I. E. E. Trans.. Vol. XLIV, 1925, p. 1016. 

8. The Space Charge that Surrounds a Conductor in Corona at 60 Cycles, 
J. S. Carroll and H. J. Ryan, A. I. E. E. Ju.. November, 1926, p. 1136. 


9. The Space Charge That Surrounds a Conductor in Corona, 
A. I. E. E. Pacific Coast Convention, Del Monte, Calif., September 14, 1927 
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greater when negative than when positive, the magnitudes of the 
corresponding space charges will have to be in reciprocal relation. 
When the conductor requires a higher negative than positive 
corona-forming voltage there will be formed and maintained the 
larger space charge from the positive to the negative voltage 
crests; and correspondingly the smaller space charge from the 
negative to the positive voltage crests. This gives rise to the 
phenomenon of “rectification” that is often witnessed in the 
study of corona. The portion of the space charge having con- 
stant polarity will increase the strength of the field attached to 
the conductor as the voltage approaches one crest and will 
d minish it as the voltage approaches the other crest. Thus the 
differences of the positive and negative critical fields and their 
corresponding initial voltages from their averages are compen- 
sated for by the presence of the constant-polarity portion of the 
space charge. It follows, therefore, that the initial value of the 
cyclic critical voltage must be as much below the value of the 
crest voltage as it is above the value of the subsequent critical 
voltage that starts corona formation in the succeeding cycles 
and that the positive and negative critical voltages must be equal. 
From the nature of things here set forth power-transmission con- 
ductors operated in corona will display constant polarity high 
potential phenomena to a limited extent and the direct currents 
thus set up in ionic mobility from the conductors through the 
air and over the insulators to earth are not likely to develop 
effects of much practical importance. 

The model of corona given by Mr. Peek is helpful for gaining 
an understanding of the essential features of corona. The 
theory of this model as developed in our studies was given by 
Messrs. Hesselmever and Kostko in connection with Fig. 14 
of their paper on the Nature of Corona.® Guided by this theory 
we made up in the summer of 1926 a model such as described by 
Mr. Peek, using a pair of Leyden jars with a spark-gap in parallel 
with one of them. It produced artificial corona cyclograms quite 
like evclogram No. 4 in Fig. 6 of the Hesselmever-Kostko paper. 
It gave the oblique straight sided parallelograms that theory 
called for. Of course it did not repeat the minor departures that 
are witnessed in actual corona wherein the space charges are 
mobile. See for example the group of cyclograms in Fig. 10 
of the same paper taken from a single-phase line mounted in the 
open to which corona forming voltage was applied. 

All in this group conform liberally but not exactly to the 
oblique parallelogram wherein the slopes of the sides and ends 
determine the values of the capacitances of the conductors and 
space charges, and wherein the departures from the straight sided 
oblique parallelograms are measures of the effects due to causes 
that are not included, necessarily so, in the incomplete theory, 
such as conduction (thermal dissociation) and ionic mobility 
actions that Mr. Peek properly sums up in his paper by the phrase 
‘“‘eorona arcs.” 

As a result of these studies we are convinced that Mr. Peek 
is right in his conclusion that the power-loss-voltage relation 
in full corona formation is a rational quadratic because of the 
space charge condenser. He is also right in recommending that 
eare be used to avoid mechanical injury to the surface of the 
conductor. One should note, however, that losses due to local 
corona are greatly dependent upon the uniformity of the physical- 
chemical regularity. Greatest regularity is required to produce 
minimum local corona loss, since the maintenance of a smooth, 
polished conductor is not feasible. We have found this to be so 
for local corona loss when the mechanical irregularities or rough- 
ness of the surface of the transmission conductor have been 
carefully avoided. The local corona losses are likewise depen- 
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dent to important extents upon the humidity in the air and the 
crest and effective values of the voltages. Because of the prom- 
inent part that the space charge condenser takes in corona 
formation one must expect the cyclic loss to be dependent upon 
the crest value of the voltage; again because the space charge is 
mobile its containing condensers do not have fixed value, and 
one must expect the cyclic loss to be dependent also upon the 
effective value of the voltage. 

The local corona studies here referred to were made by our 
graduate students Messrs. Drodjin and Wiedeman and will be 
embodied in a paper that they will offer for publication at an 
early date. Local coronas are simply scattered brushes. In 
the local corona loss-voltage relation the numbers and positions 
of the brushes are large factors, which in turn depend upon the 
smaller factors just specified all of which in the full corona loss- 
voltage relation are of little or no importance. Local corona is 
an instability complex and much systematic study under all 
relevant conditions will have to be promulgated to know what 
high-voltage conductor diameters, and insulator hardware forms 
to adopt to meet all requirements. 

E. C. Starr: Professor Karapetoff and Mr. Davidson have 
spoken of neutralizing the charging component of the current 
wave. We considered that, inasmuch as the portion of the 
figure that is said to represent charging current is not, strictly 
speaking, only charging current as based upon the capacitance 
of the wire itself, but charging current based upon the capacitance 
of the wire as affected by the motion of the space charge, we 
thought it best to leave it all in to show the whole wave. That 
suggestion, however, would allow us to show only what the corona 
does and under certain conditions would be useful. 

Mr. Davidson spoke of his tube giving axes that were crooked. 
We found that the condition would be brought about if the source 
of the magnetic field used to neutralize the effects of the earth's 
magnetic field was placed too near the tube. It is necessary to 
place the source at a distance of 3 or 4 ft. from the tube in order to 
obtain a uniform field throughout the tube and thus eliminate 
distortion of the axes. It is possible that this was the source of 
Mr. Davidson’s trouble. 


Professor Karapetoff’s mechanical devices are very clever, 
and should be useful where the work is to be done on a large seale. 


F. W. Peek, Jr.: It is very difficult to estimate corona loss 
on practical lines with great accuracy because it is very difficult 
to determine the conditions along a long line; there are so many 
variables. 

If a wire about an inch in diameter is taken and the loss is 
measured up to several million volts, it will be found that, at 
first, the quadratic law obtains up to a very high voltage. 
Finally, at some point the loss begins to fall below the original 
quadratic. It eventually follows another quadratic. The new 
curve, if extended, will be found to cut the axis at a new critical 
corona voltage. At the point where the deviation occurs, the 
appearance of the corona discharge changes. Great ‘‘cart- 
Wheels” form around the conductors. These cartwheels sepa- 
rate, act as shields, and change the whole electrostatic field. I 
do not think it is a practical condition because this deviation 
from the quadratic occurs at many times the operating voltage 
for the conductors. It is amazing, in fact, that any law is fol- 
lowed at these high voltages. : 

It seems to me that operation should be below the critical vol- 
tage for fair weather. Itis practically impossible to eliminate all 
loss in wet weather. It is thus important to determine the 
irregularity factors for various types and sizes of weathered 
conductors. This offers a good field for investigation. 
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A Precision Measurement of Puncture Voltage 


BY V. BUSH* 
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Synopsis.—A description is given of an apparatus for the auto- 
matic determination of the dielectric strength of thin sheet insulation. 
The machine makes about 1000 breakdown tests in a day. Almost 
no attention is required, thus reducing the human element to a 
minimum. 

The results of over 100,000 punctures are given. An investigation 
of the effect of temperature indicates that none of these punctures 
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occurred according to the thermal theories of breakdown. Tests to 
determine the effect of electrode area are also described. It is 


shown that statistical theory can be applied to the results with some 
success. The standard deviation of the breakdown values is a 
measure of the inherent variability of the material, and thus gives 


promise of value in the specification of insulation. 
2 * * k & 


HE pyroelectric theory of insulation breakdown, 
introduced in 1922 by K. W. Wagner! and in- 
dependently by Steinmetz and Hayden?, gave a 

great impetus to the study of the failure of solid di- 
electrics. Several investigators, particularly Dreyfus’, 
Kármán‘, and Rogowski’, have added to the theory, 
while others such as Mündel”, Rochow® and Gabler”, 
have attempted experimental verification. 


The experimental results to date are, however, meager 
and unsatisfactory, and constitute a serious barrier 
in the way of further progress. One reason is the 
difficulty of getting consistent values of puncture 
voltage. Breakdown measurements are inherently 
more erratic than either resistivity or dielectric loss 
measurements. Puncture depends evidently only on 
the strength of the weakest path through the dielectric, 
while the measurement of other quantities is more or 
less an integration process giving an average of all the 
elementary paths through the insulator. The only 
solution of the difficulty seems to be to take the average 
of a great number of readings. 


It was our purpose to build an automatic machine to 
make these breakdown tests in large numbers under 
accurately controlled conditions and with the minimum 
of manual labor. Such an outfit was completed at the 
Massachusetts Institute of Technology in the fall of 
1925ł. In the school year of 1925-26, 130 runs were 
made with a total of over 100,000 readings. 


The apparatus will test any thin sheet material ob- 
tainable in long strips. A piece 114 in. wide and about 
80 ft. long is sufficient for a day’s run of 1000 punctures. 
The outfit consists essentially of a pair of electrodes, an 
insulation feed mechanism, and suitable means of 
automatically raising the voltage and recording the 
value at which breakdown occurs. The feed mecha- 
nism operates after each puncture, bringing a fresh 
length of insulation between the electrodes. A 4000- 


*Both of the Mass. Inst. of Tech., Cambridge, Mass. 

1. For all numbered references, see Bibliography. 

{The authors wish to express their appreciation of the work of 
Mr. L. M. Dawes of the Elec. Engg. Dept., under whose direction 
most of the apparatus was constructed. Thanks are also due 
to the General Electric Co. for its help in the early stages of the 
work. 

Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 


volt, d-c. generator is used for the tests, the voltage 
being raised at a constant rate by a motor-driven 
rheostat in the field circuit. The value at which 
puncture occurs is recorded by an ordinary graphic 
voltmeter. 

That accurate results are obtainable is shown by the 
results of 16,000 punctures made on thin condenser 
paper, Fig. 12. The probable error of the daily average 
is 3.6 volts. Therefore, it may be said that with this 
material under the condition of the tests, the daily 
average is correct to + 3.6 volts, or less than 1 per cent. 
An investigation of the sources of error has led us to 
believe that nearly all the variation from hour to hour 
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Fic. 1—Simpuiriep DIAGRAM or CONNECTIONS 


-and from day to day is caused by variations in the 


paper. The accuracy of the results depends, of course, 
on the number of readings averaged for each point, 
and upon the variability of the material. With a 
more uniform material than paper, still more accurate 
results could be obtained with the same number of 
readings. 
APPARATUS 

Diagram of Connections. A simplified diagram of 
connections is shown in Fig. 1. All tests are made with 
direct current furnished by a 4000-volt generator. 
The field of this machine is separately excited from the 
115-volt mains, a motor-driven rheostat being used to 
vary the voltage automatically. This rheostat is 
driven by a small synchronous motor, and twice a 
minute raises the generator voltage at a uniform rate 
from zero to a value somewhat above the breakdown 
point of the insulation. 
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This voltage is applied to the material between the 
electrodes. When puncture occurs, the rush of current 
operates the relay, R e, which trips the breaker in the 
field circuit of the generator. Across the line is also 
connected the recording voltmeter, V m. Every time 
the voltage rises, this voltmeter draws a line across its 
chart. The pointer continues to move slowly across the 
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Fic. 2—INsSTRUMENT BOARD 


chart until breakdown occurs, when it falls back to 
zero due to the opening of the circuit breaker. The 
length of line is thus a measure of the breakdown 
voltage. 

Just before the motor-driven rheostat is ready to start 


ELECTRODE MECHANISM 


raising the voltage again, contacts on its rotor close and 
operate the feed mechanism. This pulls a fresh piece 
of insulation under the electrodes. At the same time, 
the circuit breaker closing coil is energized. The volt- 
age is then built up as before. The cycle of operations 
is thus as follows: Voltage is raised slowly, puncture oc- 
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curs tripping circuit breaker, feed mechanism operates, 
circuit breaker closes, voltage starts rising again. The 
cycle is repeated indefinitely. 

Fig. 2 shows some of the apparatus. On the left of 
the board is the recording voltmeter. At the right is 
the sensitive relay. A series protective resistance of 
about 50,000 ohms is seen directly below the relay. 
The large box in the right foreground is called the con- 
stant humidity box. 


Electrode and Feed Mechanisms. In the constant 
humidity box are the electrodes and the feed mecha- 
nism. As shown in Fig. 3, the lower electrode 5 is a 
copper block 2 in. sq. The upper electrode 7 is a 
copper rod 7% in. in diameter which slides up and down 
in the brass housing 6. The material to be tested, 
in the form of a long strip about 114 in. wide on the 
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Fig. 4—ELECTRODES 


spools 8, passes between the electrodes and is wound up 
on the drum 23 after it has been punctured. 

After puncture occurs, the solenoid 13 is energized, 
lifting the plunger 12, and thus raising arm 11. This 
raises the electrode 7 slightly from the insulation and 
allows the strip to move. The movement of 12 also 
operates the lever 17 which moves the rolls 21 and 22 
and brings a fresh portion of insulation between the 
electrodes. The plunger 12 then falls and the electrodes 
are again pressed against the insulating material with 
considerable pressure due to the weight of 11 and 12. 


The electrodes are surrounded by the copper jacket 3. 
This is kept filled with oil which is circulated by means 
of a small motor-driven pump connected by the pipes 9 
and 10. An electric heater in the piping system allows 
the temperature of the oil to be accurately controlled. 
For low temperatures a cooling coil immersed in an 
ice bath is used. A copper-advance thermocouple 
soldered to the lower electrode makes possible the 
accurate determination of the temperature. Wires 
from this thermocouple are run through the walls of 
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the constant humidity box and are connected to a 
‘potentiometer. 

Electrodes. The same lower electrode was used in all 
the tests. The various upper electrodes are shown in 
‘Fig. 4. No. O was the one used in the earlier tests. 
It consists of a solid rod of copper, the end being turned 
as shown. The electrode face was ground to an 


Fig. 5—View Looking Down into Constant HUMIDITY 
Box 


accurate fit with the lower electrode, using fine car- 
borundum and oil. In this way, the electrodes made 
contact with the insulation throughout the area of 
the face. 

To make absolutely sure that this was the case, the 
other electrodes were made. These electrodes were 
fitted with ball-and-socket joints so that they would 
press evenly on the insulation throughout the face. 


Fig. 6—SAMPLE VOLTMETER CHART 
Range of scale = 325-700 volts using voltmeter tap No. 8 


Electrodes 1, 2, 3, and 4 are used with the same holder. 
This is shown in the upper part of the figure. The 
faces were ground flat by using a piece of plate glass 
and some fine grinding compound. In all cases, the 
edges were rounded to a radius of about 0.001 in. 
Control of Humidity. Fig. 5 is a view looking down 
into the constant humidity box, the cover being re- 
moved. The oil jacket surrounding the electrodes is 
shown in the lower part of the figure. The small fan 
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in the upper part circulates the air over plates of 
phosphorus pentoxide in order to keep the humidity 
in the box at a very low figure. The sensitive hair hy- 
grometer in the box indicates the per cent humidity. 


PROCEDURE 


All the tests were made on General Electric condenser 
tissue 0.0005 in. thick. This was a good grade of rag 
stock, and was not varnished, oiled, or otherwise 
treated. This material was used, not because of any 
special interest in its properties, but because it seemed 
to offer a cheap and fairly good material which could be 
obtained in long strips. All tests were made with 
paper from a single roll. 

Twenty-four hours before starting a run, the paper 
for that run was wound from the roll to a small spool. 
This was done in a special winding machine in order to 
avoid all wrinkles. This eighty feet of paper on the 
spool was then baked for eight hours in a vacuum at 
72 deg. cent. to remove moisture. The spool was then 
transferred to the constant humidity box, the cover 
bolted down, and the fan run all night to insure a con- 
stant low humidity during the run which was started 
the next morning. In this way, one run could be made 
every day, the paper being baked the previous day 
and transferred to the box each evening. 

From 800 to 1000 punctures were made in a day. 
The resulting voltmeter chart consisted of a large 
number of lines ruled by the voltmeter, the length of 
each line representing the voltage at which one puncture 
occurred. A portion of such a chart is shown in Fig. 6. 
The lines are ruled 40 to the inch. The daily average 
is obtained by adding all these puncture voltages on a 
calculating machine and dividing by the number of 
readings. Hourly averages are also sometimes used, 
each consisting of the average of the 100 to 120 readings 
taken in one hour. . 

RESULTS 


Preliminary Tests; Effect of Moisture. Preparatory 
to the regular tests, some runs were made to determine 
a good way of conditioning the paper. With such a 
hygroscopic material, considerable trouble was antici- 
pated in eliminating all traces of moisture. There 
seemed to be no practical way of obtaining the actual 
moisture content of the paper under operating con- 
ditions. Our aim was therefore to develop a procedure 
which would produce consistent results, and to adhere 
strictly to this procedure in all runs. 

Three runs made with the constant humidity box 
open to the air were as follows: 


Voltage 
No. Temp. Per cent |(corrected to 20 
Run readings deg. cent. humidity deg. cent.) 
15 239 19 5.8 588.6 
16 222 21 8.7 571.0 
17 1059 21 22.2 .3 


All values of voltage are referred to 20 deg. cent. 
by using a correction of — 1 volt per deg. cent. A 
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considerable drop in voltage will be noted, due to 
increased humidity. As has been previously noted, the 
probable error of the daily average is about 3.6 volts. 
Three significant figures are therefore permissible. 
The fractional parts of a volt are probably meaningless 
and are retained merely to conform with the other 
runs of this group, some of which varied from each other 
by less than one volt. 


The next investigation was to find how long the paper 
would have to be kept in the constant humidity box 
to reach a uniform condition of dryness. Several 
spools of paper were put in the box, phosphorus pent- 
oxide was used, and the cover was bolted down. 
Under these conditions: 


Voltage 
No. Temp. Per cent Hours (corrected to 
Run readings | deg. cent. | humidity drying |20 deg. cent.) 
18 1007 25 0.2 24 589.1 
19 897 22 0.2 48 590.0 
20 869 23 0.2 120 592.6 


The results of these runs differ from one another by 
less than the probable error, and can thus be considered 
identical. Comparison of the hourly averages, how- 
ever, shows a decrease in puncture voltage of 30 or 40 
volts from the first readings of a run to the last. This 


indicates that the inner layers of paper on the spool 
were incompletely dried. 

The next step was to bake the paper in an electric 
oven at 103 deg. cent. 


The results were: 


Hrs. baked! Voltage Volts 


No. Temp. |Per centjat 103 deg.|(cor. to 20/dev. from 
Run jreadings ideg. cent} humid. cent. deg. cent.) aver. 
22 1064 23.6 0.2 8 614.6 -0.8 
23 1040 26.1 0.2 17 616.4 +1.0 
24 971 2D 1.2 8 615.2 —0.2 
Av. = 615.4 


The hourly averages in these runs showed no downward 
trend with time, indicating uniform baking throughout 
the spool. The standard deviation of the individual 
readings was 46.0 volts, which is in agreement with 
later tests. The probable error of the daily average 
predicted from the o of the individual readings is 1.0 
volt. The agreement among the daily averages is 
thus even better than would be predicted from the o 
of the individual readings, neglecting all long-time 
variations in the paper. ‘Therefore, the small daily 
variations in the above runs are evidently due to some 
fortuitous combination of circumstances which cannot 
be expected to obtain generally. In fact, all the later 
runs show a greater probable error of the daily average 
than predicted from the single readings, due un- 
doubtedly to long-time variations in the quality of the 
paper.* 


*See ‘Precision of Results.” 
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This method of baking the paper was used in all tests 
up to Run 50. A change was then made to vacuum 
baking, which was used in all subsequent runs. It 
will be noted from Fig. 15 that the tests made with 
the two methods gave the same results. That there was 
very little moisture in the paper is also indicated by the 
fact that there is no break in the E — 6 curve* near 
100 deg. Our conclusions, then, are that the effect of 
moisture on the breakdown voltage is not as great as 
might be expected, and that there seems to be no diffi- 
culty in getting the paper dry enough to insure uniform- 
ity from this aspect. 

Effect of Temperature. It seems reasonable to expect 
the thermal theories to apply in a great number of cases 
of breakdown. It seems equally likely, however, 
that the theories will fail in other cases such as sudden 
application of voltage, very low ambient temperatures, 
or extremely thin materials. In such cases there is 
little possibility of progressive heating of some path 
through the insulation, and breakdown must be of a 
different nature. There appear to be, then, at least 
two mechanisms of breakdownf which we will call 
“thermal” breakdown and “disruptive” breakdown. 
The question then arises as to the limits of applicability 
of each theory. This is a subject for experimental 
investigation. 


If puncture voltage be plotted against temperature, 


Puncture Voltage 


0 
0 Temperature Deg Cent. 6 


Fra. 7—PROBABLB SHAPES OF E — 0 CURVES 


A—Predicted by thermal! theories of breakdown 
B—Probable shape for distruptive breakdown 


the thermal theories predict an exponential curve A, 
Fig. 7. Purely disruptive punctures, on the other hand, 
would probably be nearly independent of the tempera- 
ture, asin the curve B. It seems likely, therefore, that 
if a curve were obtained for any material over a wide 
enough range of temperatures, thermal breakdowns 


*Fig. 8. 

tHayden and Steinmetz, Bibliography No. 8, discuss several 
possible mechanisms of breakdown. In this connection, Rogow- 
ski says: ‘‘The opinion that breakdown is caused solely by 
heating must be abandoned in the case of thin plates, low 
temperatures, and sudden applications of voltage. On the other 
hand it may be correct for thick plates, high initial temperatures, 
and sufficiently long voltage applications; though a decisive 
verdict is not possible at present due to lack of suitable experi- 
mental material.” 
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~ would occur in part of the range and disruptive break- 
© downs in the remainder. A combination of A and B 
- would result. Such a curve would prove the existence 
` of both kinds of punctures, and might lead to some 
‘ criterion by which the transition point could be 
predetermined. 

The results obtained are shown in Fig. 8. The tem- 
perature was varied from — 2 deg. to + 130 deg. cent., 
as wide a range as could be conveniently obtained. Each 
point represents a daily average of from 800 to 1000 
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Fig. 8—BREAKDOWN VOLTAGE As A FUNCTION OF TEMPERATURE 
Runs 103-130 
Electrode No. 3 
Electrode pressure = 210 lb. per in.? 
Relay protective resistance = 30 X 10’ to 56 X 10° ohms 
Voltage raised at 1800 volte per min. 
G. E. condenser paper baked in vacuum for 8 hr. at 72 deg. cent. before 


each test 
Each point represents the average of from 500-1000 readings 


readings. It will be noted that a rise in temperature of 
100 deg. cent. causes a diminution in puncture voltage 
of only 15 per cent. 


The curve appears to be of theform B ratherthan A.* 
Further analysis given in Appendix A leads to the same 
conclusion; namely none of the punctures obtained in 
these tests occurred according to the thermal theories of 
breakdown. This is probably due to the very thin 
material used and the excellent heat-transmitting 
properties of the electrodes.{ Further tests are now in 
progress with thicker materials with which it is hoped to 
obtain curves of both the A and B types. 

Effect of Electrode Area. Considerable work has been 
done in the past regarding the effect of electrode size. 
In 1913, Mr. F. M. Farmer” presented the results of 
tests on varnished cambric and hard rubber with elec- 
trodes of various sizes. Mr. Milnor“ showed that, if 
we consider the insulation to be non-homogeneous, 


*In accordance with the Joffe theory of breakdown which has 
recently appeared, our curve is a measure of the number of 
free ions existing in the material at various temperatures. 

{See also Appendix B. Since our paper was written, some 
very valuable work by Inge, Semenoff, and Walther has been 
published®*. Æ — 0 curves are obtained showing a decided 
break where the mechanism of breakdown changed. from the 
disruptive to the thermal type. 
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each elementary area between the electrodes having 
its individual value of dielectric strength, and if we 
assume further that these values are distributed 
according to the normal form of probability curve and 
that puncture occurs at the weakest point, then the 
breakdown voltage should be 
E = Cı - C: log A 

A is the area of the electrodes and C, and C; are con- 
stants. This is known as the “weak-spot” theory. 
Farmer’s curves were of this form. The experiments 
of Gewecke and Krukowski? also seem to support the 
weak-spot theory. Further work by G. Y. Fong? and 


8 


BREAKDOWN VOLTAGE 


8 5 8 


2 3 5- 
TIMES ORIGINAL AREA 


Fic. 9—BrREAKDOWN VOLTAGE As A FUNCTION OF ELECTRODE 
AREA 


Electrode No. 1 


Kennelly and Wiseman,” however, have cast some 
doubt on the validity of the theory, and nothing really 
conclusive seems to have been decided. 

In connection with an investigation of the various 
factors which might have caused errors in the E — 6 
curve, some runs were made to determine the effect of 
electrode area. While the evidence is not conclusive, 
it seems to support the weak-spot theory. 

If the weak-spot theory is correct, the breakdown 
voltage obtained with large electrodes of area nA 
should be the same as the lowest value obtained in n 
consecutive tests made with electrodes of area A. In 
other words, puncture should occur at a certain voltage 
corresponding to the weakest spot in a given area, 
regardless of whether this area is tested all at one time 
by the use of large electrodes, or is tested one section 
at a time with small electrodes. Thus if a large number 
of tests is available, using one size of electrodes, the 
puncture voltage for electrodes of twice this area should 
be obtainable in the following way: Consider the results 
in groups of two, discard the higher value in each case, 
and take a new average of the remaining figures. 
Similarly, the breakdown voltage for three times the 
original area should be obtainable by dividing the 
readings into groups of three and averaging the lowest 
values of each group. 
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This was done in the case of Electrode No. 1 as shown 
in Fig. 9. The area of this electrode was taken as unity 
for convenience. It will be noted that the result is 
very accurately of the form 

E = C, — C: log A 
as was predicted by Milnor. Our tests, therefore, 
support his proof. His assumption of a normal dis- 
tribution of puncture voltages (an assumption which at 


that time had not experimental verification) is also 
verified by our tests. * 


Similar analyses were made with electrodes of twice 
and four times the area. The resultst are shown in 
Fig. 10. To be a perfect check of the weak-spot theory, 
the three curves should coincide. Though all curves 
have practically the same slope, No. 2 is about 2 per 
cent higher and No. 1 about 2 per cent lower than 
No. 3. Probability theory shows that this is too large 
a discrepancy to be due entirely to random variations 
in the paper. Itis most likely caused by a ‘“‘seasoning” 
action of the electrode faces, an effect which unfortu- 
nately was not discovered until after these runs were 
finished.ł It is also possible that some thermal or 
other effects are present which are ignored by the weak- 
spot theory. The tests, however, indicate that the 
theory is at least approximately correct. 

The Standard Deviation. Fig. 11 shows the frequency 


BREAKDOWN VOLTAGE 


SIZE OF ELECTRODE 


Fic. 10O—BreEaKDOWN VoLTaGE As A FuncTION oF ELECTRODE ~ 


AREA 


Average of 8808 readings 

Electrodes Nos. 1, 2.3 

Electrode pressure = 210 — 850 lb. per in.? 
Relay protective resistance = 56 X 10% ohms 
Voltage raised at 1800 volts per min. 


G. E. condenser paper baked in vacuum for 8 hrs. at 72 deg. cent. before 
each test 


distribution for a day’s run. This was obtained by 
counting the number of readings falling in each 10-volt 
interval. The smooth curve is the probability curve 
having the equation—, 

*See Fig. 11. 

tAll tests were made at a temperature of 48 deg. cent., humid- 
ity of 0.4 to 4 per cent, and a voltage rise of 1800 volts per min. 

tSee ‘Effect of Polishing Electrodes.” 
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It will be noted that the points of our frequency dis- 
tribution fall fairly well on this curve, showing that the 
distribution is of the normal form such as is obtained 
for the variations of any quantity governed purely by 
chance.§ Distributions obtained on other runs are 
very similar to the one shown. The highest point of 
the curve is, of course, at the arithmetic average of all 
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the readings, and thus is the most probable voltage of 
breakdown. 

The constant o in the above equation is called the 
standard deviation or dispersion. It isa very important 
constant in statistical work, since it completely specifies 
the distribution, and thus takes the place of a mass of 
data. The standard deviation was obtained from the 
puncture voltage readings by the use of the equation 


ed 


(6)? 
n 


g = 


where È (ô)? is the sum of the squares of the deviations 
from the mean and n is the number of readings. In 
this case, o = 43.1 volts. A more uniform and 
homogeneous material would have a more peaked curve 
and therefore a smaller value of sigma. A more 
variable material would have a larger sigma. Thus the 
constant ø is a measure of the inherent variability of 
the material.* 

It is believed that the standard deviation will be of 
practical importance in future insulation engineering. 
Sigma is a constant of the material, just as important 
in its way as puncture voltage. The puncture voltage 
indicates the average value at which breakdown occurs; 
the standard deviation tells how much variation there 


§See, for instance, Bibliography, 44-50. 
*It also includes of course, the accidental errors of measure- 
ment. 
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will be from sample to sample. By knowing both these 
constants, the insulation designer can put his work on a 
much firmer foundation than would otherwise be 
possible. The constant should also be of use in the 
specification of insulating materials. The variability 
of the material bought by large cable or condenser 

manufacturers, for instance, is of the utmost importance 
tothem. By specifying o and keeping it up to standard 
by tests made on samples from each batch received, 
the manufacturer would eliminate one of the variables 
which tend to produce a non-uniform product. 

Precision of Results. As previously noted, Fig. 12 
shows the results of 16,000 punctures made under the 
same conditions. The tempe ature was kept at 
40 deg. cent., the humidity was between 0.2 and 0.4 
per cent, and the electrode No. 0 was used throughout. 
Each point represents an hourly average of between 100 
and 120 readings. The ordinates are the deviations of 
the hourly averages from the average of the day in 
which they occurred. The abscissas are merely con- 
secutive hours of run. With the exception of the first 
run, the data do not appear to have any decided trend, 
either up or down, but seem to be purely random 
variations such as would be expected from variations 
in the paper itself. 
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That the variations are random and follow the normal 
law is shown by Fig. 13. The points give the frequency 
distribution of these hourly averages. The smooth 
curve is the theoretical probability curve. The points 
fit the curve about as well as could be expected with such 
a small number of data, only 150 points. The next 
curve, Fig. 14, shows the deviations of the daily averages 
from the average of the eighteen runs from No. 39 to 
59, inclusive.* 

A statistical analysis was made of all the data, 
Appendix C. The actual values of o are as follows: 
For the individual reading, 40 volts; for the hourly 
average, 9.19 volts; for the daily average, 5.3 volts. 

*Run 38 was not used because of its low average. This is 


explained in the next section. Runs 49 and 50 were made, but 
the hourly averages were not computed. 
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Comparison of the hourly and daily sigmas with the 
corresponding values predicted from theo of theindivid- 
ual readings by probability theory, shows that in both 
cases the actual values are too high. The discrepancy 
of the daily value is, however, not much greater than 
that for the hourly sigma. This would seem to indicate 
that the unavoidable changes in humidity and baking 
(variations which did not occur from hour to hour) 
were not responsible for the variations in the daily 
average. It is thought that both hourly and daily 
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Fic. 13—PRroBaBILITY Curve or Howurty AVERAGES, 
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variations are due principally to inherent variations in 
the paper itself. 
Appendix C also shows that the probable error of the 
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Fic. 14—DeviatTions OF DAILY AVERAGES FROM TOTAL 


AVERAGE OF 18 Runs 


All readirgs corrected to 30 deg. cent. 


daily average is 3.6 volts, and thus the daily average is 
correct to less than one per cent.t Analysis of the runs 
used in obtaining the E — @ curve, Fig. 8, shows a 
similar situation. The probable error of the daily 
average in this case is 4.7 volts, giving again an error of 
less than 1 per cent. Thus the accuracy obtained by 
the machine is evidently much greater than could have 


tThis, of course, ignores any constant errors which may have 


been present in all the tests. 
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been reached by the usual methods without an undue 
expenditure of time and labor. 

A list was made of all possible sources of error. These 
included variations in the temperature and time of 
baking, variations in humidity, electrode size and pres- 
sure, rate of voltage rise, value of protective resistance, 
time which elapsed after polishing the electrodes, volt- 
meter calibration, and errors in temperature measure- 
ment. Nearly all of these factors were investigated 
over a wider range than would be likely to occur 
accidentally. 

The effect of polishing the electrodes was found to be 
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Dotted curve indicates the upward trend of voltage due to seasoning of 
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very considerable, as will be shown later. Too high a 
protective resistance was also found to have great effect, 
since it produced sluggish operation of the relay. 
Care was taken to eliminate both of these errors.{ 
The other factors were shown to have very little effect in 
the limited range through which they might conceivably 
have varied. It seems unlikely that any of them caused 
variations of more than 1 or 2 volts. This again goes to 
show that most of the variation was due to the paper 
itself. 

Effect of Polishing Electrodes. It has already been 
noted that the puncture voltage in Run 38 was very 
low. This is also shown in Fig. 15 where hourly 
averages are plotted against hours’ use of the electrodes 
after polishing.§ Here the low puncture voltages 
obtained after polishing are very evident. To make 
sure that this was not a freak happening, hourly 
averages were plotted for a number of other runs, 
and in each case the time of polishing the electrodes 
was Clearly shown by a set of readings lower than those 
obtained at any other time. 

Brass and copper electrodes are commonly used for 
breakdown tests. It is probable that this phenomenon 


yExcept in the investigation of electrode area, where the effect 
of polishing the electrodes was probably of importance. 

§The gap at Runs 49 and 50 is due to the fact that hourly 
averages were not computed for these runs. 
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has been present in most tests, though it appears not 
to have been noticed before. Evidently if tests are 
made on the very steep part of the curve, the results 
will be much more inconsistent than would otherwise 
be the case. In our tests, it was necessary to discard 
at least 1000 readings after the electrodes were polished. 

The cause of this trouble is not known. Current at 
breakdown was limited by the protective resistance to 
such a low value that there was no pitting of the elec- 
trodes nor was there any apparent roughening of the 
surface. One possible explanation is that the puncture 
produces an insulating coating on the electrode surfaces. 
Examination of the electrodes shows that each puncture 
causes a small black mark on the electrodes. These 
spots distribute themselves fairly evenly over the entire 
electrode surface. After a day’s use, the faces reach a 
state of more or less uniform blackening, which is not 
altered much by subsequent runs. If each spot in- 
troduces a high resistance in series with the paper below 
it, puncture will tend to occur at places where there are 
no spots. This will have the effect of decreasing the 
effective surface, and will increase the puncture voltage 
accordingly. After a large number of punctures, the 
blackening effect will reach a nearly constant value, 
with like effect on the puncture voltage. Tests are now 
being made to determine if this effect can be eliminated 
by the use of a nonoxidizing metal for the electrodes. 

CONCLUSIONS 

A curve of puncture voltage against temperature was 
obtained for 0.0005-in. condenser paper in the range 
from — 2 deg. to + 130 deg. cent. The puncture 
voltage was found to decrease uniformly at about 
0.9 volt per deg. cent. rise. Comparison of these data 
with the thermal theories of breakdown indicates that 
none of these punctures occurred according to the 
thermal theories, but were evidently of the disruptive 
type. 

It was found that the puncture voltage measurements 
were distributed according to the normal law. A set of 
8800 readings with different sized electrodes appears to 
support the weak-spot theory, though the evidence is 
hardly conclusive. 

The standard deviation of the readings was found 
to bea constant of the material, independent of the elec- 
trode area and only slightly affected by temperature and 
number of readings. It is believed that this constant 
will be of considerable use in the specification of in- 
sulation, since it is a measure of the variability of the 
material. 

It was found that the inherent variability of the paper 
was not confined to causing variations from reading to 
reading, but also caused long-time variations from hour 
to hour and from day to day. This reduces the ac- 
curacy of the daily averages below the values predicted 
by the theory of probability. 

An analysis of the results indicates that the varia- 
tions from hour to hour and from day to day are largely 
due to variations in the paper itself. An investigation 


rm 
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was made of the various possible sources of error, 
and it appears that no one of them could have caused 
an error of more than one or two volts. The probable 
error of the results is shown to be less than 1 per cent. 
This precision is evidently considerably higher than 
could have been obtained in the ordinary way without 
a great expenditure of time and labor. 

Copper and brass electrodes are commonly used for 
puncture tests. Our experiments, however, indicate 
that with such electrodes there is a ‘‘seasoning”’ effect. 
This produces a marked change in puncture voltage 
unless the electrodes are cleaned after each puncture 
or are allowed to reach a steady state before readings 
are taken. Such a condition was obtained only after 
about 1000 readings. 

Appendix A 
THERMAL THEORY OF THE E — 0 CURVE 

According to the thermal theories of breakdown, 

puncture occurs when 


E? 
p 


where E = voltage gradient at breakdown, 
p = resistivity of the weakest path at the tem- 
perature of the surroundings, @. 

Physically, this means that for a condition of in- 
stability to obtain, it is necessary that the rate of heat 
generation per unit volume (E?/p) shall reach a certain 
critical value (C). This value is a constant for a given 
material. It depends upon the thermal conductivity, 
the temperature coefficient, and also, in Rogowski’s 
theory, upon the thickness. 

If we assume that the resistivity is an exponential 
function of the temperature 

p = pE” 
then it is evident that 


= C, a constant* 


; 
E = a/ C Po € á f 

Thus the y obtained from resistivity measurements 
will determine the change of puncture voltage with 
temperature. 

Unfortunately, no resistivity measurements have yet 
been obtained on the paper used in these experiments. 
According to the work of J. E. Shrader”, however, 


*According to Wagner, loc. cit., formula 2, 


See eee 
p yé 
k thermal conductivity, 


temperature coefficient of resistivity, 
2.71828 . . . 
This is based on the assumption that heat flow is radial from a 
thread into the surrounding insulating material. 

Rogowski assumed that heat flowed only into the electrodes, 
and obtained the result, Rogowski, loc. cit., Formula 11, 


E? 8k 
p y D? 


where D is the thickness of the insulation. 
is in the constant C. 


< 
| a 


The only difference 
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untreated fish paper has a temperature coefficient of 
about 0.07. Assuming this value for y, we find that 
the puncture voltage at 100 deg. cent. should be 
- 97 (100) 
Ein = 587.5€ ? = 18 volts 

instead of the 498 volts actually obtained. 

If, instead of a straight line, we use an exponential to 
approximate the data of Fig. 8, we find 

; E ae 587.5 g 000160 

The value of y is thus 0.0032. That such a value is 
very improbable is shown by the following table: 


Authority Material 


~x 


Untreated fish paper, vacuum dried 
Untreated fullerboard, vacuum dried 


o0o0000000 


HIHE 


Landolt-Bornstein® 


| Appendix B 
Some work of E. Miindel'’ has recently come to our 
attention, and a set of his curves has been replotted in 
Fig. 16. The material used in the tests was glass 0.4 
mm. thick. Two curves, A and B, have been added to 


KV./cm BREAKDOWN GRADIENT 


40 6 80 120 140 
DEGREES CENTIGRADE, TEMPERATURE (@) 


Fic. —16 Puncroure or Guass 0.4 MILLIMETERS IN THICKNBSS 
(From Mundel—Archiv. f. El. 15, 1925, p. 338) 


Miindel’s results. Curve A is an exponential with 
(y/2 = 0.0171). The straight line B falls 15 per cent 
with 100 deg. cent. increase in temperature just as in 
Fig. 8. 

These curves are a possible explanation of Miindel’s 
results. The part of his curves from 50 deg. upward is 
evidently caused by thermal breakdowns, while the 
lower temperature punctures were probably disruptive. 
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It will be noted that all the curves appear to approach 
the slope of B as the temperature is decreased, while at 
the higher temperatures they approximate exponentials 
about as closely as the usual curves for resistivity do. 

The value (y = 0.034) from curve A seems to be a 
little low for glass; see table in Appendix A; but the 
discrepancy may be due to the fact that the resistivity 
of most insulating materials is a function of voltage 
as well as temperature, a fact which is neglected in the 
thermal theories. 

Miindel’s results, therefore, indicate the existence of 
both mechanisms of breakdown and show that the tran- 
sition point for this particular case is about 50 deg. cent. 

Thermal breakdowns are probably obtained in 
Miindel’s tests and not in ours because of the difference 
in thickness of the two materials, his glass being about 
30.times the thickness of our paper. All of our tests 
are undoubtedly on the straight line far to the left of 
his curves. 


It is evident that for practical_ purposes, nothing 
could please the insulation expert more than to be sure 
that his insulation would operate on curve B rather 
than A, since its breakdown strength would then 
decrease so little with temperature. With a more 
thorough knowledge of insulation, the future engineer 
may be able to avoid thermal breakdowns altogether. 
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The following analysis was made: 


Total readings, Runs 39-59, inclusive, = 16,505 
Total hours a ae y S 154 
Total days or ny ar a a a S 19 
Av. hrs. perday = 8.11 
Av. rdgs. per day = 869 
Av. rdgs. per hr. = 107 
From individual readings: 
g of one reading = 40 volts 
40 
o of hourly aver. = ——— = 3.86 volts 
Vv 107 
g of daily aver. = oa. = 1.35 volts 
v 69 


4() 
v 16505 
From hourly averages: 
o of hourly aver. 


g of total = = 0.31 volts 


9.19 volts 


, 9 19 
o of daily aver. -—-_ -—— = 3.22 volts 
8.11 
( 
o of total A OE = 0.74 volts 
154 


From daily averages: 


o of daily aver. . . = 5.30 volts 
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o of total = ou! 


, 


v19 


Probable error of daily aver. = 5.30 xX0.6745 = 3.6 volts 
Probable error of total = 1.22 Xx0.6745 =0.82. 
These results can be tabulated as follows: 


STANDARD DEVIATION 


= 1.22 volts 


Daily o 
Individ. o by Ind. 
rdg. Hourly Daily Total rds. 
By indiv. rdgs......... 409 3.86 1.35 0.31 1.0 
By hourly aver......... 9 19 3.22 0.7 2 4 
By daily aver.......... 5.30 1.22 3 9 
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Discussion 


Mr. Moon stated that his results indicated 
I should like 
to mention some experiments which we have been carrying out 
on Pyrex and porcelain insulators which seem to warrant a 
similar conclusion. 


W. W. Shavers 


These consisted in developing partial punctures; that is, 
carrying a puncture test almost to the point of breakdown, and 
then breaking the circuit and examining the partial puncture 
in the material. We have some photographs showing what 
might be described as ‘‘petrified lightning” in the breakdown in 
the Pyrex insulators. The discharge very much resembled a 
lightning flash permanently impressed in the glass. In the porce- 
lain insulators, of course, we could not observe this in the same 
way, but by staining the material, we have found means to show 
that breakdown occurs in a similar manner. When examined 
under the microscope, the appearance of these partial punctures 
indicated that the breakdown was not due to a pyroelectric 
effect, but more probably to some type of ionization in the 
material. 


F. M. Clark: In Pittsfield, we have worked for several years 
trying to devise a theory for insulation failure. We may not 
have made any more progress than other electrical laboratories, 
but we have reached some definite conclusions with regard to 
dielectric behavior. One conclusion is that the electrical 
breakdown of air-impregnated insulation is certainly not a 
breakdown phenomenon which we can explain on the basis of the 
pyroelectric theory. That checks, I believe, with the conclusions 
drawn by the authors. Air-impregnated insulation appears to 
give a breakdown which is a function of the chemical be- 
havior and dielectric strength of air. 

On the fifth page of their paper, the authors discuss the effect 
of large and small electrodes. They apparently reach the con- 
clusion that the difference accompanying the use of large and 
small electrodes is a weak-spot difference. From such familiarity 
as I have with the paper they are using, I do not see how they can 
reach any other conclusion. 

If the authors desire to get further evidence of the presence 
of weak spots, my suggestion would be to take a head set and 
locate those areas with low-voltage direct current. 

In our work, we have extended the investigation to cover a 
number of laminations of this same type of paper as well as thick 
material, such as pressboard. We still find that the small elec- 
trodes give higher values than the large ones. This and other 
related observations make it almost conclusive to us that there 
is some effect présent other than that which we can attribute 
to weak spots mechanically formed during the manufacture of 
the paper. 

I was interested in the results with polished brass electrodes. 
We found the same thing. However, we have been led to believe 
that in all probability the low breakdown which is obtained for 
such thin materials when tested with new electrodes is due to 
the fact that the machinist has not polished the electrode sur- 
face sufficiently. With low-voltage direct current, weak-spot 
tests invariably show a larger number per sq. ft. with a new set 
of electrodes than with an old set. With frequent use, this 
difference between the electrodes tends to disappear. We have 
about concluded that the difference is largely due to a surface 
condition of the electrode which 1s mechanical and not chemical 
in any way. 

Herman Halperin: In the body of the paper, the authors 
earefully point out the fact that the paper is only one-half a mil 
thick and for this reason thermal factors are favorable to dis- 
ruptive breakdown. 

Thermal breakdown. The equation for thermal breakdown is 


E?/p = C (Appendix A) 
Now, this equation does not contain a term for t (= time) 
since it is tacitly assumed that voltage is raised at a slow rate. 
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and the equation is the boundary or limiting value of the stable 
or steady-state condition. It takes a few hours to reach a steady 
condition. However, in Bush’s tests, 100 to 120 readings were 
taken per hour. Thisisattherate of two per minute, and assum- 
ing that half of the time is consumed in relay operation, feeding 
the tape, ete., the voltage must have risen at least 600 volts in 
15 sec., or 40 volts per sec. This is far from a steady-state con- 
dition and it may well be that a more critical study of the thermal 
theory including the time and thermal storage coefficient of the 
paper would yield results consistent with the data. 


At the end of Appendix B, they have this sentence: ‘With a 
more thorough knowledge of insulation, the future engineer may 
be able to avoid thermal breakdowns altogether.” 


That is, to my mind, a very nice hope, but I don’t believe the 
authors have presented enough data to warrant that possibility. 


Now, in Chicago, during the past few years, we have made over 
300 tests at various times and durations on impregnated paper 
insulation in underground cables. We have found that about 
75 per cent of the failures occurred in the region of the cable 
where the sheath temperature was higher than the adjacent 
sheath temperature. During the time the voltage was on the 
cable, our testing men went along the cable and felt it with their 
hands, and whenever they discovered a point a little hotter than 
the normal cable temperature, they placed the thermometer on 
the sheath and in that way we got the data as to the location of 
the so-called hot spots. 


Furthermore we have found that a larger percentage of the 
failures was at hot spots when we had the thicker insulations, 
and so with real thin insulation, there may be more dissipation 
of the heat longitudinally so that it does not perhaps manifest 
itself in these hot spots. 


Variation of thickness. If the failure is ‘‘disruptive’’ and 
follows ‘‘weak-spot’’ theory then running 1, 2, 3, or n 
paper layers through together, the dielectric strength should 
increase faster than the thickness of the layers. I should expect 
the equations to be of the form 

E = E, (n+ Clog n) 
where £ is strength of n layers and Æ, is the strength of one layer 
(as already determined). In other words, the weak spots would 
not line up and two papers would be far stronger than two times 
one paper. 

However, on the other hand, if the thermal law were large or 
predominant, the strength could not be greater than 


E=N E, 
and probably would follow the law 
E= VNE,n“'-») 

If the failure were a complex combination of thermal and 
disruptive effects, (as is very probable), then the dielectric 
strength of several layers could follow the law 

E =¢(n) E, 
where @ (n) could be greater or less than unity for n = small 
number (1, 2, or 3, ete.). This may explain why different 
investigators may have found 


E =n E, 
E (n) 1 E; 
E = Vn E,, ete, 


Now, Bush and Moon are in an excellent position to throw 
some light on this dispute by making identical tests with n = 2, 
n = 3, etc., up to the limit of the generator, 4000 volts (using 
wider strips, if necessary). Perhaps they could go as high as 
n= 5. Of course, they would have to be very careful about the 
pressure, since I am assuming thickness t = n t. 


Variation of material. The tests described are on dry paper, 
unimpregnated. Without great complication, I believe it en- 
tirely feasible to surround the electrodes with an oil bath and 
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have the paper run through this bath—(several zig-zag passes 
around several rolls under oil). The oil should be continuously 
renewed witk degasified oil—the oil to flow in a closed cycle from 
the bath, into a vacuum chamber, pumped out and through a 
filter back into the bath. A surface float would prevent much 
gas from being absorbed at the surface during the short time the 
oilremainsin the bath. Then the paper (being so thin), would 
quickly saturate with oil by capillary action, and small air 
bubbles trapped in the fibers would be quickly absorbed by 
the degasified oil. The test would then be a true test of oil- 
impregnated paper. 

Again, several thicknesses n should be tried up to the limits of 
the apparatus. They should be spaced apart during impregna- 
tion and combined under the electrode only at the last minute. 


Also it might be feasible and very valuable to adapt the 
apparatus to test oil films. All that is necessary is to have a 
continual flow of oil in the bath and a strip (or strips) of paper 
with perforated windows moved one at a time under the electrode. 
These “windows” would serve the double purpose of making the 
oil stagnant during test and positively sweeping it out clean for 
the next test. 


Correlation. Then, having the breakdown strength of paper, 
oil, and impregnated paper separately, all with variations of 
thickness and temperature, the probability is high that much 
more ‘will be known regarding the dielectric strength of ‘‘solid” 
oil-impregnated paper insulation. For the effects of ionization 
a separate analysis would be necessary but much simplified by 
exact knowledge of the “solid” insulation in series and parallel 
with the ionizing voids. 

Wm. A. DelMar: Messrs. Bush and Moon have made an 
important contribution to the study of dielectrics in calling 
our attention to the importance of a large number of tests of 
dielectric strength, in order to obtain significant averages. 
Workers on dielectrics are indebted to them for developing an 
apparatus for putting this principle into effect. 


The actual results obtained in their tests, however, are of 
doubtful value, due to the nature of the dielectric which they 
have chosen. In the first place, unimpregnated paper is merely 
air baffled by a tangle of fibers, and is not at all representative of 
a solid dielectric. Secondly, the use of samples as thin as 14 mil., 
especially in a material of this character, was bound to result in 
the way they have shown. It was not necessary to make tests 
in order to discover the relation shown in Fig. 11 of the paper. 
I therefore feel that they have contributed little or nothing 
towards settling the disputed explanation of the lowering of 
dielectric strength with increase of area. 


The idea illustrated by their Fig. 7 may prove to be an im- 
portant one for researchers on dielectrics if the slopes of the 
Curves A and B are really as different as shown. That such is the 
case is Indicated by their analysis of the work of Mundel. 


R. H. Marvin: (communicated after adjournment) This 
paper is of great interest on account of the ingenious methods 
used and the accuracy and completeness of the data obtained. 
However, the dielectric used in these tests,—untreated paper,— 
raises some question as to their significance. 

If a piece of paper is examined with a microscope, it is seen 
to consist of great numbers of interlaced fibers. Such a struc 
ture indicates air spaces between the fibers, which is in accordance 
with its well-known porosity. The question then arises whether 
a puncture test on such a material gives a true puncture of the 
paper substance, or merely a breaking down of the air in the 
interstices. This is best checked by a comparison with the 
breakdown value of an equal air-gap. . 

Some excellent data on the strength of small air-gaps are given 
in, “The Sparking Distance Between Plates for Small Distances.” 
Robert F. Earhart. Philosophical Magazine. 6th Series. 
Vol. I. 1901. Pp. 147-159. From Fig. 4 of this article the 
following values for various gaps and pressures are obtained: 
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Direct-Current Breakdown Voltage 


Gap Pressure, centimeters of mercury 


errr a er | eS fe 


Millimeters 40 76 152 
0.01 340 385 490 
0.02 400 460 700 
0 . 3 oye 


The temperature is given as room temperature, and will be 
taken as 20 deg. cent. Since we may assume that changes in 
density caused by either temperature or pressure have the 
same effect, these data permit determining the breakdown at 
different temperatures as well. 


Fig. 8 of the paper under discussion gives the breakdown 
strength of untreated paper 0.0005 in. (0.0127 mm.) thick at 
temperatures of from 0 deg. to 140 deg. cent. The curve is a 
straight line giving a puncture voltage of 586 at deg. cent., 
and 464 at 140 deg. cent. From the data given by Earhart let 
us determine these values on the assumption that the paper acts 
merely as a spacer for an air-gap. If the relative air density is 
taken as 1 at 20 deg. cent., then it will be 1.073 at 0 deg. cent., 
and 0.710 at 140 deg. cent. Plotting the values in the table 
and taking the values for a 0.0005-in. gap gives the following: 


Pressure, Relative air Breakdown 
centimeters density voltage 
40 0.527 354 
76 1.000 406 
152 2.000 547 


Plotting the breakdown voltage against relative air density, 
we obtain the breakdown voltage at O deg. cent. (relative air 
density 1.073) as 415 volts, and at 140 deg. cent. (relative air 
density 0.710) as 373 volts. Thus the value for air at 0 deg. cent 
is 70.8 per cent of the value for paper, and the value at 140 deg. 
cent is 80.4 per cent. Both values for air are therefore a little 
low, but by nearly the same percentage. 


Lonrzation Breakdown 


Thermal 
Breakdown 


Voltage Gradient 


Temperature 
0 150° 
Fic. 1—BREAKDOWN GRADIENT OF GLASS 


Thickness = 1 mm. 
From Joffe, Kurchatoff, and Sinelnikoff, Jour. of Math. and Physics, 
April 1927 i 


There is also the possibility that the path of the spark among 
the paper fibers is not straight, but winding. This would 
increase the breakdown voltage of the air path, and bring the 
calculated values for air more nearly in accordance with the 
observed values for paper. 

While it must be admitted that the data presented are not 
sufficient to prove that the untreated paper acted simply as an 
air-gap, still the relation is sufficiently striking to appear to 
deserve further study. 


P. H. Moon: I was much interested in the suggestions made 
by Mr. Halperin. There is, of course, an immense field for 
further work along these lines; and our work, so far, can hardly 
be considered as more than a preliminary. 


I agree with Mr. Del Mar that the material used was not just 
paper but was ‘‘air-impregnated”’ paper. I do not see, however, 
that this invalidates our results. If the breakdown were 
purely a breakdown of air, then—making due allowance for 
variations in the machine—I should still expect the results to 
be much more uniform than they were. The reason we used 
air-impregnated rather than oil-impregnated or. varnished 


150x 10® voits/Cm. 


Voltage Grodient+ 


0 02 Ae 5u -51107 Cm. 
Fig. 2—BREAKDOWN GRADIENT OF VERY THIN SPECIMENS 
OF GLASS 


paper was simply to keep the number of variables as small as 
possible. In any measurement of insulation, the number of 
variables is large at best. If oiled or varnished paper had 
been used, additional “unknowns,” connected with the kind and 
condition of the impregnating substance, would have been 
introduced. 


In the paper by Del Mar, Davidson, and Marvin,’ the conflict- 
ing results obtained by different investigators have been pointed 
out. These discrepancies are undoubtedly due to the use of 
different materials by the various investigators. However, I 
think that the differences are partly due to the fact that some of 
these breakdowns occurred according to the thermal theories 
and some did not; that is, two investigators might test samples 
of the same material and might get entirely discordant results 
due to difference in thickness or temperature. One might get 
thermal breakdowns and the other might get ionization 
breakdowns. 


That thickness and temperature have a vital effect on the 
mechanism of breakdown is shown by some recent work by a 
group of Russian physicists. I am referring to Joffé, Inge, 
Semenoff, Walther, and some others. These investigators have 
obtained a very good check on Rogowski’s thermal theory with 
glass and with rock salt, provided the thicknesses were of the 
order of a millimeter or greater. In this case, if voltage gradient 
is plotted against temperature, the curve is very low near 
the melting point of the material and rises exponentially as the 
temperature is decreased (see Fig. 1 herewith). This is just as 
we would expect from Rogowski’s theory. But the curve does 
not continue to go up indefinitely. At some temperature— 
150 deg. for glass—it makes a sudden break and becomes hori- 
zontal. Their tests have shown that it remains horizontal 
out to liquid-air temperatures. 

Joffé has shown that the exponential part of the curve is’due 
to thermal breakdowns, while the horizontal part is caused by 
ionization. In the latter part, he has shown that the breakdown 
gradient is 


1. Electric Strength of Solid and Liquid Dieleetrics, see p. 1049. 
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E= 1 \ 2eP 
u m 


where u is the mobility of the ions, P is the ionization potential, 
and e and m are the charge and mass of the ion. This would 
indicate that the gradient at breakdown is independent of 
the thickness and temperature, provided the mobility stays 
constant. 


It might seem that the horizontal part of the curve repre- 
sented the maximum gradient obtainable, but some further 
work has shown that this is not the case. If gradient is plotted 
against thickness of the material (Fig. 2 herewith), for sheets 
less than 5 u in thickness, the gradient goes up inversely as 
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the thickness and rises to very high values. This again is 
supposed to be due to ionization by collision, but in this case 
the thickness is so small that there are insufficient ions to cause 
breakdown at the previous value (horizontal part of curve), 
and thus the gradient is higher than it would be for thicker 
materials. 

Finally, a place is reached at about 0.2 u, where the gradient 
is again a constant independent of thickness or temperature 
and having the immense value of 150 million volts per em. 
Breakdown here is probably due to actual rupture of the mole- 
cules of the substance. 

So, to summarize, these investigators have shown that there 
are at least three distinct mechanisms of breakdown, and that 
these different mechanisms apply in different cases. 


The Electrical Resistivity of Insulating Materials’ 


BY HARVEY L. CURTIS* 


Fellow, A. I. E. E. 


Synopsis.—A brief review is given of the literature on conduction 
through insulators. Every dielectric has a definite resistivity when 
the potential gradient is below a certain value, different for each 
substance. If the potential gradient is continually increased, a 
point is reached where an increase in voltage does not affect the 
current. This is called the saturation current. With still greater 
potential gradients, a point is reached where the current increases 
rapidly and breakdown soon results. All these phenomena of con- 
duction are explainable as the movement of ions in an electric 
field. 

The resistivity of a dielectric depends on the number of tons in 
unit volume, on the charge on each ion, and on their mobility (velocity 
under unit potential gradient). The saturation current depends 
on the charge on each ion and on their rate of production. Break- 
down is preceded by ionization by collision, which is determined by 


I. INTRODUCTION 


N insulating material is defined as a material which 
either does not conduct an electric current or 


conducts it to a very limited extent only. There. 


is, however, no definite lower limit of conductivity which 
sharply separates insulators from conductors. In fact, 
some substance on being subjected to a change in 
temperature will gradually and continually change from 
a state which would certainly be called conducting to 


one which, with equal certainty, would be called insu- 


lating. Since there is no sharp dividing line between 
insulators and conductors, it seems desirable to sum- 
marize, briefly, our knowledge of the process of electric 
conduction before attempting to apply it to the particu- 
lar case of insulators. This paper will attempt to 
correlate our knowledge of the conductivity of insulators 
with the theories which have been put forward to 
explain the passage of electricity through conductors, 
and to point out the facts which require an extension of 
these theories in order that conduction through insu- 
lators may be explained. 

Electricity is always associated with matter. When- 
ever there is a current of electricity, there is always a 


current of material particles. Electric currents can be 


divided into three classes depending upon the mass of 
the material particle associated with each fundamental 
electric charge. These are 


1. Electronic conduction 
2. Ionic conduction 
3. Colloidal conduction. 


In electronic conduction the moving electricity is 
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the ionization potential of the substance and the length of path of 
an ion. 


The number of ions normally present in a dielectric depends not 
only upon the rate of producing them but also upon their rate of 
recombination. The rate of recombination is a constant of the 
material, but the rale of production may depend either upon outside 
agencies or inside forces. In gases, tons are generally produced by 
outside agencies, the important ones being rays from radioactive 
‘materials, X-rays and ultra X-rays. In liquids and solids, ions 
may be produced not only by the external agencies of rays and 
radiation, but also by the inside forces of solution and dissociation. 

The tonic theory of conduction has been sufficiently developed to 
explain all the observed facts in the case of gases. Modifications and 
extensions are necessary, however, before all the experimental data 
on solids and liquids can be interpreted. 


associated only with the electrons. These are ex- 
tremely small amounts of matter to which the elemen- 
tary negative charge of electricity is inseparably bound. 
The most familiar example of electronic conduction is 
conduction through metals, although many interesting 
and important applications are found in vacuum tubes. 
Since electrons are all of the same mass and since the 
same current and hence the same number of electrons 
must pass every part of the circuit, there is no measur- 
able transfer of matter in electronic conduction. 

In ionic conduction the moving electricity is associ- 
ated with a subdivision of a molecule, or in some cases, 
with such a subdivision to which a few molecules are 
attached. The most familiar example is conduction 
through electrolytes, although conduction through 
gases, through fused salts, and even through a number 
of solid substances is of this type. In this case there is 
always a transfer of matter, which can be detected at 
any surface of discontinuity in the materials which 
form the electric circuit. 

In colloidal conduction, the electric current is 
carried by small masses of matter which are suspended 
in some inert medium. The electrical precipitation of 
smoke and dust by an electric current is an application 
of colloidal conduction. 

While the three kinds of conduction are quite distinct, 
yet any two or even all three may take place simul- 
taneously. As an example, it sometimes happens that 
when a solvent ionizes, one ion will consist of a single 
electron, while the positive ion will consist of all the rest 
of the molecule. Then when a difference of potentialis 
applied, there is both electronic and ionic conduction. 
A complicated example of this is the Nernst filament at 
high temperatures, where both ionsand electrons partic- 
ipate in carrying the electric current. 

While the fundamental distinction between electronic 
and ionic conduction is the amount of matter carried 
by the current, yet there are other properties which are 


1039 


1040 


more or less characteristic. The most important of 
these is the temperature coefficient of resistance. In 
metals, this is generally positive, while in electrolytes it 
is negative. Hence attempts are often made to deter- 
mine whether a substance conducts electronically or 
ionically by measuring the temperature coefficient of 
resistance. At best, this is a very indirect method, and 
results so obtained require additional confirmation. 

The phenomena connected with conduction through 
insulators depends on the state of the material; that is, 
whether it is a gas, a liquid, or a solid. The process is 
more complicated in liquids than in gases, and still more 
so in solids. Only in the case of gases has a fairly com- 
plete explanation of the experimental phenomena been 
deduced. Hence, in this paper there will be given a 
brief review of the facts and theories concerning conduc- 
tion through gases: following this, a digest of some of the 
more important facts concerning conduction through 
liquids and solids including a correlation of these facts 
with the phenomena in gases. 


II. CONDUCTION THROUGH GASES 


The experimental facts concerning conduction 
through gases and the theoretical explanation of these 
facts have been treated in several different books.’ 

In all cases the authors correlate the experimental 
facts with the ionic theory. The following is a very 
brief résumé of this theory as applied to gases: 


Consider two plane electrodes which are the opposite 
sides of a cubical box having a volume of one cu. cm. 
The other sides of the box are perfect insulators. This 
box is filled with air at atmospheric pressure. If avery 
small potential difference is applied to the plates for a 
short time, the current which flows is proportional to the 
applied potential difference. Hence, under these con- 
ditions, the air will obey Ohm’s law. The resistance in 
the assumed case will be about 3 x 10'5 ohms. If the 
potential difference between the plates is increased, 
the current will increase more slowly than the voltage. 
When the potential difference is in the neighborhood 
of 100 volts, the current has become about 10-'8 
amperes. This is called the saturation current, since 
it does not increase with a further increase in the 
potential difference. When, however, the potential 
difference is of the order of 30,000 volts, there is a very 
rapid change of current with voltage, leading up to the 
breakdown of the dielectric. 


The facts as outlined above can readily be shown by 
the curve in Fig. 1. Itis not feasible, however, to draw 
to a definite scale such a curve for air at atmospheric 
pressure, partly because there is considerable variation 
in the air and partly because if drawn to scale many of 
the interesting features would be entirely masked. 
For instance the section of the curve representing the 
saturation current would extend 300 times as far as the 
first part of the curve. When drawn to scale, the resis- 


1-2-3. For references see Bibliography. 
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tance at zero voltage can be determined from the tangent 
to the curve at the origin. 

The explanation of the above phenomena is very satis- 
factorily given by supposing that there is some agency 
which is continually causing molecules of air to separate 
into positive and negativeions. These ions usually con- 
sist of an atom of either oxygen or nitrogen having a free 
positive or negative charge equal to the elementa! 
electric charge. In atmospheric air under ordinary 
conditions the rate of ionization is about four or five ions 
per cu. cm. per sec. Since in a gas the molecules 
and ions are in violent agitation, the ions are 
likely to collide with each other. Whenever there 
is a collision between two ions having opposite charges, 
they may unite to form a molecule. When the number 
of molecules which are reunited each second is equa! 
to the number ionized, a stationary condition has been 
reached. In normal air, there are always present about 
700 or 800 ions per cu. cm. When a voltage i: 
applied to the electrodes of the cubic box, the positive 
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ions are attracted towards the negative electrode 
while the negative ions are attracted towards 
the positive electrode. On account of numerous 
collisions with molecules, however, the actual velocity 
of an ion towards the electrodes is only about one cm. 
per second if the potential difference of the electrodes of 
the box is one volt. Hence, if the voltage is very small, 
the conduction current will not, in a short time, appre- 
ciably alter the number or distribution of the electrons 
in the box. As the voltage is increased, however, the 
velocity of the ions also is increased. A point is soon 
reached where an ion is carried from the field almost as 
soon as formed. Now as the number of ions produced 
depends solely upon some external agency, an increase 
in voltage does not increase the current, since the 
current depends on the number of ions which reaches 
the electrodes. The saturation current is, then, the 
current which flows between two electrodes when the 
potential is sufficiently high so that practically every 
ion which is formed is carried to the electrodes without 
combining with another ion. Although the velocity 
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` 
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‘of the ions increases with increasing voltage, this only 


decreases the time required for the ions to travel from 
-the place where they are formed to the electrodes, with- 


‘out changing the number which arrives every second. 


When the voltage gradient becomes sufficiently high, 
the velocity of the ions becomes so great that, on collid- 
ing with a molecule of gas, the molecule will be broken 
into ions. Those ions, of which the negative may be a 
free electron, will then start towards the electrodes and 
may, in turn, ionize other molecules. Hence, the one 
ion which was produced by an external agency may be 
the cause of several ions reaching the electrodes. 
Therefore, as soon as the voltage applied to the termi- 
nals of the cubical box is so high that ions may have a 
velocity sufficient to produce ionization by collision 
with a molecule, the current increases rapidly with 
increasing voltage. This is shown in the latter part of 
the curve of Fig. 1. It leads rapidly to breakdown, a 
phenomenon not discussed in this paper. 

There are a number of external agencies which will 
cause a gas to ionize. The best known are X-rays, the 
a, B, and y, radiations from radioactive substances, 


ultra-violet light, and the ever-present radiations of 


unknown origin which might be called ultra X-rays. 
The ultra-violet light differs from the other agents in 
that it generally produces ionization only as it is 
absorbed by one of the electrodes. In order to simplify 
the discussion, this type of ionization will not be con- 


- sidered. The activity of the other ionizing agents can 


. 
. 


be determined from the number of ions produced in a 
gas, per cu. cm. per sec. As already indicated, 


the ever-present ultra X-rays produce some four 


or five ions per cu. cm. per second throughout the 
habitable volume of the earth’s atmosphere. By sink- 


- ing a small vessel filled with air some 50 or 60 ft. below 
. the surface of a lake, Millikan and his co-workers‘ were 


- rays. 


able to protect this air from the effect of the ultra X- 
Some ions were produced in this air, however, 
which could easily be explained by supposing that the 


~ metal of which the containing vessel was constructed 


- bore minute traces of some radioactive substance. 


-= While man has never had a mass of gas in which ions 
- were not produced, yet it is possible that under normal 
- condition all ionization of gases is caused by some 
> outside agency. 


By using X-rays or rays from radioactive materials, 


= the rate of production of ions can be made as great as a 


‘ thousand or more per cu. 


em. per sec. These 


‘ recombine rapidly, however, so that no appreciable 
- part of the 10" molecules in a cubic centimeter of air 
-is ever ionized at one time. 


fi 
a 


In order to develop equations from which the current 
through a gas can be determined from the applied volt- 


- age, the following constants must be known: 


Let 


| q = number of ions produced per cu. em. per sec. by 


the ionizing agent. 
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e = elemental electric charge (1.591 x 10-* cou- 
lombs.) 

k+ = mobility of the positive ions; t. e., the velocity in 
cm. per sec. when the potential gradient is 
one volt per cm. 

k- = mobility of the negative ions. 

@ = recombination coefficient. 

ô = ionizing potential; t. e., the potential difference 


through which an electron must be allowed to 
accelerate in order to acquire enough energy to 
lonize a molecule. 


If n is the number of positive ions per cu. cm. of gas 
at a time ¢, there will also be n negative ions. Now the 
rate of increase of ions must equal the number of ions 
produced minus the number of recombinations. But 
since the chance of a given positive ion colliding with a 
negative ion is in direct proportion to the number of 
negative ions, the number of recombinations is pro- 


portional to the square of the number of ions. Hence 
dn 
a 74d aw (1) 


This equation holds when there is no applied electro- 
motive force. If this condition persists for some time, 


n 
>, = 0. 


an equilibrium condition is reached, when di 


n= 

a 
It is this condition which exists in air under normal 
conditions. 

With a very low potential difference between the 
electrodes, the number of ions which reaches them 
depends on the total number of ions in the field and on 
the velocity of the ions. Hence the conductivity \ is 
given by the equation 


Then 


(2) 


N= nelki th) = elk tk) e 8) 

a 
The resistivity p is the reciprocal of A. Hence the 
resistivity of a gas which has been exposed to an ioniz- 
ing agent for a sufficiently long time for a stable con- 
dition to be reached depends on three constants of the 
gas; namely, the velocity of the positive ion, that of the 
negative ion, and the recombination coefficient. 

The values of these constants for a few of the common 
gasesare given in Table I. While the mobilities are quite 
different in different gases, yet there is relatively little 
difference between the positive and negative ions in the 
same gas. Also the recombination coefficient varies 
but little for the more permanent gases. 

The saturation current S depends only upon the rate 
of ionization and the volume V of gas between the 
electrodes. It is represented by the equation 


S=eqVv (4) 
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TABLE I 
IONIZATION CONSTANTS OF GASES 
Mobility of | Mobility of 
positive ion | negative ion 
k+ ko Recombination 
cm. |volt cm. / volt 
r ea | “eficient 
oe f i : : | as 

Hydrogen............. 6 7.5 1.4 X 10-8 
Helium............... 5. Pn eee 
Oxygen............... 1.3 1.8 1.6 x 10-8 
Nitrogen.............. 1.3 1.8 1.6 X 10-8 
Carbon dioxide......... 0.8 0.9 1.6 X 10-6 
Carbon monoxide.....:. 1.1 1.1 0.9 X 10-8 


This does not contain any constant of the gas, but de- 
pends entirely upon the activity of the ionizing agent 
and the volume of the gas from which the ions can be 
captured by the applied electromotive force. 

The ions, in their passage towards an electrode, 
collide at frequent intervals with a molecule. If, after 
a collision, the velocity of the ion should be zero, then 
at the next collision the energy which this ion has 
acquired is e V l, where V is the potential gradient and 1 
the distance it has traveled. To understand what effect 
this collision will have on the molecule struck, it is 
desirable to consider the analogous case of an electron 
colliding with an atom. 

Experiments on gases at low pressures have shown 
that when an electron collides with an atom, the atom 
will be ionized only if the kinetic energy of the electron 
is greater than a certain critical value. The electron 
will normally obtain its kinetic energy by accelerating 
in an electrostatic field. Starting from rest, the kinetic 
energy of the electron at any instant is e V, where e is 
the charge upon the electron and V is the potential 
difference between the starting point and the point 
under consideration. The value of V, which is just 
sufficient to give to the electron enough energy to ionize 
an atom, is called the ionizing potential. Values of the 
ionizing potential are known for the atoms of most 
gases. 

Likewise a molecule will be ionized by collision with 
an ion or electron, only if the velocity of the latter is 
sufficiently high. Since the velocity at impact depends 
not only upon the potential gradient but also upon the 
length of path between collisions, the voltage at which 
ionization by collision will begin increases almost in 
direct ratio with the pressure. 

Our knowledge of conduction through gases at normal 
pressure, when the applied voltage approaches that 
which produces breakdown, is very incomplete. There 
is sufficient evidence to show that the rapid increase of 
current is the result of ionization by collision. It is not 
as yet possible, however, to formulate the laws under 
which it acts. 


III. CONDUCTION THROUGH LIQUID DIELECTRICS 


The current is carried through most liquid dielectrics 
by ions. Hence most investigators have attempted to 
explain conduction through such substances by applying 
to them the same laws as hold for gases. The discussion 
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of conduction in liquid dielectrics, therefore, centers 
around the production of ions, their mobility, and 
recombination. 

Ions in a liquid dielectric may result from ionization 
of the dielectric itself, as is generally the case with a 
gas, or they may come from the ionization of substances 
dissolved in the liquid. The same external agencies 
that cause ionization of a gas will produce ionization in 
a liquid. In addition to these external agencies, the 
liquid may ionize spontaneously and ionization is often 
produced by some physical or chemical action between 
the liquid and a substance dissolved in it. The first is 
called ionization by dissociation; the second ionization 
by solution. As very minute amounts of a dissolved 
substance may produce a relatively large number of 
ions, impurities which can be removed only with 
difficulty often produce more ions in a liquid than is 
produced by a relatively intense external ionizing agent. 

There is some evidence that all liquids are ionized 
by ever present ultra X-rays. In hexane the number of 
ions produced per cu. cm. per sec. is nearly fifty times 
as great as in air. In most liquids the effect is masked 
by the effects of other ionizing agents. 

X-rays and the rays from radioactive substances 
produce ionization in all liquids that have been exam- 
ined. The effectiveness of a given ray is different in 
different liquids. For example, Jaffé** found that for 
hexane the ratio of ionization compared to air is about 
1/1000 for a-rays but about 1/10 for f-rays. Also 
Greinacher”’ found that the number of ions produced by 
a given beam of a-rays was twice as large in paraffin 
oil as in petroleum ether. 

The rate of recombination of ions in liquids is much 
less rapid than in gases. The few values of the recom- 
bination coefficient that have been determined” lie 
between 10-° and 10-5, or of the order of one millionth 
of that of gases. 

The mobility of ions in a liquid is much less than in 
a gas. Values for a few liquids are given in Table II. 

These values are of the same order of magnitude as 
the mobilities of ions in electrolytic solutions. There is 
a large increase in mobility with temperature, as is also 
the case with electrolytes. 

No values of the ionization potential of a liquid mole- 
cule are available. 


TABLE II 
IONIZATION CONSTANTS OF LIQUIDS 
Average mobility 
of positive 
and negative 
ions—k 
cm. | volt Recombi- 
“sec. | em. | _Tation 
Liquid z ` coefficient | Authority 
Petroleum ether............ 500 x10 |35 x 10-3 26 
Vaseline ofl................ 5 x 10-* | 4 x 10-8 26 
TOMO. sesso eke eee 0.2 X108 ere 17 
Carbon tetrachloride........ 240 x10- 33 
Paraffin (60 deg.)........... 1600 x 10-8 49 
Electrolytic solutions in 
Water. .....essssossoseso 3000 -6 
to ad may 17 


| 


: 


June 1927 


According to most investigators, the current which 


: flows between two electrodes immersed in a liquid and 


= 


maintained at a constant potential difference is deter- 


mined by the differential equation 


dn 
dt 


=q-an'—-s8 


(5) 


where 


= n = the total number of ions at time t 
= q = the rate of production of ions 


a = the coefficient of recombination 
s = the rate at which ions reach the electrode— 
proportional to the current 
If the ions are uniformly distributed through the 


liquid 


s=pn (6) 
where £ is a constant which among other things involves 
the mobility of the ions. Substituting this in (5) and 
separating the variables 


dn 


apnea =dt (7) 

Integrating 
Z 4 2 AES 
aa a 


2an+Bß-vVáaq+ e 
(8) 


This shows that n is an exponential function of t. It 
follows that s, the current between the electrodes, de- 
creases as the time during which the electromotive force 
is applied increases. This same solution holds in the 
case of gases, but in them, the mobility is so great that 
equilibrium is reached in less time than that required 
for the measuring instrument to reach a steady con- 
dition. With liquids, however, the mobility is much 
less and the decrease of the current with time can be 
readily observed. Most observers have made readings 
one minute after the application of the electromotive 
force. During this time, the current will in most cases 
become stationary. 

The conductivity à of a liquid is given in terms of 
ionic constants by an equation similar to that for a 
gas, namely: 

=2nek (9) 
where 
àA = the conductivity 
e = the charge on an ion 
m =the number of ions per cubic centimeter in the 
stationary state 
k = the average mobility of the positive and negative 
ions. 

As the mobility of ions in liquids is from a thousand to 
a million times less than the mobility in gases, the 
conductivity for a given concentration of ions is pro- 
portionally less or the resistivity proportionally greater. 
The number of ions, however, is generally so much 
greater in liquids than in gases that the resistivity of 
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many liquids is less than that of gases under similar 
conditions. 

As the potential gradient in a liquid is increased, the 
current approaches saturation in the same way as in a 
gas. Difficulties, however, are frequently encountered 
in the experimental determination of the saturation 
current of a liquid. As an example, when the number 
of ions is small, it is probable that most of them will be 
caused by the solution of traces of impurities. Before 
the current becomes stationary, many of the ions of the 
impurities will go to the electrodes, thus removing from 
the liquid the cause of the ionization. Hence, before the 
saturation current can be reached, the fundamental 
character of the liquid has changed. 


As a second example, when the liquid contains a large 
number of ions which have been produced by any cause 
whatever, an ion concentration occurs near the elec- 
trodes before the current becomes stationary. The 
potential gradient in the region of this concentration is 
reduced so that the gradient near the electrodes is less 
than at a point midway between them. On account of 
this reduced gradient, the velocity of the ions towards 
the electrodes is reduced and the chance for recombina- 
tion increased. These two examples show that the 
experimental difficulties of determining the saturation 
current in a liquid are much greater than in the case of a 
gas. 

Another difficulty in connection with the determina- 
tion of the saturation current in a liquid is that ioniza- 
tion by collision may start before the potential gradient 
is sufficiently high to produce saturation. When this is 
the case, no true saturation current occurs. This phase 
of conduction in liquids, however, has received very 
little systematic investigation. 


Much larger potential gradients can be applied to 
liquids without appreciably affecting the conductivity 
than can be applied to gases. Thus, in most liquids, the 
conductivity obeys Ohm’s law if the potential gradient 
is less than three orfour hundred volts per cm., whereas 
in a gas it must be less than one volt per centimeter. 
Where higher potentials are applied the current does not 
increase as rapidly as the potential. For example 
Jaffe? found for several liquids that if the potential 
gradient were between 500 and 3000 volts per cm. 

I=a+cE 
where a and c are experimental constants. 

The resistivity of most liquids decreases with increas- 
ing temperature. This is largely caused'® by a change 
in mobility, as the number of ions is nearly independent 
of temperature. Attempts to correlate! the resistivity 
of a liquid with its viscosity, however, have been 
unsuccessful. 


The above explanation of the passage of electricity 
through liquid dielectrics is based on the assumption 
that the ionic laws of gases can be applied to liquids. 
Some investigators are of the opinion that these laws 
will require some modification before a complete 


(10) 
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explanation can be given. Von Schweidler!’ has. pro- 
posed two modifications; the first suggests that equation 
(5), which gives the rate of increase of ions, should be 


dn T an 


where f (n) is an unknown function. The reason for 
this suggestion is that the solution of equation (5) 
shows the current to be proportional to the square of the 
conductivity, while experimentally the current is found 
to be proportional to the conductivity with a fractional 
exponent. The second suggestion is that, in many 
liquids, several different kinds of ions exist, each having 
a different mobility. When an electromotive force 
is applied, the kinds of ions having the higher mobili- 
ties reach the electrodes more rapidly than those with 
the low mobilities. As a result, the average mobility 
of the ions which are left decreases as the time of appli- 
cation of the electromotive force increases. This agrees 
with the results of tests on several liquids. 


IV. CONDUCTION THROUGH SOLID DIELECTRICS 


Conduction in solid dielectrics is difficult to distin- 
guish from the phenomena of absorption and residual 
charge. In this respect, solids are entirely different 
from liquids and gases in which these phenomena are 
seldom, if ever, present. Also, electrons play a more 
important part in conduction through solids than liquids 
or gases. Ionic conduction, however, is much more 
common than electronic. Hence in the discussion it 
will be considered that conduction in solids is caused by 
ions, the electron being considered the smallest possible 
ion. 

Although the external agencies which cause ioniza- 
tion in solids are the same as in liquids or gases,— 
namely, electromagnetic radiations and rays from 
radioactive substances,—the effectiveness of the differ- 
ent agencies is quite different. The a and £ rays from 
radioactive substances ionize some, and perhaps all, 
solid dielectrics. Also it seems probable that for any 
given wave length of electromagnetic radiation some 
solid can be found which will be ionized by it. More- 
over there is a number of solids which are ionized by a 
very wide range of wavelengths. Some illustrations 
of these facts are cited in the following. 

There are few data concerning the ionization of solids 
by the ever-present ultra X-rays. It may, however, 
be because of these rays that no substance is known 
which has infinite resistivity. Sulphur, paraffin, and 
quartz are ionized by both A-rays and X-rays. The 
ionization of selenium by X-rays is so definite that some 
roentygenologists have proposed using this material to 
measure dosage. Quartz is ionized by ultra-violet 
radiation. The visible part of the spectrum produces 
ionization in a number of substances, the most familiar 
being sulphur and selenium. In fact, one form of 
selenium is ionized not only by all of the visible spec- 
trum, but also by the infra red rays. 
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In addition to the external agencies which produce 
ionization, substances dissolved in a dielectric -may 
produce it. Familiar examples are water dissolved in 
rubber and alcohol dissolved in shellac. The influence 
of minute quantities of a dissolved substance is often 
very marked. Hence, there is often great difficulty in 
ascertaining the true resistivity of a substance since it is 
exceedingly difficult to remove the last traces of an 
impurity. Some dielectrics ionize spontaneously. 
There is some interaction between molecules so that 
ions are always present. With such dielectrics an 
increase in temperature frequently increases the 
number of ions in a very marked degree. Glass is an 
example of such a dielectric. 

In general, the mobility of ions in a solid are less even 
than in a liquid. The values given in Table III how- 
ever, are not entirely characteristic. In case of light- 
sensitive selenium, the negative ions are single electrons, 
the mobility of which is probably quite high, while 
that of the positive ion is negligibly small in compari- 


son. In this case the conduction is electronic. 
TABLE III 
IONIC CONSTANTS OF SOLIDS 
Average mobility of 
ions 
cm. volts R 5 i 
ETARA ecombination 
Substance SOR: SR coefficient Authority 
Paraffin............ 0.14 10% .......... 49 


On the other hand the mobility of the positive ions is 
sometimes high relative to that of the negative. This is 
the case with some kinds of glass. In such glasses the 
positive ion can be replaced by other positive ions which 
are carried into the glass by the current. Many similar 
cases are known. These examples show that in solids, 
the difference in mobility of the positive and negative 
ions may be so great that the conductivity is entirely 
dependent on the ions having the highest mobility, and 
not, as is usually the case, in liquids and gases, on the 
average mobility of the two kinds. 

The mobility of the ions in a substance frequently 
increases rapidly with the temperature. In crystalline 
quartz® the mobility at 100 deg. cent. is about 200 times 
that at 0 deg., while in calcite it is more than 10,000 
times as much at the higher temperature. In rock- 
salt, on the other hand, there is little if any change in 
mobility with temperature. 

There are few quantitative data on the coefficient of 
recombination of ions in solids. There is, however, a 
considerable amount of qualitative information. For 
instance, it is known that in light-sensitive selenium, 
practically all the ions are recombined in two or three 
seconds after removal to the dark. The recombination 
in crystalline quartz is much slower. At room tem- 
perature several months or even years are required 
before a piece of ionized quartz will reach an equilib- 
rium condition. These examples doubtless represent 
extremes in regard to recombination. 
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There are practically no data concerning the ioniza- 
tion potential of the molecules of a solid. There are, 
however, sufficient data to show that ionization by 
collision occurs in solids although it is often difficult to 
separate it from other phenomena which are present 
when high voltages are applied to a solid dielectric. 

It is probable that the law of ionic equilibrium given 
in equations (1) and (5) will require modification even 
in the case of homogeneous solids. At present, however, 
it furnishes the only accepted basis from which to dis- 
cuss the observational data. On this basis materials 
should have a definite resistivity when the applied volt- 
age is low and the time of application long, and should 
reach, or at least approach, a saturation curve when the 
voltage is sufficiently increased. Both conditions have 
been observed. 

To conform with this law, conduction current in a 
solid must decrease with time according to an exponen- 
tial law, as has been shown to be the case for a liquid. 
The measurement of the conduction current in solids, 
however, is complicated by the fact that the absorption 
current also decreases with the time in much the same 
way. There is no known method of distinguishing 
between these currents. In some materials, however, 
the conduction current is so great that the absorption 
current can be neglected. Moreover, in all materials, 
the absorption current tends towards zero, while the 
conduction current tends towards a fixed value, pro- 
vided the ionization remains constant. The ionization 
in solids is generally due to conditions within the mate- 
rial. Often these conditions are disturbed by the passage 
of the current, so that the current at infinite time does 
not represent the true conduction current. It follows 
that no entirely satisfactory procedure can be estab- 
lished. The commercial practise of reading the cur- 
rent at the end of one minute after the potential has 
been applied appears to be as good a one as any that 
can be suggested. 

The saturation current in solids has occasionally been 
observed. An interesting case is reported by Jaffe, 
who found that the current in crystalline quartz was 
independent of the applied potential if the potential 
gradient was between 10,000 and 50,000 volts per 
centimeter, and that a steady condition was reached in 
three seconds after the application of the voltage. 

The change of resistivity with temperature depends 
both on the change in the number of ions and on the 
change in their mobility. In some solids the tempera- 
ture coefficient is small and positive, but in most solids 
it is large and negative. Rasch and Hinrichsen“ found 
that, in glass, the change in resistance R could be 
represented by the formula 

| A 
log R = T +B (12) 
where T is the absolute temperature and A and B are 
constants. This same law has been found to fit a num- 
ber of substances. As the dissociation of gases into 
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ions (a subject not treated in this paper) obeys the same 
law, the conclusion is often drawn that the cause of the 
negative temperature coefficient in such solids is the 
dissociation of molecules into'ions caused by the in- 
crease in temperature. This law, however, holds with 
some solids in which the change in resistance with 
temperature is known to be caused—at least in part— 
by the increase in mobility of the ions. Hence the 
dissociation coefficient can be determined from the 
temperature coefficient only when there is no change of 
mobility with temperature. 

The above deductions concerning homogeneous 
dielectrics apply to the individual components of a 
heterogeneous dielectric. The most interesting form 
of such dielectrics is one composed of layers perpendicu- 
lar to the direction of current flow. A consideration 
of this type leads immediately to the question of absorp- 
tion, a subject which has been treated in another paper* 
of this series. 


V. CONDUCTION OVER THE SURFACE OF SOLID 
INSULATORS 


Gases or vapors are often condensed to a liquid 
form on the surface of a solid with which they are in 
contact. If the angle of contact between the 
solid and liquid is greater than 90 deg., the liquid 
collects in droplets: but if the angle is less than 90 deg., 
the liquid spreads, in a film, over the surface of the solid. 
In one case, the presence of the liquid has little effect 
on the insulation of electrodes fastened to the solid, 
but in the other, the current which flows from one 
electrode to another through the solid is often much less. 
than the current which flows through the condensed 
liquid. 

The condensation of water vapor from the air on solid 
surfaces is a familiar example of surface condensation. 
With waxes, the condensed water forms into droplets, 
but with most materials, it spreads in a film over the 
surface. If the film is formed on the clean surface of an 
insoluble material, like quartz or amber, the water is 
very pure. Since pure water is a poor conductor, the 
film may not carry an appreciable current. The 
slightest trace of a soluble salt however, will so greatly 
increase the conductivity of a film that the current 
through it may be much larger than that through the 
solid itself. Many solids, such as glass and porcelain, 
are sufficiently soluble so that films deposited on them 
are always conducting. The presence of delequiscent 
salts very greatly increases the amount of condensed 
water. In all cases, the amount of condensed water 
increases as a rather large power of the relative humidity. 

Surface films play an important part in conductivity 
through porous materials, such as unglazed porcelain, 
marble, and slate. The pores extend deep into the 
material. If a specimen is exposed to a humid atmos- 
ai the pores become lined with a film of water, which 


*J. B. Whitehead: Dielectric Absorption and Theories of Dielec- 
tric Behavior, A. I. E. E. Trans., Vol. 45, 1926, Mar., p. 102. 
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may have a conductivity many thousands of times 
greater than that of the material itself. The result isa 
decrease in the volume resistivity of the material. 
Evershed considers that conduction phenomena in 
fibrous materials is associated with surface films in the 
pores of the material. However, he makes the further 
assumption that the thickness of the film decreases as 
the applied voltage is increased. This explains the 
increase of resistance with increasing voltage which is 
shown by such materials. 


VI. CONCLUSION 


This paper includes only a small part of the facts 
which are known concerning conduction through 
insulators. There is every reason to believe that all 
the known facts can be explained by the ionic theory, 
the main tenets of which are herein set forth. The 
details of this theory are sufficiently developed to 
explain practically all the experimental facts in con- 
nection with the passage of electricity through gases. 
The same cannot be said in regard to liquids and solids. 
Here the phenomena are more complex and the experi- 
mental data more meager. A complete explanation 
must await further investigation. 


° 
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51. Goldmann, A. and Kalandyk, S.: Ann. d. Phys. (4) 36, p. 
589, 1911. INumination decreases the resistivity of sulphur by a 
factor of a hundred, but produces little change in anthracene, 
shellac, napthalene, and paraffin. 

52. Vaillant, P.: Comptes Rendus, 153, p. 1141; 1911. Visible 
light decreases the resistivity of a compound of calcium and 
sulphur. 

53. Schaposchnikow, A.: Jl. Russ. Phys. Chem. Soc. 43, p. 
42:3; 1911. The ions produced in crystalline quartz by Y-rays, 
X-rays, and ultra-violet light do not behave like ions in a gas. 


CURTIS: ELECTRICAL RESISTIVITY OF INSULATING MATERIALS 


1047 


54. Zaroubine, A.: Le Radium, 9, p. 385; 1912. Ozokerite 
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55. Pigulewski, M.: Jl. Russian Phys. Chem. Soc. 44, p. 105; 
1912. The resistivity of sulphur depends on its crystalline 
form and in the amorphous state on the amount of illumination. 

56. Ries, C.: Ann. d. Phys. 38, p. 721; 1912. Substances, 
the resistance of which depends on illumination, are listed. 

57. Kaempf, F.: Phys. Zeit. 13, p. 689, 1912. Saturation 
current is observable in selenium. 

58. Butman, C. A.: Phys. Rev. (2) 1, p. 336; 1913. Sulphur 
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IV. SURFACE SOLIDS 


69. Dietrich, W.: Phys. Zeit. 11, p. 187; 1910. 
and volume resistivity of many solids are tabulated. 
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Discussion 
F. M. Clark: With regard to Dr. Curtis’ paper, I do want 


to emphasize the type of conduction which he calls colloidal 
conduction. I think that this is a type which we will have to 
recognize and consider in more detail than we have. When you 
consider that almost all of our insulations are colloidal in nature 
if not true colloids, you can see the significance of that type of 
conduction. I recognize that colloidal conduction is similar in 
many respects to electrolytic conduction. However, it owes 
its origin to larger charged masses and may occur in mediums 
where electrolytic conduction would be least expected. 
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Dr. Curtis discusses the conduction over the surface of solid 
insulators. The effect of water-vapor condensation is cited 
and its importance discussed. Although the author illustrates 
the effect on inorganic materials such as quartz and porcelain, 
it should not be overlooked that conductivity in fibrous materials 
appears to be closely related to the cases given. Our researches 
at Pittsfield have not been entirely completed, but we have 
already obtained considerable evidence that the quantity of 
water contained in an oil-treated paper, while important, is not 
the sole factor determining the a-c. and d-c. conductivity. It 
appears that the effect produced depends very largely on whether 
the water vapor present is absorbed on the surface of the paper 
fibers or whether it be held within the fiber wall. 
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Synopsis.—This paper was prepared by a subcommittee of the 
Committee on Electrical Insulation of the Division of Engineering 
and Industrial Research of the National Research Council. The 
general purpose of the committee is to foster research on dielectrics 
and its initial activities have been confined to the preparation of a 
series of summaries of the published literature on this subject. 


The subcommittee which presents this paper is the second one to 
report, having been preceded by a paper on dielectric absorption and 
theories of dielectric behavior, by Chairman J. B. Whitehead, which 
was published by the A. I. E. E. in 1926. 


The second paper under the auspices of the committee was inspired 
by the first one, and was an original exposition of Clerk Mazwell’s 
theory of the double layer dielectric, by Professor Murnaghan, 
published by the A. I. E. E. in 1927. 


The present paper, like the first! is a summary of existing literature 
which, it is hoped, will afford a starting point for original research 


GENERAL | 


IARADAY seems to have been the first to use the 
term “dielectric” to distinguish certain classes of 
materials by their electrical properties and he 

defined dielectrics as all bodies whose insulating value 
is such that when they are placed between two con- 
ductors at different potentials the electromotive force 
acting on them does not immediately distribute their 
electricity so as to reduce the potential to a constant 
value. It was not until considerably later, however, 
that we find recognition of the fact that if the potential 
difference across a dielectric is sufficiently increased, 
failure will occur; or, to state the matter in another way, 
the current will increase with a decrease of voltage and 
conditions will be unstable. The stress at which this 
unstable condition begins is called the dielectric strength 
of the material, but it depends on many factors, as will 
be discussed later in this paper, and is by no means an 
exact physical constant. 

At the present time, it is proposed to discuss the 
literature in regard to the dielectric strength of solids 
and liquids. It should be recognized that liquids 
occupy a ground between solids and gases and may 
be treated, with equal reason, in connection with the 
behavior of gases or with the behavior of solids. In 
some respects they will behave more like one than the 
other but in general there is but little to choose between 
one grouping or the other. The methods for examining 
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in many directions. It is hoped that the discussion by the Institute 
will bring out obscure phenomena and new interpretations of the 
data reviewed. The report starts with a consideration of the general 
subject of instability in electrical circuits, and an explanation of 
instability in the case of dielectrics, in terms of a stress and strain 
characteristic. This is followed by a discussion of distribution of 
stress and strain in non-uniform fields, and their relation to break- 
down. The reversible and non-reversible phenomena of dielectric 
failure are considered, the former.in relation to the electron theory 
and the latter in relation to the pyroelectric theory, and the bearing of 
both upon the time-voltage relation is indicated. 

The latter part of the report is devoted to the relation of breakdown 
voltage to various factors, such as insulation thickness, insulation 
area, the electrode form, heterogeneity, temperature, rate of voltage, 
variation, pressure, etc. Final conclusions are given which sum- 
marize in a few words the present state of the art, as it may be judged 
from published data. 


solids and liquids are in general different and this will 


introduce several questions which will need answer 
before we can arrive at definite conclusions. 

An examination of the literature discloses the fact 
that a large number of solid dielectrics has been in- 
vestigated by several workers but the range of liquids 
examined is far more restricted. This is not surprising, 
however, when it is recognized that the majority of our 
commercial insulating materials are solids and comprise 
such varied materials as glass, fiber, wood, moulded 
compounds, mica, sulphur, paraffin, rubber, paper, 
and porcelain, while in the list of liquids we find only a 
few oils, chiefly distilled from petroleum crudes, and 
usually classified under the general type of transformer 
oil. Many liquids, such as benzine, kerosene, toluol, 
xylol, and carbon tetrachloride, are good dielectrics but 
seem to have found little or no commercial use and 
hence not to have gained the interest of various 
investigators. 


INSTABILITY 


It is helpful to consider dielectric failure as the phe- 
nomenon of instability which exists when the voltage 
across the dielectric has been increased to a certain 
critical value beyond which the current increases more 
or less in unpredictable ways while the voltage tends to 
fall. Well-known examples of such cases are associated 
with arcs without ballast resistors, overloaded reactors, 
transformers, and series wound generators. 

There is always difficulty in assigning credit for the 
first presentation of a line of thought, for when a number 
of men are working simultaneously on the same problem 
they are inevitably led into similar trains of thought. 
Perhaps the first clear statement connecting the failure 
of dielectrics with the general phenomenon of instability 
is that of Steinmetz! in 1923 when he said that “the 
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view is gaining ground that the mechanism of dielectric 
failure is a phenomenon of the instability of the so-called 
constants of the material.”’ 


STRESS-STRAIN CHARACTERISTIC 


It was, however, a research by K. W. Wagner’, 
initiated in 1914, interrupted by the war, and com- 
pleted in 1919, which gave the first quantitative data 
on which to base a satisfactory theory. This physicist 
was the first to ascertain the volt-ampere characteristic 
of a solid dielectric, and he showed that the characteris- 
tic curve consists of a straight line corresponding to 
Ohm’s Law, a curve which becomes vertical, 2. e., 
parallel to the current axis, and finally slopes backward, 
corresponding to a rising current with falling voltage, 
as shown in Fig. 1. | 

It is not difficult to obtain the first two parts experi- 
mentally, but the third part corresponds with a con- 
dition of unstable equilibrium and is normally passed 
at such an Immense speed that it cannot be observed 
unless special precautions are taken. 

Wagner succeeded in plotting the entire curve by 


Fia. 


p= 


using an electrode of such high resistance that the cir- 
cult, as a whole, had stable characteristics, 2. e., current 
rising with voltage, and thus stabilized the dielectric 
in the same way that a ballast resistance is used to 
stabilize an arc. Current and voltage readings were 
first taken with the electrodes in contact with one 
another, and then with the dielectric between. The 
difference in voltage for the same current, in the two 
cases, was the voltage across the dielectric corresponding 
to this current. The general form of these characteris- 
tics was verified in 1921 by J. C. Schrader? who used a 
hot cathode rectifier in series with the dielectric, to 
restrain the current. 

In the same year, H. H. Poole‘, using the same 
method as Schrader, found that the conductivity of 
certain dielectrics rises with the potential gradient, the 
logarithm of the conductivity being nearly a linear 
function of the gradient. 

In 1925, H. Gabler’, also using a thermionic valve for 
ballast, obtained experimental curves of the same 
general form. 

In all these tests, direct current was used. Corre- 
sponding data for alternating current have not yet been 
obtained, indicating a fruitful field for research. 
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No work appears to have been done on liquids in an 
effort to determine the volt-ampere characteristic 
although Gunther-Schulzeé made determinations of 
dielectric conductivity over a considerable range of 
stresses and found a tendency for the current to de- 
crease with increase of voltage. This may be explained 
by consideration of the fact that the voltage was grad- 
ually increased and this gave additional time for im- 
purities, which apparently constitute a considerable 
number of carriers, to be swept out of the field. 

The shape of the curve for solids has been explained 
by Wagner on the basis of the negative temperature 
coefficient of resistivity characteristic of all dielectrics 
and by Peaslee as due to ionic migration. These 
theories are explained at greater length, below. 

One of the consequences of the form of volt-ampere 
characteristic is that an unequally stressed dielectric, by 
virtue of the different current densities in its parts, 
may have in one place a rising current density and 
in another a falling current density, with increase of 
voltage. This was expressed by W. D. A. Peaslee’, 
in 1922, by saying that a dielectric, if unequally stressed, 


es dl . 
may have a positive value of GE im one part, and a 
negative value in another, but failure will not occur 


dI 
until the total =—> becomes infinite. An important 


dE 


part of Peaslee’s contribution is the interpretation of 
Wagner’s volt-ampere curve in terms of voltage and 
current density. 


DIELECTRIC OVERSTRESSED WITHOUT INJURY 


dI 
That part of the dielectric which has ~~; 


dE negative 


is overstressed, that is, it would fail but for the stabilizing 
action of the remainder of the insulation, which acts asa 
ballast resistor. 


Wagner, working simultaneously along similar lines, 
described an experiment on a dielectric which had been 
unequally stressed for a short time so that one part was 


dI 
stressed above the point where 3 = o, and he 


dE 


showed that this over-stressed part, when subsequently 
tested alone, had lost none of its dielectric strength. 


STRESSES IN A DIELECTRIC WITH NON-UNIFORM FIELD 


The next step toward putting the behavior of dielec- 
trics upon a quantitative basis was taken by P. L. 
Hoover? who showed that the characteristic curve 
could be expressed in terms of potential gradient and 
current density and that therefore if the current density 
be plotted for the various parts of an unequally stressed 
dielectric, the corresponding potential gradients and 
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where 


` values of i can be plotted from the characteristic g is the electric stress at any point distant x from the 
` axis of the cylinders, 

“curve and the behavior of the dielectric deduced there- R is the inner radius of the outer cylinder, 

“from. In other words, if the current densities at vari- r isthe outer radius of the inner cylinder, 

‘ous points be computed from the resistivity and geo- E is the potential difference between cylinders. 
‘metrical configuration, the corresponding stresses may By this formula the maximum stress is always at the 
‘be derived from the characteristic curve. inner conductor surface, i. e., with x = r, and the mini- 


Thus, in a dielectric between co-axial cylinders, i. e., mum stress at the outer conductor surface, i. e., with 
‘a single-conductor cable, if the same current be assumed y = R. 


‘to flow in all parts of the circuit, the current density 
‘must decrease radially, and may therefore be repre- 
‘sented by an hyperbola, such as A in Fig.2. Referring 


The assumptions which are made in deriving the 
above formula are that the dielectric has uniform 
resistivity and specific capacity in all directions, and 
that the resistivity and specific capacity do not alter 
with stress. 


The first two assumptions are often unjustifiable, 
_and the third is certainly wrong for most materials at 
stresses approaching failure. Since it is at these 
high stresses that the formula finds its principal ap- 
plication, it is evidently basically unsound, except for a 
few materials which may have characteristic curves 
without any maximum point. 


So flagrant were the observed departures from the 
consequences of the logarithmic formula that in 1920, 
` F. Fernie suggested that failure of insulation in a 
now to the volt-ampere characteristic, Fig. 1, as each Single-conductor cable occurs when a certain value of the 
-value of current density corresponds with a definite Minimum stress is attained. This theory was ably 

potential gradient, a curve representing the potential C"iticized in 1922 by D. M. Simons™ who showed that 
_ gradient at all radii may be plotted, as shown by the ¢XPerimental data are as consistent with failure taken 
curve B in Fig. 2. to occur at constant average stress as at constant minl- 


If the current density is increased, the maximum of 
curve B moves outward. In doing so, the area to the 
‘left of the maximum increases, while that to the right 
decreases. The curve is not symmetrical; hence there 
is a certain current at which the area enclosed by the 
curve is a maximum. But this area is the total voltage 
between cylinders. Hence there is a value of the total 


| dI 
‘voltage E such that JE 7 a This will be the 


Breakdown Voltage 


- breakdown voltage. 
Applied to solids, this theory gives results which 
: accord better with the facts than the well-known theory i 
published almost simultaneously in 1901 by M. O’Gor- Time 
man? and E. Jona", according to which the unequally Fic. 3 
stressed dielectric between co-axial cylinders will begin . 
to fail at the inner surface, the failure spreading out- mumstress. It is now fairly evident that the maximum 
ward from that point until rupture occurs. Important stress determines failure, but that this stress cannot be 
modifications of this theory were published by W. I. calculated by the ordinary formulas which neglect the 
Middleton, C. L. Dawes, and C. L. Davis" in 1922, and peculiar shape of the volt-ampere characteristic at 


R. J. Wiseman” in 1923. stresses approaching failure. 
Considering this theory in its original form, if certain Hendricks! mentions the results of tests on trans- 
assumptions are made, it may be shown that former oil using concentric cylindrical electrodes of 
E different sizes, and finds that the breakdown strength 
g= as calculated on the maximum stress theory is not 


= constant. On the other hand, Peek", as a result of 


x log, | 
similar tests, comes to the conclusion that there is a 
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definite maximum stress, 36 kv. per cm., which is the 
value at which an increase in conductivity results from 
ionization by collision. 

Another factor which may be of considerable impor- 
tancein somecasesand that seems to have been generally 
overlooked in the computation of stresses, although it 


is made the basis for many explanations of the phenom- 


enon of absorption, is the combined influence of resis- 
tivity and specific inductive capacity on distribution 
of stress. That this may be an important influence is 
indicated by the different values of dielectric strength 
obtained with direct potentials and alternating poten- 
tials of different wave form and frequency, as discussed 
later in this report. 


TIME— VOLTAGE RELATION 


Thus far we have dealt exclusively with so called 
momentary stresses, 7. e., those which are not main- 
tained sufficiently long to produce chemical deteriora- 
tion of the insulation. 


The relation between the breakdown voltage of a 
dielectric and the time of application of the voltage is 
of the character shown in Fig. 3, i. e., the breakdown 
voltage for short periods is high and falls off rapidly with 
increasing time, whereas that for long periods is com- 
paratively low and changes little with the time. ‘This 
was clearly shown in 1907 by H. W. Tobey”. 


The general form of the curve suggests two influences 
at work, one corresponding to instantaneous action 
and the other to prolonged action, the intervening 
periods corresponding to a combination of the two. 
This idea is discussed at greater length under ‘‘Irrever- 
sible Deterioration.” 


It has been shown by F. W. Peek and also by 
V. M. Montsinger'® that experimentally determined 
time-voltage curves using solid insulations may be 
approximated by the following empirical formula: 

 B=A+B.T-4 
where E is the voltage that the insulation will stand for 
a time T, and A and B are constants. No rational 
basis for this formula has been found, and recent 
work suggests that the curve may not be continuous, but 


may have a break, with a different law for each side of 
the break. 


Data presented by Farmer’? as a result of tests on 
oil impregnated paper insulated cable may be ex- 
pressed by the equation derived by Montsinger, except 
that the exponent of the time term is 7 instead of 4. 
There seem to be clear limitations as to the range of 
stress over which this expression may be applied, 
however, and it evidently has but limited use; certainly 
there is no ground for assuming that it may be applied 
to materials other than the specific ones investigated. 

Another aspect of the time-voltage relation was 
indicated by C. P. Steinmetz! in 1923, namely, the 
differing time-lag of various dielectrics. If two in- 
sulating materials are in parallel, the one which will 
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fail under stress will depend upon the time of applica- 
tion of the voltage and upon the time-lag of electric 
strength of the two materials. Thus, under lightning 
conditions, transformer bushings may flash over without 
injury to the oil insulation, whereas on test, the oil 
insulation may puncture far below the voltage at 
which the bushings flash over. 

Air has no appreciable time-lag, but a sphere-gap 
with high resistance in series has an appreciable time- 
lag, due to the time required to charge the capacity of 
the spheres over the resistance. 

True liquids do not seem to be influenced by the time 
of application of the voltage although there is a time-lag 
for rapidly applied voltages and Peek?! has found this 
lag to obey almost the same laws as he established for 
gases. Dieterle”?, in a series of tests with semi-fluid 
materials intended to determine the relations between 
the magnitude of continuously applied stress and the 
time to produce failure, obtained results similar to those 
already noted for solids although they are too few to 
permit establishing a mathematical expression. 

Yet another angle to the time-voltage relation has to 
do with the effect of direct and alternating potentials 
and the influence of wave form and frequency in the 
latter case. These will be discussed in more detail 
later on in this report, but it should be pointed out that 
at the present time these factors have to do with the 
short-time part of the curve. 


PYROELECTRIC THEORY 


Miles Walker”, in 1912, was probably the first to call 
serious attention to the dielectric loss-temperature 
relation as a factor in dielectric failure. He was 
followed in 1917 by A. F. Bangs and H. C. Louis, and 
W. S. Clark and G. B. Shanklin’, and in 1922 by D. W. 
Roper”, all of whom dealt with average losses in re- 
lation to mass heating of cable dielectrics. At about 
this time C. P. Steinmetz and J. R. Hayden contributed 
ideas as to the general application of this theory and 
coined the name “pyroelectric theory.” 

K. W. Wagner? in 1922 went a step further by taking 
into account the well-known unevenness of dielectrics 
and considering the effects of a filament of higher 
dielectric loss or, as he. expressed it, lower resistivity 
than the surrounding mass. He laid particular stress 
on the well-known fact that dielectrics, unlike metallic 
conductors, possess a negative temperature coefficient 
of resistivity; 2. e., their resistivity decreases with rising 
temperature. Hence, if a spot or filament of com- 
paratively low resistivity exists in a dielectric, the extra 


‘I? R loss which occurs in it will tend to raise its tem- 


perature, which in turn by decreasing the resistivity will 
increase the current and temperature, and so on ac- 
cumulatively until failure occurs due to burning. 

This theory was ingeniously developed by Wagner 
as a general theory of dielectric failure by assigning an 
empirical equation to the temperature-resistivity rela- 
tion, and assuming arbitrarily a certain diameter for 
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the hot filament. The quantitative results obtained 
were later found to depend very largely upon the value 
assumed for this diameter. Morover, work by L. 
Dreyfus”, H. Rochow?’, W. Rogowski**, Von Karman”, 
H. Gabler’, and others, has shown that the theory, 
as developed by Wagner, is untenable, both from a 
theoretical standpoint and because it yields numerical 
data which are widely at variance with facts. 

Wagner’s theory considers only the effects of filaments 
of low resistivity. C. P. Steinmetz, in 1923, called 
attention to the effects of particles of high specific 
capacity, as follows: 

“A particle of higher specific capacity than the 
surrounding material will concentrate the lines of 
electric force toward itself, creating points or edges 
of excessive flux density at the ‘poles’ of the 
particle. The insulation would char at these 
points or edges, and the shape of the product of 
chemical decomposition would tend toward the 
form of a conducting needle, with excessive voltage 
gradients at its ends, gradually piercing the di- 
electric until final puncture occurs between the 
terminals. Thus in a laminated insulation, con- 
sisting of very many layers, a foreign particle in one 
of the layers, though originally forming only an 
insignificant part of the total thickness of the 
dielectric, may gradually but cumulatively, in 
the course of time, pierce and destroy the insulation 
by its electrostatic cutting edges, the average 
voltage gradients within the dielectric being still 
very low compared with the tested ‘dielectric 
strength’ of the material.” | 

Thus unevenness of specific capacity, as well as of 
resistivity, is a factor in pyroelectric failure. Perhaps 
there are other factors which explain the phenomenon 
noted in 1910 by H. Osborne, namely, that when 
a solid dielectric is over-stressed, it is not disrupted 
uniformly, but is affected as if it had been pricked by a 
number of needle points. 


The failure of Wagner’s theory in a quantitative sense 
should not be interpreted as discrediting the general 
pyroelectric theory, as cumulative heating is un- 
doubtedly a factor in many cases of dielectric failure. 
It is not that the theory must be discarded but that it 
must be amplified and made part of a more general and 
complete theory. 


There seems to have been no attempt to apply the 
pyroelectric theory to liquids and indeed it is hard to 
see how this could be done since the existence of con- 
vection currents would tend to largely mask any of the 
detail phenomena assumed for solids. 


IRREVERSIBLE DETERIORATION 


All solid dielectrics on which published data are 
available show some kind of permanent deterioration 
when exposed to stresses over a certain critical value. 
Thus, it was found by F. M. Clark?! in 1925, that pro- 
longed stresses permanently injure oil-impregnated 
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paper insulation and that the injury is cumulative, even 
if the stresses be applied intermittently. Other ex- 
perimenters have verified this conclusion and extended 
the rule to a wide range of materials. Clark also 
verified Wagner’s observation that momentary over- 
stressing produces no appreciable permanent injury. 

The nature of the injury depends upon the material, 
and may be any of the following: 

A. Direct effect of stresses, 

a. Polymerization and condensation, 

b. Redistribution of component materials ac- 
cording to specific capacity, 

c. Change in surface tensions between compo- 
nent parts, 

B. Indirect effect of stresses, 

a. Thermal effects such as carbonization, 
b. Chemical combinations such as oxidation, 
c. Electrolytic effects. 

An example of polymerization is the formation of the 
solid material provisionally known as “X”, in mineral 
oils. 

Redistribution of component materials according to 
specific capacity is exemplified by particles of cellulose 
in oil. 

Change in surface tensions is one of the important 


factors in the failure of oil impregnated cables. In 


such composite insulations composed partly of solid and 
partly of liquid materials, an air or vacuous pocket 
may serve as a center of disturbance, and the liquid 
material, as observed by Dunsheath® in 1926, will be 
driven away from the pocket, thereby enlarging the 
latter. Such oil free spots would ultimately link 
together, and ionization would be established, leading to 
charring in dendritic or tree-like patterns. The 
projection of oil from places of high stress to those of 
low stress, in this case, is apparently due to an increase 
of surface tension between air and oil as compared 
to that between paper and oil.* 

Many experimenters, such as A. P. M. Fleming and 
F. Johnston, in 1911, have found that where air is 
present and the voltage is high enough to create dis- 
charges, cellulose materials have their structure dis- 
integrated; oils and gums are converted into various 
products. Some of these actions are thermal and 
others are chemical reactions, but all are cumulative 
and irreversible.: 

Little is known about electrolytic effects but they are 
under investigation in the case of glass. 

The redistribution of moisture by endosmose may bea 
factor of some importance, as indicated by the work of 
S. Evershed* in 1914. Endosmose is a motion of films 
of water along the walls of an insulator, due to the water 
being electropositive to practically all solid insulating 
materials, and being, therefore, drawn through the 
pores of the solid toward their electronegative ends. 

*It had been observed by several people 3% in 1924 that 


impregnated paper cable insulation fails as the result of surface 
discharges rather than punctures. 


1054 


The alignment of threads of moisture has the effect of 
partially short-circuiting the dielectric. 

At this time it seems opportune to reinterpret the 
time-voltage curve in terms of theSteinmetz, Dunsheath, 
and similar effects. It has been observed that the shape 
of this curve suggests two influences at work, one 
corresponding to an action which is reversible up to the 
point of breakdown and the other to a cumulative and 
irreversible action. Both of these actions have been 
observed and explained. It is therefore clear that for 
any finite period of application of voltage, these cu- 
mulative effects will cause progressive deterioration 
until the bulk of the dielectric has become worthless as 
a ballast resistor, and the remainder of the insulation 1s 
carrying such a current that the critical point, where 


dI 
dE 
practically instantaneously. Thus each point on the 


time-voltage curve represents two actions varying in 
degree with the time.* 


= æ, is reached therein, and failure occurs 


ELECTRON THEORY 


Thus far, our studies of dielectric behavior have led 
us to explain failures in terms of volt-ampere character- 
istic and chemical deterioration under stress. To be 


consistent with the spirit of the times, explanations of- 


these actions must be sought in the electron theory. 

Considerable half-hearted groping in this direction 
might be recorded, involving ideas of ionization by 
collision or indefinite displacement or mobilization of 
electrons, but no really definite results have been 
obtained. Indeed, itis hardly reasonable to expect any 
more until physicists have agreed upon an atomic 
structure which explains the simpler phenomena of 
chemistry and physics. Assuming some form of mole- 
cule having a considerable number of electrons that can 
be detached without causing chemical disturbance, 
P. L. Hoover? suggested the following theory: 

“Both the polarization and the conductive cur- 
rent increase with the potential gradient, or, in 
other words, the number of mobile ions increases 
with the degree of polarization. This suggests 
that the mobile ions may come from the molecules 
of the dielectric. 

If this is the case there must exist for every po- 
tential gradient a state of kinetic equilibrium 
between the free mobile ions and the molecules of 
the dielectric. 

As the potential gradient is increased, ultimately 
a gradient will be reached where the number of 
jons required to establish equilibrium will be so 
great that the molecular bonds will be destroyed 
and dynamic rupture of the insulation will take 
place. In other words, at high stresses, the molec- 
ular fields will be changed and there will be a 


*This conclusion is verified by the work of Mundel’ as 
analyzed by Bush and Moon.”? 
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force on the electrons tending to move them in the 
direction of the external field. Some of the 
electrons will drift from molecule to molecule, and 
thus a conduction current will flow. The electrons 
that do not drift along will be acted on by the same 
forces, however, so that the molecules will be dis- 
torted; that, is, the dielectric will be polarized. 
The external field thus changes the equilibrium 
conditions and causes a general drift of electrons.” 


The form of the volt-ampere characteristic, which 
Wagner deduced from the negative temperature co- 
efficient of resistivity, is explained by Hooveron the basis 
of the above conception. 


“For low gradients the number of ions drifting. 


that is, the magnitude of the conduction current, 
will be proportional to the. gradient. At higher 
gradients, as the polarization of the molecules 
increases, the molecular bonds will become weaker 
and the number of electrons which are drifting will 
increase more rapidly than the gradient, and there 
will be an increase in the conductivity of the 
dielectric. At some critical gradient the molec- 
ular bonds will be entirely broken and rupture 
will take place.” 


It must be remembered, however, that all this is 
purely speculative and beyond our present-day 
knowledge. Here, then, is an excellent field for 
theoretical and experimental attack.* 


Another form of the same general theory is suggested 
by Gunther-Schulze® as applicable to liquids. He 
discards the theory of ionization by collision as pre- 
sented by Peek?” on the ground that the high viscosity 
and low mean free path require extremely high potential 
gradients to produce ionizing velocities and these in 
turn mean localized field distortions far beyond values 
that are reasonable to expect. Starting from the data 
of Freise’ and Koch?” on the relation between pressure 
and dielectric strength, he notes the rather surprising 
qualitative agreement between the behavior of liquids 
and gases under pressure, and then suggests that slow 
moving ions of considerable mass leave vapor tracks 
in the liquid and that in these spaces, as well as in the 
spaces formed by occluded gases, ionization is produced 
by collision. He also suggests that there may be ongi- 
nally small vapor spaces, which serve equally well to 
permit higher localized velocities of sufficient value to 
produce ionization. In these spaces the mean free path 
and viscosity would be those corresponding to a vapor 
and not to a liquid so that the required field strength 
would not be excessively large. Schumann“! presents 
a somewhat similar theory but calls attention to the 
need for obtaining further and more accurate informa- 
tion as to the mechanics of moving ions and other 
charged particles within liquids. 


*Sinee the preparation of this report an important contribu- 
tion on this subject has been published by Joffe, Kurchatoff, and 
Sinelnikoff.*° 
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RESEARCH TO BE UNDERTAKEN 


It might seem to a superficial observer that the 
theory of dielectric failure is fairly well established and 
that only a little remains to be done to round it to com- 
pletion. Such, however, is far from being the case, 
and the remainder of this report will be devoted to 
consideration of some of the great mass of inconsistent 
experimental data which need elucidation and present 
a fertile field for the laboratory worker. 


BREAKDOWN VOLTAGE AND INSULATION THICKNESS 

Consider the simple problem of the variation of break- 
down voltage with insulation thickness. 

In the case of solid dielectrics, two facts have been 
= failrly well known for many years, namely, that over a 
considerable range, the relation between breakdown 
voltage and wall thickness is linear, but that very thick 
walls are weaker than the linear relation would allow.* 


Breakdown Voltage 


Insulation Thickness 
Fic. 4 


This suggests a curve of the form shown in Fig. 4, which 
may be represented by an equation of the form 
ESAT 

where 

E is the breakdown voltage 

T is the thickness, and Á and ” constants. —— . 

Tests by F. M. Clark and V. M. Montsinger,? re- 
ported in 1925, indicate that the index depends upon 
the time of application of the stress, the following 
values being obtained for flat sheets of oil impregnated 
paper: 


Time Index n 
Momentary 0.72 
10 Days 0.56 
D1 Days 0.52 
77 Days 0.52 


This suggests an index of 0.5 for T = œ. 

The value of 0.72 for momentary stresses is not in 
agreement with most recorded data. Unpublished 
work by Montsinger indicates that the “momentary 
index” varies with the material, being unity in some 
~*As far back as 1902, F. J. Newbury observed that it was 
possible to increase the breakdown voltage of cables up to a cer- 
tain point by increasing the thiekness of insulation, but that 
beyond that point the cable would break down at almost the 
same voltage, irrespective of increased insulation thickness.*! 
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cases and as low as 0.66 in others. Thus in 1912 
B. S. Radcliffe, working on porcelain, found a linear. 
relation between 2 and 6mm. This is confirmed by 
E. T. Montgomery.*! 

Work in 1925, by R. Dieterle,? accords with the 

following equation: 

E=B+At 

using the same notation as above, B being another 
constant. The tests, however, were on mica sheets 
between 0.015 and 0.30 mm. thick, a very narrowrange, 
so that the two equations are readily reconciled as shown 
in Fig. 5. Moreover, the test covered periods of 
application from momentary to 30 min., and Dieterle 
agrees with Clark and Montsinger in finding that the 
slope A B decreases with increasing time of application 
of the stress. 

H. Rochow”’ worked with flint glass from 0.032 to 
0.262 mm. thick and obtained a linear relation like 
Dieterle, except that at thicknesses from 0.15 to 
0.262 mm. the breakdown voltage seems to be higher 
than the linear law would require. This is at variance 
with the generally accepted view, as expressed quanti- 
tatively by Clark and Montsinger. F. W. Peek? con- 
firms the view that. with alternating voltages the 
breakdown voltage does not increase as rapidly as 
the thickness, but finds the linear law to hold with 
direct voltages. 

In the field of liquid dielectrics we find little informa- 
tion and that bit is not consistent within itself nor does 
it agree with observations based on work with solids. 
Peek,?! working with transformer oil and spherical 
electrodes, found a minimum value for the strength 
when expressed in terms of the computed stress at the 


Breakdown Voltage 


Insulation Thickness 


Fie. 5 


surface of the sphere when the spacing was approxi- 
mately five times the radius of the sphere. In terms of 
total volts across the gap the relations arein the form 
found by Dieterle although the value of the constants is 
different. On the other hand, his data obtained using 
flat disk electrodes cannot be reduced to any simple 
expression. In both of these cases geometrical sym- 
metry has been ignored and it may partially explain 
results although Spath® after an extensive study, 
came to the conclusion that for reasonably well purified 
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oil the dielectric strength will increase with decrease in 
the separation between the electrode; with oil that is 
not well purified the results cannot be predicted. 
Wedmore* found that for needle points and parallel 
disk electrodes the total voltage was nearly indepen- 
dent of the gap, while Sorge found adecreaseinaverage 
strength with an increase in spacing. 

There is an excellent field for investigation in filling the 
gaps of our knowledge regarding the relation between 
breakdown voltage and insulation thickness, but the 
work must be done by trained physicists conversant 
with the various factors which must be controlled in 
order to eliminate everything but the two quantities 
under investigation. For instance, it is believed by 
some that the failure of the linear relation is due to the 
probability that thick material cannot be manufactured 
as perfectly as the thin. 

The discussions which have centered about the 
pyroelectric theory of dielectric failure have placed 
much emphasis on the thickness relation. The follow- 
ing table shows the theoretical deductions which have 


Insulation Homogeneous 
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trodes. The tests, however, indicated that there is 
substantially the same difference, thereby discrediting 
the theory of probability of weak spots. 

This would have been fairly conclusive had not the 
work of Gewecke and Krukowski,“ in 1914, renewed 
interest in the probability theory. These physicists 
made n times as many tests with small electrodes of area 
f as with large electrodes of area n f, took from each 
series of n successive tests with small areas, the lowest 
breakdown voltage, and found the mean of these 
minima to be equal to the mean of all the breakdown 
voltages, with large areas. This indicated that the 
probability of weak spots is proportional to the area 
regardless of whether that area is in one large unit or 
several smallones. These latter tests were repeated by 
Wagner and Stahl, who obtained the same results. 

The next step in this problem was taken in 1917 bv 
A. E. Kennelly and R. J. Wiseman “ who made tests 
with two samples of equal total area, one equipped with 
a pair of one-piece electrodes and the other with a large 
number of small electrodes. The probability of a weak 


Relations between break- 


rr rrr | ES fm a sh 


Case or Heterogeneous Direction of escape of heat 

I (a) Homogeneous Toward electrodes 

I (b) Homogeneous Toward electrodes 

II Weak filament along lines | To surrounding insulation 
of stress 


down voltage (E) and {Index nin formula 
Electrode Temperature thickness (7) E = A T” 
Kept uniformly cool Independent 0 
Allowed to warm naturally EadvT 0.5 
(Immaterial) EaT 1.0 


been made from various aspects of the theory, Case I (b) 
having been developed by J. L. R. Hayden. 

A modified form of this theory, suggested by 
Rogowski, which allows for changes in resistivity with 
voltage. as well as with temperature, gives 

K. ) 
T 


for thick insulation,” where K, and Ke are constants 
independent of the thickness. 


E aT for thin insulation and E a (x 1— 


BREAKDOWN VOLTAGE AND INSULATION AREA 


It has been observed by many experimenters that the 
dielectric strength of insulating materials in thin sheet 
form is materially higher with small electrodes than 
with large ones. F. M. Farmer,“ in 1913, found that 
the variation with ordinary sheet insulating materials, 
such as prepared paper and cloth, may be 40 or 50 
per cent between electrode diameters of 1/64th in. 
and 8 or 10 in. The usual explanation of this phenom- 
enon had been that the probability of a weak spot 
increases with the area, but Mr. Farmer pointed out 
that if this were the case, the probable variation should 
be much greater for the small than for the big electrodes* 
and if this were so, the difference between the maximum 
and minimum breakdown voltages would differ ma- 
terially for the large as compared with the small elec- 

*Beeause some small electrodes might cover no weak spots and 


others might cover one or more, whereas the large ones would be 
likely to cover at least one. 


spot was the same in both cases, as the total area in- 
volved was the same; nevertheless, when the small 
electrodes were each separately connected to the source 
of supply through a high resistance, the breakdown 
voltage was equal to that obtained with each pair of 
small electrodes used separately. 

This seemed to point to the existence of high fre- 
quency transients, surging from part of the insulation 
to another, as the cause of puncture. The breaking 
up of the electrodes and connection through high 
resistance would damp out these transients whereas 
they would flow freely through the solid electrodes. 
The difference between the breakdown voltages of large 
and small samples would be explained by the greater 
severity of high frequency transients with large (high 
capacity) samples.f 

In 1907, W. LeRoy Emmet* suggested that dielectric 
loss protects insulation from destructive voltage surges, 
which are absorbed and harmlessly dissipated through 
the mess of insulation, instead of breaking down at some 
comparatively weak point. 

These discrepancies leave another interesting field for 
physicists to clarify. 

BREAKDOWN VOLTAGE AND ELECTRODE FORM AND 
MATERIAL 

Somewhat akin to the questions of electrode area are 

{Two reasons exist for supposing high frequency voltages to be 
especially destructive: first, the greater dielectric losses and 


second, the greater ionizing ability as illustrated in ozone 
formation. 
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those of their form, material, and surface. Inthecaseof 
solids these details have had but little attention. 
There is somewhat extensive experimental work along 
these lines with liquids, however. In 1921 Wedmore“4 
made tests to determine the best form of electrodes for 
testing commercial transformer oil. He came to the 
conclusion that the type has large influence on the 
uniformity of results but comparatively little influence 
on the average result obtained if the number of observa- 
tions is sufficiently large to eliminate the experimental 
errors. Dieterle,” after using seven types of electrode, 
came toa similar conclusion. In 1924, Sorge® reported 
that over a considerable range the curvature radius of 
the electrode had but slight influence with any of several 
forms of liquid dielectrics. He found that the material 
from which the electrode was made had a noticeable 
effect on the majority of the values, silver being the best 
of eight materials tried and brass the poorest. Sorge 
and Engelhardt" both studied the influence of the 
condition of the electrode surface and found that it has 
a marked influence on uniformity of results and to some 
extent upon the average value obtained. Thoroughly 
cleaned electrodes will give smaller experimental 
variations and in general a higher average result. 
Similar observations have been reported before the 
American Society for Testing Materials and made the 
subject of a special investigation in dealing with 
revision of the test procedure for determining dielectric 
strength of transformer oil. 


BREAKDOWN VOLTAGE AND HETEROGENEITY OF 
~p DIELECTRIC 


The relations between breakdown voltage and the 
degree of heterogeneity of the dielectric possibly covers 
the entire subject, as nothing whatever is known of the 
behavior of absolutely homogeneous solid insulation. 
The electrical continuity of such materials is almost 
invariably broken by minute quantities of air or mois- 
ture, and many of the most commonly used insulating 
materials are mixtures of substances having widely 
different specific capacities and resistivities. 

James Clerk Maxwell showed that a dielectric com- 
posed of two substances differing in these two character- 
istics, will exhibit absorption phenomena which, as 
pointed out by F. Grunewald® in 1923, may have an 
important influence upon electric strength. Grune- 
wald’s thesis, briefly stated, is as follows: 


If a composite dielectric having two layers of 
different specific capacities besubjected toa conden- 
ser discharge, it will acquire different potential 
gradients in the two layers, the greater being in 
that of lower specific capacity. If now the 
dielectrics be discharged, the difference of poten- 
tials between the terminals will disappear, but 
there will be an internal potential gradient due to 
charges at the surface of separation. 


After an interval, this internal potential curve 
will straighten and establish a potential difference 
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between electrodes, and the gradient in each layer 
will now be proportional to its conductivity instead 
of inversely as its specific capacity. 

If, now, a new condenser discharge occurs of such 
polarity that it will add its potential to that due 
to the residual charge, a severe stressing of the low 
capacity layer will result, especially if that layer 
has the higher resistivity. 

This view was supported by experiments which 
showed a marked decrease of puncture voltage as the 
result of precharging. 

Attempts by other physicists to duplicate these 
eryneriments have led to inconclusive results. 

The presence of occluded air is a serious detriment to 
solid insulation, as shown by J. B. Shanklin and J. J. 
Matson® in 1919, as it leads to excessive local dielectric 
losses and to destructive chemical action under powerful 
electrical stresses. In the same year, F. Dubsky*%, 
reported experimental work on the electric strength of 
thin films of air and showed that the ionization stress is 
considerably higher than in thick films. 

The stress in an air film is K times that in the con- 
tiguous solid dielectric, where k is the specific capacity of 
the latter. Hence knowing k and Dubsky’s experi- 
mental data, it is possible to predicate the stress in the 
solid dielectric at which air ionization begitis. Shank- 
lin and Matson found this to be 19 kv. per cm. in the 
case of impregnated paper cable insulation. The 
detrimental effects of such ionization were described 
by J. B. Whitehead® in 1923. 

It was shown in 1922 by Del Mar and Hanson* 
that impregnated paper insulation acts as oil insulation 
reinforced by baffles. When, however, the oil has been 
altered chemically as the result of exposure to ionized 
oxygen, the oil hardens and the insulation degenerates 
to a laminated type with air or vacuous spaces between 
layers. ; 

By their nature, fluids lend themselves better than 
solids to studies of the effects of impurity and the litera- 
ture contains reports of many such studies. Hen- 
dricks '557 in 1910 was among the first to report on the 
effect of moisture on the dielectric strength of trans- 
former oil. He succeeded in deriving results which he 
reduced to the form of an equation covering small 
limits. Freise’: made extensive studies and found that 
the amount of moisture was only one factor; the extent 
of diffusion was almost equally important. Hayden 
and Eddy® report the result of 3000 tests of the di- 
electric strength of transformer oil. They came to the 
conclusion that one of the principal factors influencing 
the uniformity of results is that of moisture. In their 
tests they used commercially dried oils. Schroter®? 
arranged a test electrode so that the process of dielectric 
failure might be observed under a microscope and 
was able to establish clearly that breakdown was 
preceded by the movement of minute dust particles into 
the space between the electrodes. He found marked 
improvement in the dielectric strength of the oil as the 
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moisture and dust were removed by successively more 
refined methods of treatment. Spath and Wedmore 
both report more irregular results with moist oil than 
with dry. Gyemant® has developed a mathematical 
theory to explain dielectric failure of liquids where 
moisture is present in small globules as the diffuse 
phase. This treatment is interesting but does not seem 
to have any great practical application. 


BREAKDOWN VOLTAGE AND TEMPERATURE 


If the failure of insulation is due to the heating result- 
ing from dielectric energy loss, the breakdown voltage 
should drop with rising temperature, and failure should 
be preceded by temperature rise. 


As with most experimental data relating to the 
failure of insulation, the facts areapparently inconsistent. 
Thus G. Weimer and C. T. Dun“, experimenting with 
porcelain, reported a progressive drop of momentary 
electric strength from 25 deg. cent. to 325 deg. cent. 
at which latter temperature this material possessed no 
electric strength whatever. Similarly, W. S. Flight® 
stated in 1922 that composite materials like varnished 
cambric, mica products, impregnated paper, etc., all 
suffer a marked decrease in dielectric strength, ranging 
from 5 per cent to 72 per cent for a rise from 30 deg. 
cent. to 100 deg. cent., the voltage being increased by 
steps of one-minute duration. 


Opposed to these results are the more recent and care- 
fully obtained data published by H. Rochow” in 1925. 
This physicist used double concave specimens of Jena 
flint glass and made his tests over a range of 108 deg. 
cent., namely from 18 deg. to + 90 deg. The minimum 
thickness of insulation was 0.175 mm. and the rate of 
increase of voltage 340 volts per sec. The net result 
was a practically uniform electric strength over the 
whole range of temperatures. 


Furthermore, Rochow found by an optical method 
based upon the change of refractive index with tempera- 
ture, that no temperature rise, exceeding 10 deg. cent., 
occurred even when a voltage near the breakdown point 
was applied for 10 min. or.Jonger until failure occurred. 
It was pointed out by Rogowski*® in 1924, however, that 
according to Wagner's filament theory, a temperature 
rise of 5 deg. cent. should be sufficient to start accumula- 
tive heating in glass, so that Rochow’s results are 
inconclusive. Here again is a field for investigation 
which has important aspects both from the practical 
and scientific points of view. 


Results obtained with liquids in an effort to deter- 
mine the influence of temperature are too varied to 
leave us with any idea as to their true significance. 
Sorge” found that xylol was almost uninfluenced by 
temperature between 20 and 80 deg. cent. while above 
80 deg. there is a slight dropping off in dielectric 
strength. Hexane showed steadily decreasing values 
and an abrupt falling off after the temperature had risen 
above 69 deg. cent. Still another form of relation was 
obtained with transformer oil which showed slightly 
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increasing values up to 50 deg. cent. and beyond this 
point a slight decrease. 


BREAKDOWN VOLTAGE AND RATE OF VARIATION 


It is difficult to distinguish experimentally between 
the effects of voltage and time as discussed under the 
heading, Time—Voltage Relations, and those having to 
do with effects of the rate of variation of voltage, for 
where the time of test is comparatively short the two 
influences tend to mask one another. 

It has long been known that with solid dielectrics the 
electric strength increases with increasing rates of ap- 
plication of the voltage. This is clearly illustrated by 
the following data submitted by H. Rochow’’, a result 
of careful tests on Jena flint glass 0.167 cm. thick: 


Volts per sec. Kv. per cm. 
26 2900 
340 3810 
650 4310 


R. Dieterle,? experimenting with mica sheets from 
0.015 to 0.030 mm. thick, and over a range of frequen- 
cies from 0 to 50,000 cycles, found the breakdown volt- 
age both for momentary and 30-sec. applications, to be 
practically constant from 500 to 50,000 cycles. The 
average for all thicknesses was as follows, taking for 
both momentary and 30-min. periods a base of unity 
for 50,000 cycles: 


Relative Eleetrie Strength 


Cycles Momentary 30 Minutes 
0 (d-e) 15.6 5.93 
0.5 2.42 1.59 
10 1.29 1.15 
50 1 .22 1.15 
500 1.16 1.10 
5000 1.12 1.09 
50000 1.00 1.00 


In general, it would appear that a dielectric will 
withstand a higher voltage if applied rapidly than if 
applied slowly. 

As far back as 1908, A. S. Langsdorf® reported that at 
frequencies from 30 to 110 cycles, breakdown occurs 
after a definite number of repetitions of the electric 
stress, provided the applied voltage is above a certain 
critical value. It is interesting to note that this is 
consistent with the findings of F. M. Clark, regarding 
accumulative injury with intermittent voltage of long 
duration.® : 

Work by F. J. Vogel,“ in 1924, on oil impregnated 
fullerboard, over a range of from 60 to 400 cycles, con- 
firms Langsdorf in a general way, but indicates that the 
law of cumulative injury does not represent the facts 
with precision for such frequencies. . Secondary actions 
are likely to complicate the results, especially if air is 
present, as ozone generation is almost proportional to 
the frequency. 


If these effects which are so prominent in solids are 
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present in true liquids, the values seem to be so small in 
general as to have escaped detection. However, 
Dieterle?? reports that with semi-fluid oils, he found 
a noticeable difference between the dielectric strength 
when the voltage was increased step by step in amounts 
of two-kv. each minute and that obtained when the in- 
crease of voltage was uniform and rapid so as to obtain 
failure in a few minutes. If the rate of application of 
voltage is increased to very high values, new phenomena 
are introduced. Peek'* has investigated the behavior 
of commercial transformer oil when subjected to rapidly 
applied impulse potentials and finds that the dielectric 
strength under these conditions may be as much as four 
times that obtained with rapidly applied 60-cycle 
potentials. These tests indicate a clear time-lag 
although it is somewhat larger than that obtained for 
air and rather smaller than that obtained for solids 
under approximately similar conditions. 


COMPARISON OF DIRECT AND ALTERNATING POTENTIALS 


It has long been known that insulation will stand a 
much higher direct than alternating voltage. Thus, 
` F. W. Peek,” in 1916, showed that the “d-c. breakdown 


voltages?” of solid dielectrics in good condition are: 


generally higher than the alternating crest voltages, 
especially when the time of application is long and the 
insulation thick. When appreciable amounts of moisture 
are present, the direct and alternating crest voltages are 
approximately the same. 


J. Delon, W. S. Clark, and others have determined the 
ratio of direct to alternating voltages for oil impregnated 
paper, and in 1923, J. L. R. Hayden and W. H. Eddy® 
published a very comprehensive report on the subject. 
They showed that the ratio of direct to alternating 60- 
cycle crest voltage varies with temperature, insulation 
thickness, and rate of application of voltage. 


The following figures for oil impregnated paper are 
typical: 


Temperature 6 deg.......... 25 nO 79 100 
ANOS A bau Sigel en by cd aie BA 2.04 1.64 161 1.53 
Thickness, number of layers.. 2 4 
Ralie ba dee iee ach 1.86 1.65 
Rate of voltage rise, per cent 

per second................ 20 5 0.1 
Ratio...................... 1.86 1.58 1.78 


There is abundant opportunity for research work in 
analyzing the changes of ratio and amplifying the scope 
generally, especially with relation to the time element. 

It is well recognized that for air, the value of the 
direct potential and the crest value of the a-c. potential 
to produce failure are the same. We are not surprised, 
therefore, to find that investigations on liquids indicate 
a ratio of more nearly 1.00 or about the same value as 
for gases. However, it is a little surprising to find that 
Hayden and Eddy® report that for a Number Six 
Transil oil they obtained an average ratio of 0.975 for a 
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two-mm. gap and 0.871 for four-mm. gaps and only 
slightly higher values, namely, 0.965 and 0.969 
at two mm. and four mm. respectively. Using 
petrolatum, Sorge” reports what seems to be a more 
probable value as a result of tests on hexane when he 
gives 1.095 as the ratio between the direct potential and 
the crest value of the corresponding 60-cycle alternating 
potential. Using the same material and the same 
arrangement of test electrodes, the 50-cycle value was 
1.36 times the d-c. value to produce failure, the time 
of breakdown being essentially constant and only a few 
minutes in either case. Draeger found similar results, 
but differences in test electrode and other details of 
procedure make it difficult to compare absolute values. 
He also reports that when alternating potentials are 
used, the “root-mean-square value” is of importance, as 
well as the crest value; the lower the r.m.s. value, 
the higher the crest value to cause breakdown. This 
is quite in line with results previously referred to in 
connection with the effects of impulse voltages on 
transformer oils. 


BREAKDOWN VOLTAGE AND PRESSURE 


In 1902, Perrine” noted the effect of rarefied gases in 
lowering the dielectric strength of insulation. Koch? 
reported in 1915 the results of elaborate tests on some 
fluid and semi-fluid insulating materials with the 
somewhat surprising conclusion that for pressures up to 
20 atmospheres the breakdown strength may be ex- 
pressed by the following formula in which p is the 
pressure in atmospheres: 


Breakdown strength (Kv..;,/em.) =a +b.p 


But there is a definite limiting maximum value for each 
liquid above which the dielectric strength is approxi- 
mately constant. The factor a has values between 75 
and 100 while b ranges from 5.0 to 13.0 and depends 
on the material. In some cases the limiting pressure 
was found to be as high as 50 atmospheres. 

While this study was made the basis of the theoretical 
work of Gunther-Schulze previously referred to, very 
little significance seems to have attached to it until 
recently, although H. W. Fisher and R. W. Atkinson® 
obtained a patent in 1925, based upon a dielectric 
composed of a combination of compressed air and a 
solid. These investigators stated that pressure in- 
creases, in marked degree, the dielectric strength of 
insulation containing occluded air bubbles by reduc- 
tion of internal corona effect. 

L. Emanueli, about the same time, developed a 
special high-voltage cable in which provision was made 
for expansion and contraction of the oil. He also 
showed the effect of variation of air pressure upon di- 
electric losses. In 1926, W. A. Del Mar® called 
attention to the consequences of the creation of voids 
by thermal contraction of oil in impregnated paper, 
pointing out that ionization will occur in ordinary high- 
tension cables unless the internal pressure is maintained 
above atmospheric. 
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ISOLATED PHENOMENA 


A number of very curious phenomena has been 
noted which probably bear upon the ionization or 
electron theories. For instance, if a solid dielectric in 
series with air be subjected to an increasing alternating 
stress, at first a small positive charge is induced on the 
surface of the solid dielectric which, with higher stress, 
changes to an increasing negative charge until puncture 
takes place.” 


Work on air suggests that the disruption of a dielec- 
tric may be principally the work of positive ions, the 
negative ions being of secondary importance. Per- 
haps this phenomenon is related to the preceding 
one.” Very high gas pressure can be created by an 
electric spark in a confined area, as shown by K. B. 
McEachron’ in 1923, which may lead to the mechanical 
disruption of a solid dielectric in which sparking occurs 
due to air fissures. 

If the duration of the applied voltage is short 
(say, 10-8 sec.), water disrupts like a dielectric and has 
several times the dielectric strength of air." This 
suggests that pure water may be a dielectric differing 
from others, principally in its time-voltage function, the 
time required to produce ionization being very short, 
failure by conduction occurring if the time be any 
longer. 

There is some evidence that ionization initiated by an 
over-voltage may persist at a lower voltage. 


It was pointed out by W. Petersen that small funnel- 
shaped craters are likely to form in insulation from 
which ions may be shot into the surrounding medium.’5 
Nelson Goodwin,” in 1925, told of an interesting 
experiment which suggests the ionic bombardment of 
Petersen: 


A plate of glass was tested, large enough to spark 
around at about 50,000 volts but which could not 
be punctured. A small patch of paraffin wax was 
then melted on the glass and allowed to cool. One 
of the electrodes, consisting of a wire 0.040 in. 
in diameter, was allowed to rest on top of the 
paraffin, end on. The other electrode under the 
glass was a disk about 1 in. in diameter. Under 
these conditions a potential of less than 30,000 
volts was required to puncture glass and paraffin 
together. The absence of spark noise was very 
noticeable during the paraffin test in comparison 
to that when glass was tested alone. 


The lowering in breakdown voltage might be ac- 
counted for by the introduction of ions sufficiently 
mobile to be accelerated to a velocity which will cause 
break-up of the glass molecules, or on the other hand by 
the stress concentration due to the specific capacity of 
the oil. 


The test is an important one and the matter needs 
further investigation. The experiment has since been 
repeated successfully by others, using glass from photo- 
graphic plates and drops of petrolatum, paraffin, and 
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other oils. Water on glass, or oil on varnished cambric 
has no such action. 


Perhaps connected with this is the remarkable in- 
crease of electric strength of oil when the electrodes 
have been very carefully cleaned. This has been 
previously mentioned under the heading, Dielectric 
Strength and Effects of Electrode Form and Material. 
When the electrodes are cleaned by washing off with 
carbon tetrachloride or benzol and are dried by passing 
them through the flame of a burner with a draft of warm 
dry air, the results are invariably much higher and more 
uniform than when the same oil is tested with electrodes 
prepared in the methods used for commercial testing.” 
In this latter method it is customary only to wipe the 
electrode and rinse out the test cup with a sample of oil 
free dry gasoline in order to remove fibers. However, 
there is another possible explanation than the one 
suggested and it has to do with the complete removal 
of small fibers such as would be accomplished by the 
action of the flame. Some work bearing on this 
phenomenon has been done, using x-rays and radium 
emanations on the dielectric but the results have 
generally been too indefinite to prevent forming the ° 
basis for any thorough-going theory or explanation. 


Another peculiar condition was noted by Przibram 
in 1904 and quoted by Gunther-Schulze® after working 
with organic liquids. In general, it may be stated that 
first, in a homologous series the dielectric strength 
decreases with increasing molecular weights; second, 
the introduction of a halogen atom or the N H: group 
causes in benzol a considerable increase in dielectric 
strength; and third, oxygen-compounds seem to have a 
greater dielectric strength than the corresponding 
hydrocarbons. 


These phenomena differ. from those previously 
recorded in that they have not been correlated with 
other phenomena or theories. 


CONCLUSION 


Viewing the subject as a whole, while far from being 
on a satisfactory footing, either from the practical or 
theoretical standpoint, the developments of the last 
three years have given us a rough survey of the field with 
sufficient bench marks to enable us to visualize the gen- 
eral character of the intervening territory and to project 
our vision some distance beyond. 


Research work can now be undertaken with an under- 
standing of its significance in the general scheme of 
things, so that experimental work can generally be 
counted upon to have a broad as well as a specific 
significance. 


This is a great advance over the empiricism of pre- 
ceding years with its fragmentary and undigested data 
and crude theories. 


Summarizing this report as a starting point for future 
research work, we may state our present position with 
regard to solid and liquid dielectrics as follows: 


ay t aa 
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1. Dielectric failure is a phenomenon of circuit 
instability, 

2. This instability results primarily from the form of 
the stress-current density curve, which has either an 
infinite or a negative slope in its upper ranges, 

3. The explanation of this unstable characteristic 
is possibly to be found in the equilibrium conditions of 
free and combined electrons or other ions. In many 
cases these ions may be due to the presence of impurities 
in what we ordinarily consider to be the basic material, 

4. A dielectric is not necessarily injured by operation 
at stresses corresponding to instability unless the entire 
circuit has unstable characteristics; hence this action is 
non-cumulative and reversible, 

5. A dielectric under stress is subject to deterioration 
due to the energy of electric fields being destructively 
absorbed, in affecting chemical changes directly or by 
generating heat. This action is generally cumulative 
and irreversible, 

6. In solids, practically every known instance of 
cumulative and irreversible deterioration seems to be 
traceable to the presence of gases or liquids although it 
is conceivable that this phenomenon might even occur 
in a pure solid dielectric. Jn the case of liquids, it 
does not seem to be entirely dependent upon the pres- 
ence of impurities for there is considerable evidence of 
chemical changes of various types where hydrocarbons 
and similar liquids are used. No evidence is available 
as to the performance of liquids of simple molecular 
structure and consisting of one chemical element only, 
so that change is impossible, 

7. The form of the time-dielectric strength curve is 
explained by both the reversible and the irreversible 
actions being at play, the former predominating for a 
short period and the latter for a long period, 

8. There are indications that the cumulative de- 
terioration in solids resulting from heat generated in the 
dielectric may be serious even for periods of less than a 
second in duration. In liquids no evidence of any kind 
having bearing on this point has been presented, 

9. Attempts to frame a quantitative theory of dielec- 
tric failure in solids on the basis of heat generation 
and the negative temperature coefficient of resistivity 
which is characteristic of these dielectrics have not 
given quantitatively correct results, 

10. The pyroelectric theory is not basically unsound 
but it will not be useful until it has been made part of a 
more general theory which must take many more factors 
into account, 

11. The only theory approaching to general applica- 
tion to explain dielectric failure of liquids assumes the 
presence of gaseous or vapor spaces within the liquids so 
as to permit the development of velocities sufficient to 
cause ionization by collision and the consequent pro- 
duction of additional ions as evidenced by increase in 

current, 

12. A theory to explain the failure of dielectric liquids 
due to the presence of moisture has only limited ap- 
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plication and cannot receive a serious place in this 
report, 

13. Future progress is dependent largely on obtaining 
reliable data by carefully controlled experiments on a 
wide range of materials and carefully noting the in- 
fluence of gaseous, liquid, and solid impurities. These 
experiments should establish the relations between 
dielectric strength, thickness of dielectric, area of 
dielectric or form of electrodes, material of electrode, 
form of the voltage current waves, temperatures of 
dielectric and electrodes, mechanical pressure, and other 
variable factors, 

14. Various isolated phenomena should be carefully 
studied. These are likely to prove more valuable 
leads than phenomena that. are better understood. 
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Discussion 


F. M. Clark: [I think if you read this paper carefully you 
will come to the cunclusion that there is a considerable difference 
of opinion among “reliable experimenters.” That is due, no 
doubt, to a fact which heretofore has been greatly ignored. Not 
until recently have the chemist and physicist come into agree- 
ment with regard to the structure of the atom. The chemist 
has had his own chemical atom, and the physicist his own 
physical atom. The real reason has been that the physicist 
has entirely nı glected the chemist’s problems and the chemist 
has been guilty of neglecting the problems confronting the 
physicist. 

The chemist is compelled to recognize two entirely different 
types of material; that is, the organic and the inorganic. The 
molecular structure involved appears to be different for each 
of these classes. 


The electrical engineer, however, disregards both the chemist 
and the physicist; he works upon “insulation” and pays no 
attention as to whether it is organic or inorganic material. I 
think if you go through the paper and pick out the discrepancies, 
you will find one man talking about inorganic matter,—glass or 
the like,—and the other man talking about oiled paper or other 
organic material. 


Another point I want to bring out in the paper is the difficulty 
in handling empirical equations. For example, take the case of 
the time-voltage curve, described on the third and fourth pages. 
Mr. Del Mar points out that the index of the time factor obtained 
by Peek and Montsinger is — 4. Mr. Farmer indicates that it 
ought to be — 7 instead of — 4. Now, we have found that you 
can change that index as you please, by merely changing the 
materials with which you are impregnating the paper, or using 
the same impregnating material and changing the solid. In 
using an empirical formula, therefore, one must be very careful 
to apply it only to those limited cases for which it has been 
already proved. 

Mr. Del Mar asserts that the dielectric strength-thickness 
relation for oil-impregnated paper is 0.72. It ought to be stated 
as 0.72 for mineral-oil-impregnated linen paper. If you go to 
Kraft paper, it is something else. As a matter of fact, we have 
been able to change the strength-thickness relation at will merely 
by changing the type of material with which we are dealing. We 
have gone from a value of 1 to an index point of about 0.55. 
either by changing the solid or the oil. That is brought out in a 
paper to which Mr. Del Mar refers as unpublished. It was 
published by Mr. Montsinger and myself in the General Electric 
Review in 1925. 

There is one other point. It is mentioned that there are two 
classes of breakdown. I should like to add another. The 
mechanical effects leading to electrical breakdown have been 
entirely neglected, except at the bottom of the column. I think 
they are extremely important, especially to the cable engineer 
and operator. 

I can cite a ease. In 1923 at Pittsfield in some of our ap- 
paratus which had seen field service, we found considerable 
wax formation. The problem of the cause of this wax formation 
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was turned over to our laboratory. The chemists attacked the 
work, and in a short space of time came to rather definite con- 
clusions regarding its origin,—conclusions which have been quite 
widely accepted since that time. They claimed the wax was 
nothing but a polymerizing product produced by the action of 
corona on the oil. They concluded that the corona was first, 
the wax being the result and not the cause. Nevertheless, we 
continued the work to determine the possible advantage occur- 
ring from the use of an oil which would not wax easily under 
corona bombardment. We found that if we took oil which did 
not wax easily, or if we used air impregnated paper, and sub- 
jected either of them to corona, we got a mechanical shock and 
the paper disappeared. They told us it was the oxidizing action 
of ozone on the paper. However, we could not find carbon 
dioxide after or during the experiment. We repeated the 
experiment in a hydrogen atmosphere. If we stopped the 
experiments halfway, ‘‘needle points” were noted, such as Osborn 
described some time ago. Eventually, with a continued test, 
the paper lost its structure and disappeared as a powder. 

Can an oil be produced which will not wax under corona 
bombardment? This problem may not yet have been solved 
to the satisfaction of all. Perhaps such an oil may be eventually 
found, although its existence does not appear probable at present. 
However, suppose such an oil can be prepared, what will be the 
result? We shall then have to consult the paper chemist in 
order to obtain a paper which will not disintegrate under corona. 
In the end, we may reach the surprising viewpoint that wax 
formation in cables is not our worst enemy after all. It at least 
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gives us a true indication of the condition of the cable before 
failure. I believe wax formation in cables will ‚be well worth 
the trouble it has caused if it serves to focus attention on the fact 
that, to insure proper service, the cable must be not only properly 
treated at the factory but throughout its entire existence before 
and after installation must be handled in such a way as to prevent 
the formation of voids, gas pockets, and ‘‘dry” spots. 

W. A. Del Mar: Mr. Clark’s discussion clearly shows the 
necessity of attacking the insulation problem in a broad com- 
prehensive way and of avoiding hasty generalizations. Since 
the preparation of our report, several papers on dielectric failure 
have appeared which, we are glad to note, support the main 
conclusions which we reached from the rather meager data 
previously available, such as the existence of two agencies of 
deterioration, neither of which is explained by the Wagner theory 
in its present forms, although a modified form of this theory may 
be expected to explain one of them. 

W. F. Davidson: I think that we can only again emphasize 
the points which Mr. Clark has brought out; the need for clearly 
understanding that about which we are talking, and following 
the thing through with attention to every minute detail. So 
many times after the work is all done we find some essential 
point that might easily have been secured during the progress 
of the work still lacking. Somebody starts out to study the 
pyroelectric theory of material, and when he gets through, he. 
finds that the thing has acted in a disruptive way, and that 
evidence bearing on the disruptive failure is quite useless because 
it has been collected in such a haphazard way. 


Mercury Arc Rectifier Phenomena 
BY D. PRINCE! 


Fellow, A. I. E. E. 


Synopsis.— Peter Cooper Hewitt invented the mercury arc 
rectifier in 1902, so that it can hardly be considered a new develop- 
ment. More than a half dozen different manufacturers are produc- 
ing mercury arc rectifiers of various types and sizes and have been 
producing such rectifiers for years, so that commercial development 
is not new, yet technical literature is astonishingly bare of treatments 
going to the fundamentals of rectifier behavior. Many articles 
appear, describing this and that installation. Descriptions of 
structural details are not wanting. For specific glass rectifiers, 
performance curves are available which give the relation between 
current and voltage at which failures occur under standard con- 
ditions. Even this information does not seem to be published for 
the tron tank rectifiers. 


INTRODUCTION 


R the purposes of this paper, structural details 

will be ignored as far as possible. That is, if a 

vacuum-tight vessel is secured, the performance of 
a rectifier of a given size and shape should not be 
altered whether the joints are sealed with mercury or 
rubber, or are of glass fused to metal. Erratic behavior 
due to bridging of insulators with mercury or oxidation 
residues merely hampers an investigation and is not a 
factor in fundamental design constants. Similarly, 
disturbances due to flying drops of mercury must be 
prevented, but this again should not be determining 
where size and shape are to be fitted to current and 
voltage ratings. 

The function of a rectifier, as every one knows, is 
to convert alternating into direct current. This it 
does by an electrical action analogous to the familiar 
check valves used in pumps. A mercury arc rectifier 
consists of an evacuated vessel of glass or metal con- 
taining a mercury pool cathode and two or more anodes. 
A bright dancing spot on the mercury surface is the 
source of electrons which move toward any positively 
charged anodes. As long as the anodes are unable to 
give off electrons, conductivity in the other direction 
is normally nil. These phenomena are developed more 
in detail in subsequent sections. 


THE CATHODE SPOT 


The probable mechanism of the cathode spot is 
substantially as follows: Electrons are emitted from the 
spot and proceed into the space where they strike 
neutral vapor molecules and ionize them by removing 
an electron. The new electron joins the old in con- 
ducting the current. The remainder of the molecule 
has a net positive charge and is a positive ion. It is 
attracted to the cathode. As the positive ions approach 
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An engineer wishing to familiarize himself with the quantitatire 
relations underlying rectifier design has thus practically nothing to 
goon. We cannot assume from this that manufacturers the world 
over have proceeded blindly for nearly a quarter of a century, but tf 
they do know what happens in a mercury arc rectifier they at least 
have not told the public. 

The purpose of this paper is to present such information as is at 
present available to the author. This information does not include 
the knowledge of very important groups in the industry and would 
even seem to indicate that a very large aggregate capacity of rectifiers 
has been designed along incorrect lines. This offering is then made 
in a spirit of humility in the hope that those who know will point 
out wherein it is in error. 


the cathode, they produce a high space charge potential 
gradient which removes electrons from the relatively 
cold mercury surface. At the same time, the positive 
ions striking the surface heat it and cause a violent 
evolution of mercury vapor. As the ions are also mer- 
cury vapor, a pressure of mercury vapor is built up 
which enables the electrons to strike molecules after a 
very short travel. The entire process can thus take 
place very close to the mercury surface which enables a 
very few volts to produce a gradient of millions of volts 
per centimeter at the surface. 

The cathode spot has been observed to have an area 
of 2.5 x 10— cm.?/A. It moves about at a rate of 10 
meters per sec. due to the vapor blast. It is relatively 
cool, not over 600 deg. cent. This point is demon- 
strated by noting its spectrum which is of the band 
type rather than the continuous spectrum radiated by a 
hot body. The vapor pressure is about 2.58 atmos- 
pheres, 1.8 atmospheres due to arriving positive ions 
and 0.78 to evaporating mercury. This pressure gives 
a mean free path of the order of 3.76 x 10-56 cm. near 
the surface. The cathode-drop is about nine volts so 
that the average gradient over one mean free path is 
about 2.5 million volts per em. The removal of the 
electrons from a cold metal surface by high gradient is 
called the Schottky effect. Schottky calculated on 
theoretical grounds that about 40 x 106 volts per cm. 
would be required for perfectly plane surfaces. For 
curvature of the order of molecular dimensions the 
average gradient might be reduced a great deal so that 
2.5 X 10° would seem a reasonable value. Excepting the 
spot temperature, most of the foregoing figures are due 
to Guntherschulze*? who gives also a division of the lost 
energy. Mercury evaporated is 7.2 x 10- g. per sec 
per ampere. Fifty-six per cent of the current at the 
cathode is carried by electrons, the rest by ions moving 
toward the cathode surface. At greater distances, al- 
most all the current is carried by electrons on account of 


2. Engineering Progress, August, 1925; Zeit fur Physik. Band 
11 Heft 2, 1922. 
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the slow movement of the heavy ions. An electron has 
a mass of 9 x 10-2 g. and carries achargeof 1.59 X 10- 
coulombs, while an ion carrying the same charge has a 
mass of 3.3 x 10-2 g. Their velocities are inversely 
proportional to the square roots of their masses, so that 
the electron velocity is about 600 times that of the 
mercury ion in the same field. 

The ionization potential of mercury vapor is 10.4 
volts; however, all this energy need not be imparted at 
one collision. A molecule may be activated by re- 
ceiving 4.7 volts in which condition its free electrons are 
in an outer position from which they are more easily 
detached. The nine-volt cathode drop is presumably a 
weighted average of the various possibilities. 0.44 
ampere, the positive portion of each cathode ampere, 
falling through nine volts, delivers 3.96 watts to the 
cathode. On entering the mercury, the ions are neu- 
tralized by conbination with electrons, and this re- 
leases further energy equal to 3.1 watts. The total 
energy is thus 7.06 watts per ampere. This energy is 
consumed as follows: 


Consumption of energy by electrons 
leaving the mercury................ 2.20 watts 
Evaporation of mercury in the cathode 


BDOUs) ex ct ate Shae ee aS ks 2.20 watts 
Conducted away by the mercury....... 2.68 watts 
7.08 watts 


The heat conducted away by the mercury may evap- 
orate mercury outside of the cathode spot or may be 
conducted to the outside of the rectifier. The electrons 
passing out through the nine-volt cathode drop acquire 
energy represented by 0.56 x 9 = 5.04 watts which 
is used in making ionizing collisions, but 3.1 watts 
is returned to the mercury by the positive ions. The 
difference, 1.94 watts, passes into the ionized space but 
must be added to the 7.08 to make up the total cathode 
drop. 7.08 + 1.94 = 9.02 volts. 


CONDUCTION IN SPACE 


Once free of the cathode, the gas expands to a low 
pressure, which will be considered later. In this space 
the electrons travel in the general direction of the anodes 
but they are diverted by collisions with vapor not 
violent enough to ionize, and this adds heat to the vapor. 
Some electrons recombine with ions, giving off energy 
as radiation which is lost. Electrons and ions combine 
on the surface of the vessel giving up their energy as 
heat. These losses must be made up by a potential 
drop along the are path. Data have been published 
giving this loss as 0.1 to 0.4 volts per cm. of arc length. 
It is thus quite variable and depends upon a variety of 
factors, such as temperature and geometry of the 
rectifier. In any given volume of ionized vapor there 
will tend to be equal numbers of electrons and ions at 
any instant. A surplus of either sign of charge will 
attract charges of the opposite sign until the balance 
is restored. Since for equal energy the electrons move 


PRINCE: MERCURY ARC RECTIFIER PHENOMENA 


1065 


600 times as fast, the conducted or dnft current will 
be carried by electrons and positive ions in the ratio 
of about 600 to one. The walls of the rectifier, if at 
space potential, would receive 600 times as many 
electrons as ions. They could therefore remain at 
space potential only if a large current were drawn from 
them. Actually the walls are usually allowed to charge 
themselves negatively until a balance is reached. This 
balance occurs when the walls are negative about 
five volts with respect to the space potential or about 
four volts positive with respect to the cathode. The 
cathode drop was thus long supposed to be the differ- 
ence between the wall or sounding electrode potential 
and the cathode’. 


ANODES 


The deflection of electrons and ions from the straight 
path by collisions gives rise to random velocities which 
may considerably exceed the velocity of drift toward the 
anode. Langmuir has found that the density of elec- 
trons striking a test electrode is from 11% to 4 times the 
drift current through the rectifier, depending upon the 
temperature. It is thus possible for an anode to collect 
all its current merely by picking up electrons which 
naturally strike it. These electrons give up their 
energy upon falling into the anode surface so that the 
anode is heated even though there is, strictly speaking, 
no anode drop. 

Theoretically, a large enough anode might collect its 
entire current while at a potential negative with respect 
to the space. A metal tank rectifier employing the 
whole tank as an anode will show a drop as low as eight 
volts for considerable currents. The total drop is 
thus less than the cathode drop alone. Such an 
arrangement would be more or less impracticable for 
an operating rectifier but serves to show the nature of 
the anode loss. 

Most practical rectifiers are arranged to have enough 
anode area so that the entire current is random current 
at ordinary loads and working temperatures. This is 
accomplished by making the anode area not less than 24 
of the cross section of the arm in which it is located. 
The anode is then required to dissipate only the energy of 
recombination of the electrons; that is, the work func- 
tion which is 3.7 volts for iron and 4.1 for graphite. 
This energy may be conducted away in anodes with 
cooled stems or radiated where small solid stems are 
employed. 

If, due to insufficient anode area or a cold tank, the 
random current is too low, the anode must surround 
itself with an electric field to draw additional electrons 
in. This field accelerates the electrons which reach the 
anode at high velocity and cause excessive heating. It 
is not uncommon for the anodes in a cold tank suddenly 
loaded to become incandescent or melt, giving a failure 
before the apparatus has time to warm up. 


3. Langmuir, G. E. Review, Nov., 1923, and July, Aug., Sept., 
Nov., and Dec., 1924. 
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TOTAL ARC-DROP 


The total arc-drop from anode to cathode of a 
rectifier is easily investigated. Fig. 1* gives the arc- 
drop of a small glass tube under various conditions. 
The lower curves are taken with a tube having short 
straight anode arms. With natural air cooling, direct 
current was first collected by one anode and then by 
two in parallel using a resistance to divide the current. 
The curves are the same within the limits of experimen- 
tal error. Also it is impossible to make two anodes 
divide current without some external means, for even 
though the drop increases with slow increase of current, 
it seems to drop with instantaneous increases. 
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Fig. 1—Arc-Drop ror 20-AMPERE GLAss TUBE 


The upper curves are for a precisely similar tube 
with bent anode arms which are necessarily longer. 
The point of minimum drop is perhaps the best to take 
for comparison between different sizes. Table I gives 
an idea of the erratic connection between length of arc 
and total drop. 
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Fig. 2—EFrrect or TEMPERATURE ON ARC-DROP OF 20-AMPERE 
GLass TUBE 
TABLE I 
Miximum Arc-Drop For Various RECTIFIERS 
Glass Size : Minimum drop 
10 ampere | 16 
20 “ 17.1 
30 5 
AO “ 15 
250 4 17.2 
Steel 15 inch 14.1 
300% 14 8 
*Figs. 1,3, 11, 12, 13, 14, 16, 18, 19, 20 are reproduced from 


“Mercury Are Rectifiers and Their Circuits,’ by Prince and Vog- 
des, through the courtesy of the McGraw Hill Book Co. 
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Fig. 1 also shows the effect of fan cooling the same 
two tubes. The point of minimum drop is moved to a 
considerably higher current but the minimum drop 
itself is larger. The temperature effect is clearly shown 
in Fig. 2. For small currents the drop is much lower 
at high temperatures. 

The drop as a function of time is shown in Fig. 3. 
A rectifier was operated under oil at carefully controlled 
temperature and a record made of current and arc- 


20 Electrical Degrees 
Time 


Fig. 3—INSTANTANEOUS ArRc-DRoP VARIATIONS 


drop. The arc-drop measurements at the same tem- 
peratures and currents obtained from d-c. measure- 
ments are shown dotted and check quite closely except 
at the transfer points where two anodes were exchanging 
current. 

The effect of fan cooling in Fig. 1 suggests that even 
more current could be carried by more intensive cooling. 
Fig. 4 shows the effect of additional cooling on the 
same tube. Additional current possible with water 
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Fia. 
cooling is accompanied by a considerable rise in arc 
drop. The connection between the increased minimum 
and tube shape is shown by comparing Fig. 4 with 
Fig. 5. The two tubes have almost the same external 
area but the one of larger cross section not only carries 
more current with natural cooling but allows an 
almost indefinite increase in current without much 
increase in drop under forced cooling. The sudden 
changes in drop attract attention, but we are not 
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n prepared to offer an explanation for them. It İs 
“associated with the anode conditions. When the drop 


` 
‘ 


Zis high, the whole anode is covered with glow. When 


it is low, the anode tip appears to receive most of the 


- current. 


When the vacuum is extremely poor, excessive arc- 


drops are obtained. The additional drop appears to be 
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Fig. 5—Arc-DRop IN Gass TUBE oF LARGE Cross SECTION 


in the arc stream which contracts and becomes very 
hot, even melting glass or iron where it comes in con- 
tact at turns in the passage. The anode is also likely 


© to be heated locally. A voltage breakdown or arc- 


back, however, will usually occur in operation long 


.: before this state is reached. 
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PRESSURE MEASUREMENTS 


It seems as though there should be some connection 
Cer- 
tain difficulties interfere with direct measurements of 
A gage connected to the outside will 
gasses plus some mercury 
the 


mercury vapor will practically all condense under 


between arc drop and the pressure in the vessel. 


these pressures. 
measure the pressure of fixed 


vapor pressure. If a MacLeod gage is used, 


RECTIFIER PHENOMENA 


VAPOR PRESSURE 


1067 


compression. If the hot wire type of gage is used, 
connected by a small tube, the mercury may not all 
be condensed, but an indeterminate part will be con- 
densed so that the reading is of doubtful value as far 
as indicating the total pressure in active zones in the 
rectifier. The hot wire gage cannot be introduced into 
the are stream because recombination will then take 
place on its surface and the heat of recombination may 
more than offset the convection due to the gas on which 
the pressure indication depends. Similar difficulties 
prevent reliable measurements of temperature inside a 
rectifier. Investigators have thus been more or less 
in the dark as to the actual conditions in the arc stream 
and condensing chamber. 

At the suggestion of Dr. Langmuir, a new method has 
been worked out for measuring pressures and tempera- 
tures within a mercury arc rectifier. Small copper 
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7—TEMPERATURE AND PRESSURE OF SATURATED 
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thermometer wells are attached to` the sides of a 
rectifier, as shown in Fig. 6. By heating and cooling 
these wells, the temperature is found at which the 
mercury just condenses or just evaporates from the 
inside surface. These temperatures are within one or 
two degrees of each other. At the balance tempera- 
ture, the amount of mercury condensing must be equal 
to the amount of mercury evaporating. The mercury 
evaporating must evaporate in a saturated state, so 
that by consulting a saturation pressure temperature 
curve for mercury, the pressure of evaporating mercury 
is known. The pressure of the condensing mercury 
vapor can only be different from this due to superheat. 
If a calorimetric measurement were made on the ther- 
mometer well, the heat represented by superheat could 
be determined. Todo this the temperature is measured 
at a point where there is a natural balance between 
evaporation and condensation. From information 
on the heat loss of surfaces, the energy passing through 
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the glass can be calculated. The superheat at this point 
is found to be about 20 deg. cent., so that at most 
points in the condensing chamber the degree of super- 
heat is probably negligible. In the regions of high 
ionization density, the recombination on measuring 
surfaces would produce the same indication as 
superheat. 

The relation between saturated mercury vapor 
pressure and temperature is given in Fig. 7., and the 
observed vapor pressures for a 20-ampere glass tube 
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are given in Fig. 8 and Fig. 9. By comparison with 
Fig. 1, it appears that minimum arc-drop corresponds to 
about 0.l-mm. pressure for either natural or fan 
cooling, using the pressures obtained for the neighbor- 
hood of the anode arms. Other things being equal, 
the greatest efficiency will be obtained with a vapor 
pressure of approximately 0.1 mm. or corresponding toa 
temperature for saturated vapor of 82 deg. cent. 
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Fig. 2 shows a slightly lower drop at 90 deg. cent. and a 
lower current. The tube had to be heated to secure 
this temperature at a current of six to eight amperes 
whereas the 90-deg. curve is higher than the 80-deg. 
curve under full load conditions. 

Similar pressure measurements can be made on iron 
tank rectifiers by providing them with glass windows 
on which condensation and evaporation can be 
observed. The difficulty in this case is to secure the 
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proper location for the windows but valuable informa- 
tion is likely to be secured in any case. 

In running such pressure tests, it has been observed 
that the condensing chamber may run 20 deg. to 30 
deg. cooler than the saturation temperature. Several 
obvious explanations for this phenomenon do not seem 
to apply. For instance, a temperature gradient might 
exist in iron or glass. But such a gradient is calculable 
from the known loss per unit of area and heat con- 
ductivity and calculations indicate fractions of a degree. 
There is always a loss at a boundary where heat is 
transferred from one material to another. The amount 
of this drop is known and small for the conditions em- 
ployed, since heat need only be conveyed to a ther- 
mometer well. The amount of mercury vapor condens- 
ing and evaporating from the surface isseveral times the 
amount required to deliver heat by condensation and 
raise the parts in question to the temperature of the 
interior. 
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The most reasonable explanation appears to be that 
the fixed gas which evacuation has failed to remove 
from the rectifier is entrained by the mercury vapor 
and carried to the walls of the condensing chamber. 
Since these gasses cannot condense, they remain as a 
cushion of dead gas through which the mercury vapor 
must diffuse before it can condense. By assuming a 
reasonably small value for residual gas pressure and 
calculating how thick a film this gas would make if 
compressed against the condensing surfaces at the 
pressure of the mercury vapor, a value is obtained which 
is of the proper order of magnitude to account for the 
observed temperature drop from the mercury vapor to 
the condensing surface. 


ARc-BACK 


The mechanism of conduction has been developed in 
advance of the mechanism of failure since the failure 
is merely conduction at the wrong time. Before setting 
up what is believed to be the correct theory, some of the 
observed facts may be described. 


tw June 1927 


fi 
= U 


4 
4 


ti 


OBSERVED ARC-BACK DATA 


Fig. 10 is an arc-back curve of a standard 10-ampere, 
200-volt mercury arc rectifier. Previous tests had been 


«made of the dotted low voltage portion. The curve 
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Fic. 11—ARRANGEMENT OF RECTIFIERS FOR Arc-Back TESTS 


therefore represents actual test results up to 4300 volts. 
Other tests were made to 10,000 volts, but extraneous 
factors prevented consistent results. The method of 
making such tests is to connect three rectifiers, as shown 
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Fic. 12—Composir Arc-Back For Guass TUBES NATURAL 
AIR-COOLED 
in Fig. 11. Two are used for protective purposes and 


have auxiliary anodes from which a cathode spot is 
continuously maintained. The circuit to each anode 
of the tube under test is carried through a protective 
tube shunted by resistance. As long as rectification is 
practically perfect, there is little current in the shunting 
resistances and the full burden is borne by the tube 
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under test. If a failure to rectify occurs, the reversal 
current flows through the shunt resistance which limits 
it to such a value that the rectifier under test is not in- 
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Fig. 13—Composir Arc-Back CURVE For GLass 
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Fia. 


14—-250-AmpereE, THREE-PHASE 500- To 600-VoLT 
MULTIPLE Mercury Arc RECTIFIER TUBE 


stantly destroyed. The protective tubes are larger and 
better cooled than the tube under test and so do not 
give way. Such tests are most readily made on glass 
tubes because in the past they have been the only ones 
that could be depended upon to repeat themselves. 
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Fig. 12 gives the arc-back curve of a whole series of 
tubes of similar shape reduced to the performance 
per 100 sq. in. of bulb area. Fig. 13 gives similar 
data for tubes cooled by a fan. Two forms are repre- 
sented. The left-hand curve is for tubes having a 


Fig. 15—150-Vott Mercury Arc RECTIFIER TUBE 


Fic. 16—OSCILLOGRAM OF ArRC-BACK TAKING PLACE 


modified hour glass form, such as Fig. 14. The right- 
hand curve is for straight sided tubes such as Fig. 15. 

As in the arc-drop measurements, a tube of greater 
section gives superior results. More intense cooling 
gives a further shift of the arc-back curve to the right. 


Curves are not available because of the larger powe 
required since the tubes were actually loaded up to the 
point where failure occurred and only 50 kw. were 
available for the tests. 


DERIVED ARC-BACK CURVES 


Of course it is not very satisfying to know the limita- 
tions of a given rectifier without knowing the reasons, 
because it is always possible that some insignificant 
change might multiply the output several fold with no 
increase in cost of manufacture. In searching for 


Fig. 17—INVERSE CURRENTS IN A Gtiass Mercury AEC 
RECTIFIER 


reasons, the first steps were naturally empirical, feeling 
the way. Rectifiers were operated with varying 
amounts of inductance in the a-c. circuits. These 
failed at a lower d-c. output voltage which corresponded 
to nearly the same voltage on the a-c. lines; that is, 
the peak inverse voltage was the same. Two tubes 
connected like the protective tubes in Fig. 11, but 
without the shunting resistance, carried more load than 
two tubes each rectifying both half waves. These bits 
of evidence tended to show that the failure occurred 
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Fic. 18—BREAKDOWN oF RECTIFIER WITHOUT ARC AS 
FUNCTION OF TEMPERATURE 


at the inverse voltage peak, but conclusive evidence of 
this was wanting until one tube came under test which 
arced so consistently that it could be caught in the 
act by an oscillograph. Fig. 16 is a record of actual 
are-back taking place. It appears that the failure 
occurs at or near the voltage peak so that conditions 
at that time should yield the explanation for arc-back. 
Fig. 17 is a record of inverse currents at different 
points in the inverse half-cycle, and shows that at the 
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negative inverse peak there is practically no ionization 
present, even at temperatures a good deal higher than 
those used in operating rectifiers. It should therefore 
be possible to test for breakdown in a tube not operating 
at all, provided the pressure conditions are duplicated, 
and have the results apply te an active rectifier. Fig. 
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Fig. 19—BREAKDOWN or MERCURY VAPOR 
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20—BREAKDOWN OF MERCURY VAPOR FOR VARIABLE 
ELECTRODE SPACING 


F ia. 


18 shows the breakdown voltages for a considerable 
variety of tubes.as functions of temperature. Fig. 19 
produces Fig. 18 to higher temperatures. Fig. 20 
gives corresponding data for a special tube having mov- 
able electrodes. From these figures it appears that a 
considerable variety of rectifiers break down at almost 
exactly the same voltage and temperature. Within 
these limits the electrode spacing is immaterial. The 
special movable electrode tube could not be exhausted 
so well as the others and it accordingly breaks down 
at lower temperatures, but as perfection is approached 
the points of failure approach a common curve. 
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If these breakdown ‘data are significant, it should be 
possible to check the breakdown curve by means of the 
current voltage arc-back curves reduced to pressure 
temperature abscissa by means of the pressure tempera- 
ture measurements which have been described. Fig. 21 
shows such a comparison. An envelope is formed by 
curves A and B which enclose the breakdown points ob- 
tained with no arc in the tube. The other curves are 
the actual observed arc-back curves for three sizes of 
tubes reduced to a pressure basis. 

The envelope in Fig. 21 is rather a wide one but at 
least the elements of constructive design are present. 
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21—CoMPARISON OF BREAKDOWN AND Arc-BAcK CURVES 
FoR MERCURY ARC RECTIFIER TUBES 


Fia. 


The width of the envelope is a measure of vacuum 
technique. The relation between pressure and tem- 
perature of the cooling medium is a matter of thermo- 
dynamic technique. It is predicted that within five 
years there will be less mystery about the design of a 
mercury arc rectifier than now enshrouds the limita- 
tions of commutating machinery. 

NoTE: The physical mechanism of the breakdown 
between electrodes at low pressures has been roughly 
indicated by such investigators as J. J. Thompson, 
“Conduction of Electricity through Gases,” and 
J. L. Townsend, ‘Electricity in Gases.” A more 
detailed study of what happens when a cathode is 
formed on a conducting surface is being made by Dr. 
I. Langmuir and should be published in the near future. 


Current Collection from an Overhead Contact 


System Applied to Railroad Operation 
BY S. M. VIELE! 


Non-member 


Synopsis.—This paper discusses, from a non-mathematical 
standpoint, certain factors which should enter into the design of an 
overhead contact system on an electrified railroad. It emphasizes 
desirable features, mechanical and structural, and indicates practical 
limits which conditions will permit in the attainment of these 
features. 

Tests made by the Pennsylvania Railroad with slow-motion 


HE use of low potentials on a contact system 
permits the installation of the contact conductor 
in such a position that, although within relatively 

easy access to the public, in general, it is not an undue 
hazard to them. The use of higher potentials on such 
systems has carried with it increased hazard, which has 
necessitated the isolation of this conductor at distances 
which materially reduce the hazards of accidental 
contact. 

Isolation has usually taken the form of an overhead 
contact conductor along which a shoe or wheel is carried 
by the locomotive or car. The distance from the rail 
to the contact wire varies. through relatively wide 
limits due to the exigencies of the conditions to be met 
along practically all railroad rights-of-way. Overhead 
bridges, tunnels, and other obstructions require con- 
struction at heights which will permit little more than 
actual clearance for the rolling stock, whereas reduction 
of hazard to trainmen and the public generally requires 
a greater clearance than that usually obtainable through 
obstructed territory. 

The height of a multiple-unit car, such as is used in 
our suburban service, to the crown of the roof is 13 ft., 
0 in. (8.96 m.) The height of an electric locomotive 
of L 5 class is 13 ft., 5in. (4.09 m.). These dimensions 
have resulted in our setting a minimum trolley wire 
height of 15 ft., 3 in. (4.65 m.) in completely electrified 
territory where steam locomotives are not permitted to 
move. This minimum trolley height is never used 
except where the conditions necessitate. It represents 
conditions in tunnels and is occasionally approximated 
at overhead bridges. 

The installation of a contact system at such an 
elevation would make approach to the roof of cars or 
locomotives very dangerous and would not represent an 
operative condition if used, except in very limited 
stretches. 

In case operation should require an employe on top 
of the rolling stock for minor repair work, the height of 
trolley should be 22 ft. (6.71 m.) as this is the minimum 

l. Asst. Electrical Engineer, Pennsylvania Railroad. 
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photography are outlined. These tests were made to determine 
operating conditions of the catenary construction with two different 
types of supporting attachments, over both curved and tangent 
track. Deflections and oscillations were studied in order to bring 
out the most productive sources for future study and improvement 
of the design in respect both to elimination of wear and to main- 
tenance of uniformly good current collecting qualities. 


height with which it is at all feasible to make even minor 
repairs. This includes an allowance of about one ft. 
(0.30 m.) for the increased sag under hot weather con- 
ditions. Such a dimension for trolley height has been 
adopted for suburban territory. It is not an ample 
clearance but some work can be done if proper care is 
taken. At the same time, my own experience does not 
permit me to say that itis a position of mental comfort. 
Two feet more, or a total contact height of 24 ft. (7.31 m.) 
is, from a clearance standpoint, a very much better 
proposition. This additional two-ft. (0.61 m.) clear- 


Fig. 1—View or STANDARD CONSTRUCTION ON CURVED TRACK 


Steadying against side-sway on standard tangent track is accomplished in 
a similar manner 


ance above a minimum of 22 ft. (6.71 m.) is very hard 
to obtain and in some cases almost impossible in urban 
districts, owing to the requirements placed for city 
grades, adjacent property conditions, etc. In open 
country, where there are relatively few overhead 
bridges, the 24 ft. (7.31 m.) can be obtained and such’a 
standard set. 

The distance from rail to contact wire will vary from 
about 15 ft. (4.57 m.) to approximately 25 ft. (7.62 m.). 
This variation requires that the device which carries 
the actual contact member and bridges the space be- 
tween the locomotive or car roof and the contact wire 
shall be capable of operation at varying heights over a 
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range of some 10 ft. (3.05 m.). Its operating range 
should permit of its minimum height position being 
about three in. (0.08 m.) below the minimum operating 
height position and it should be capable of extending 
some 6 in. to 12 in. (0.15 m. to 0.30 m.) beyond its 
highest operating position. 
Pantographs, carrying collecting shoes, have been 
exclusively used by the Pennsylvania Railroad for this 


Fic. 


Steadying against side-sway on special curved track is accomplished in 
a similar manner 


2—View OF SPECIAL CONSTRUCTION ON TANGENT TRACK 


purpose, for high voltage service. We have two broad 
classifications for pantographs, depending upon the 
equipment to which they are to be applied, 7. e., loco- 
motives and multiple-unit cars. The multiple-unit 
pantograph is a single shoe device of relatively light 
construction, whereas the locomotive pantograph is 
heavier and carries two shoes. The weights of these 
equipments are of the following order: 


Pounds 
Gross Lave Shoe 
Locomotive....... 1400 (635 kg.) 243 (110 kg.) 33 (15 kg.) 
Multiple unit...... 710 (322 kg.) 100( 45 kg.) 14 (6.3 kg.) 


*Shoe and extensible frame work 


In both types of equipment, the “‘live’’ weight is 
carried by the journals of a rotative shaft at each end 
of the pantograph, the two shafts having connected 
thereto the bottom members of the pantograph movable 
framework, which members are held in supplementary 
angular relation with the base of the device by bell 
cranks and interconnecting links. In all operating 
positions, the weight of the “live” parts is eccentric 
to the shafts, which produces a torsional moment on the 
shafts which varies in amount throughout the entire 
operating range. This torsional moment is counter- 
balanced with helical springs, in tension, applied 
through chains operating over cam surfaces, the latter 
being attached to each end of each shaft. 

The necessity for a small collapsed height of panto- 
graph does not permit of a very large radius for the cams 
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nor a large elongation of the springs and, consequently, 
the spring tensions are material. This spring tension is 
used to support the pantograph in all operating positions 
and to provide the force required for upward accelera- 
tion of the shoe and frame work, as well as to overcome 
the frictional resistance to upward movement. 

Collection requires that the force of contact should be 
as near constant as is feasible and that the friction of 
vertical movement of pantograph should be relatively 
small. It becomes evident that this is not a simple 
problem when it is considered that the spring tension 
on a multiple-unit pantograph for operation on trolleys 
at 22-ft. (6.71 m.) elevation is 460 lb. (208.6 kg.) for 
the minimum operating height and 150 lb. (68.0 kg.) 
for the maximum operating height, in each of four 
springs, and that the weight of the moving members 
is of the order of 100 lb. (45.4 kg.), the latter being 
variably applied. A pantograph operated vertically, 
on a stationary block, exerts 18 lb. (8.2 kg.) of upward 
force under slow motion conditions, with a total varia- 
tion of force of about 10 per cent. Downward motion 
produces approximately 10 per cent additional variation. 

The above figures are based upon favorable con- 
ditions. If sleet accumulates on the framework, it 
does not take long until sufficient weight is added to 
overcome the 18 lb. (8.2 kg.) of upward force. Wind 
loads have affected the operation of some of the early 
designs to a sufficient extent to actually drop the 
mechanism. | 

It has been frequently asked why the upward pres- 
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Fic. 3—ENLARGEMENT From Stow-Motion PICTURE 


This shows the locomotive pantograh shoe parting contact at the trailing 
end of a wire splice 


sure should not be increased so as to have a larger work- 
ing margin. Two major limitations exist. 

In case the sum of the pressures of all pantographs on 
a given span of contact wire approaches the weight of 
construction lying immediately adjacent to the contact 
plane, columnar instability of the overhead results. 
If the pressures are increased sufficiently, the contact 
wire will occasionally turn over, exposing the contact 
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wire attachments to blows from the passing pantograph. 
The wear on shoes and the contact wire itself is, for a 
non-lubricated contact, a function of the mechanical 
abrasive effect varying with pressure, and the pitting 
and burning effects caused by current flow. 
The most economical pressure apparently varies with 
the current collected from a single shoe. As the current 


Fig. 4—C.ose-Up or BapLy Worn Wire SPLICE 


This picture shows the occurrence of wear at the approaching end and 
pitting action at the trailing end of the splice 


value decreases, lighter pressures can be advantageously 
used. This is fortunate, as otherwise it would be diffi- 
cult to operate some four to six multiple-unit panto- 
graphs in a given span without increasing the weight of 
actual contact system or providing special stiffening 
attachments for the contact wire. 

The force required for downward acceleration of the 
“live” parts of the pantograph is the sum of the upward 
thrust of the shoe plus an increased reaction to cause 
downward acceleration. This sum must not reach a 
value which will permit the turning of the contact wire. 
It follows that the upward acceleration forces which are 
permissible in the pantograph are less, by an amount 
necessary to produce maximum downward accelera- 
tion, than those which will be sufficient, under any 
conditions, to cause overturning of the contact wire. 
It should be borne in mind that the downward accelerat- 
ing forces vary with speed of traffic, gradients, changes 
of sag, etc., and a suitable margin must be left between 
these totaled upward pre..sures and the weight of the 
construction adjacent to the contact plane. 

The pantograph has a natural period of vibration, 
in a vertical plane, if it is considered that it be pulled 
down at the same rates at which it will rise under the 
application of forces inherent in the design. This 
periodicity of vertical vibration is an inverse function 
of the massinvolved in the “live” parts and the friction 
of operation of the pantograph mechanism, and a 
direct function of the actuating force (the latter 
limited by maximum permissible wire pressures). 
_ Commercial designs vary but are of the order of from 

40 to 70 beats per min. The latter figure represents 
very careful attention to the entire pantograph design. 

The more rapid oscillatory designs are of advantage 
in obtaining better collection on any given overhead 
design. At the same time, this periodicity can be and is 
improved by the secondary supporting of the shoe 
itself, by springs which produce pressures well above 
and below the forces applied through the main frame- 
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work. With the reduced mass to be vibrated and with 
forces approximating those applied through the main 
framework, the shoe periodicity is much higher but, of 
course, of very low relative amplitude. 

What is desired is a continuous contact with the 
trolley at as near a uniform pressure as is feasible. The 
nature of the overhead system involves major changes 
of elevation of the contact system, necessitating grades 
for transition between these different elevations; there 
are changes of elevation of the contact plane in a given 
span; the weight of construction is not uniform and 
cannot be made so; construction has to be utilized in the 
contact member which represents very abrupt changes 
in weight; all of which produce changes of contact 


pressure which show up in increased deterioration | 


of the overhead contact member, and of the shoes. 
The eventual result of satisfaction with operation 
is not a matter solely of overhead design or of 
pantograph design but a result of coordinated effort 
in both designs. 
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Fie. 5—LocatTion DiacraM or Stow-MorTion PICTURES 


. Standard tangent construction 
- Standard curve construction 

- Special tangent construction. 

- Special curve construction 
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A live resilient pantograph operating on a poorly 
designed overhead system will necessarily not give as 
satisfactory results as would be produced with a better 
design of overhead. The same general statement may 
be made with reference to the design of the overhead 
system itself. 

A pantograph shoe is limited in length (about four 
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ft. (1.22 m.) transverse to the track), and if the over- 


-= head is not properly located over the track, or if the 
& eatenary is permitted to sway under wind conditions to 


a sufficient extent, the shoe passes to one side of the 


« contact wire, rises to an elevation above the contact 


' 
its 


te, 


wire and practically always catches in some part of the 


: overhead, with the result of damage to the pantograph 
z sufficient to render it inoperative and occasionally 
. materially damaging the overhead. 


Reduction of occurrences of this nature on tangent 


: track may be obtained by shortening the span length 
. or by means of steadies applied at the support points. 


The latter is the more economical procedure. 


Spans 


may be installed with little trouble of this nature, 
-of the order of 285 ft. (86.87 m.) in length, with proper 


Las 
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burning of the vital members of construction in case of 

flashover of insulators, and in case of damage, the 
positioning of members such as to clear pantographs 
in as many cases as possible. 

The trolley construction used in the Broad Street- 
Paoli district, carrying 11,000 volts single phase, con- 
sists of a -in. (12.7 mm.) steel messenger, from which 
is suspended, by 3/16-in. by l-in. (4.75 mm. by 25.4 
m m.) straps at 30-ft. (9.14 m.) intervals, a 1/0 round 
copper auxiliary wire, from which in turn is suspended, 
by clips at 15-ft. (4.57 m.) intervals, a 3/0 grooved 
bronze contact wire. The contact and auxiliary 
wires lie parallel to one another in a vertical plane, 
The connections between these two wires “break 
joints” with the connecting hangers lying between the 
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6—Urpwarp DEFLECTION oF Contact WIRE 


Measured at support point of catenary span 


steadies at support points, in locations exposed to 
wind. In protected localities, this value may be 
increased to about 325 ft. (99.06 m.). Without 
steadies, our experience would indicate that these figures 


. should each be reduced about 100 ft. (30.48 m.). 


On the assumption that the more economical con- 
struction should be used, that is, longer spans, one is 
immediately faced with the design of steady which 
will limit motion transverse to the tracks, allow longi- 
tudinal equalization of tensions and permit as great a 


- vertical movement of the contact member at the 


* support points as is possible. 


The above represents the 
mechanical requirements. Electrical requirements in- 
volve the maintenance of potential across the insulators 
and of suitable clearances. Maintenance requires easy 
access with suitable working clearances, prevention of 


messenger and the auxiliary wire. Span lengths vary 
from a maximum of 325 ft. (99.06 m.) to values ne- 
cessitated by conditions with an average of about 
300 ft. (91.44 m.). 

The suspension of the catenaries consists of a three- 
unit cap and pin type insulator and assembling hard- 
ware, to which the messenger is attached. This 
represents a pendulum length of about 24 in. (0.61 m.) 
applicable to the messenger. The messenger has five 
ft. (1.52 m.) of sag in a 300-ft. (91.44 m.) span, which 
construction produces a total pendulum length at the 
support point of approximately 7ft., 6in. (2.29 m.). 

The original design did not call for the use of steadies 
except at a few locations. Operation, however, has 
necessitated their general installation in exposed 
locations. 


1076 


The steady design adopted consisted of a horizontal 


strand installed between the catenary supporting poles 


at an elevation six in. (0.15 m.) above the contact wire. 
This strand was insulated from the poles by three-unit 
porcelain insulators adjacent to the poles, with a sec- 
tionalizing wood stick insulator between the auxiliary 
wires of adjoining tracks. Attachments were made by 
a Slack two-way jumper from this strand to the auxiliary 
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Fic. 7—Urpwarp DEFLECTION oF Contact WIRE 


Measured at support point of catenary span 


wire. This construction reduced what may be termed 
‘pantograph derailments” to a radical degree. The 
disadvantages of this design were: 

a. The wood sticks used for sectionalizing the track 
trolleys do not have potential impressed across them 
except under conditions of a de-energized adjacent 
track, which condition usually develops their failure, 
if any, at the most inopportune time. 

b. Small working clearances for certain repair 
operations. 

c. Periodic cleaning, varnishing, and general over- 
hauling of the wood sticks. 

d. The impassability of one or more tracks in case 
of steady span failure, on account of portions of steady 
span construction hanging down below the elevation of 
the contact plane. 

e. Small upward deflection of the contact wire at 
the support point. 

In the effort to improve catenary support conditions, 
a new form of support was laid out which, in my opinion, 
reduces to a material degree the disadvantages of the 
previously described steady. 

The standard form of back guyed poles, crosscatenary, 
and body span member were used; however, instead of 
suspending an insulator string directly over the track 
for attachment of the messenger, a string was placed 
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each side the center line of each track. Connected be 
tween these insulators is a short length of cable approxi- 
mately eight ft. (2.44 m.) long, with sufficient sag in 
it that when drawn downward at its center, it forms the 
two legs of an obtuse triangle with its apex about 30 
in. (0.76 m.) below the body member, this point being 
used for the attachment of the messenger. The ends 
of the insulators nearest the center line of the track 
have a second attachment with members running to a 
common point and attached to the auxiliary wire. In 
appearance, .the construction forms a letter “V” with 
the auxiliary wire attached at the bottom apex and the 
upper ends of the legs of the “V” attached to sides of 
the obtuse triangle at the lower ends of the insulators. 
This construction fixes the position transversely of the 
messenger, and eliminates the pendulum length of the 
messenger suspension. It places all insulators between 
trolley and ground, thereby retaining potential across 
them. It introduces a short section of cable between 
the messenger and the insulators, and consequently, 
an arc from a flashed insulator is removed from the 
messenger and taken by the messenger supporting 
member. 

A parallel path for current supply to an arc at the 
insulator is provided by the secondary hanger con- 
necting between the auxiliary wire and a point adjacent 
to the live end of the insulator. This, we consider, 
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Fie. S8—Upwarp DEFLECTION OF Contact WIRE 


Measured at entering quarter point of catenary span 


will reduce the localized annealing of the messenger 
under flashed insulator conditions, as there is provided a 
shunt path for the current flowing from the trolley and 
auxiliary wires to the point of are contact with the 
catenary supporting member. 

The two members forming the lower “V” converging 
on the auxiliary wire leave the clearance between tracks 
as a maximum at the contact wire elevation, with the 
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minimum clearance existing at the insulators, just below 
the body member. 

Tests with this construction loaded horizontally and 
transversely of the tracks indicated greater dis- 
placement at the support point as compared with our 
usual form of horizontal strand steady. Displacement 
- at the center of span with the two forms was within one 
per cent of one another. The total displacement of the 
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Fic. 9—Upwarp DEFLECTION or Contact WIRE 


Mecasured at center point of catenary span 


special form of steady at the support point was ap- 


proximately one-half of that obtained in the center of - 


the span. 

In thinking of catenary construction, most engineers 
consider that contact is made with the overhead con- 
ductor in practically a uniform plane and that there is 
little or no upward displacement with pantograph 
passage. Even among engineers who have watched 
such things, the impression is that the deviation of the 
contact wire from a uniform plane is a matter of a few 
inches and that the wave of this deviation follows closely 
the position of the pantographs. 

If we assume the messenger as carrying practically 
all of the weight of construction in a given span and that 
this weight is fairly uniformly distributed, we obtain an 
approximation of a catenary curve. The direction of 
the tension in the messenger makes an angle of varying 
magnitude with the upward thrust of the pantograph. 
At the point of maximum sag in the messenger, the 
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tension in the messenger and the thrust of the panto- 
graph are at right angles to one another; as the support 
points are approached, this angle decreases and is a 
minimum at the support point. The application of a 
vertical force applied at the center of sag, therefore, has 
a maximum effect producing upward displacement of 
the trolley wire, on account of the fact that there is no 
vertical component of tension at that point, but only 
horizontal tension, which is constant throughout the 
span; whereas at other points than the center of sag, a 
vertical component of tension exists, which, opposing 
the upward shoe pressure, reduces the upward displace- 
ment of the contact wire. There is little or no dis- 
placement of the construction as a whole at the support 
points such as occurs at the center of sag of the messen- 
ger. Displacement at the support point is almost 
exclusively displacement of the contact wire in relation 
to the messenger, in other words, a closing up of the 
space normally existing between the messenger and 
contact wires. 

This upward movement of the catenary which takes 
place at points in the span is evidently brought about 
by the ease of equalization of messenger tension to 
adjoining and successive spans. The load supported 
by a given messenger tension being reduced by panto- 
graph pressure, equilization of tension demands a reduc- 
tion of sag in the span whose load is so reduced. If 
this statement is correct, then an increase of total 
pantograph pressure, whether applied by a single panto- 
graph or by increasing the number, should increase the 
upward deflections. This result is confirmed by trials. 

From what has so far been said, it is to be inferred 
that there is a major oscillation imposed upon the main 
framework of the pantograph, whose periodicity is a 
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Fig. 10—Uprpwarp DEFLECTION oF Contact WIRE 


Measured at trailing quarter point of catenary span 


function of span length employed and an inverse fune 
tion of the speed of the rolling stock. l 

The oscillation of the contact wire travels ahéad of 
the pantograph with various irregularities or harmonics 
imposed on it. Support points tend to become nodes 
of the wave. Changes of mass, usually splices, trolley 
wire intersections, or section breaks retard the propaga- 
tion of these oscillations. 
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The steady design adopted consisted of a horizontal 
strand installed between the catenary supporting poles 
at an elevation six in. (0.15 m.) above the contact wire. 
This strand was insulated from the poles by three-unit 
porcelain insulators adjacent to the poles, with a sec- 
tionalizing wood stick insulator between the auxiliary 
wires of adjoining tracks. Attachments were made by 
a slack two-way jumper from this strand to the auxiliary 
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Fig. 7—Uprpwarp DEFLECTION or Contact WIRE 


Measured at support point of catenary span 


wire. This construction reduced what may be termed 
“pantograph derailments” to a radical degree. The 
disadvantages of this design were: 

a. The wood sticks used for sectionalizing the track 
trolleys do not have potential impressed across them 
except under conditions of a de-energized adjacent 
track, which condition usually develops their failure, 
if any, at the most inopportune time. 

b. Small working clearances for certain repair 
operations. 

ec. Periodic cleaning, varnishing, and general over- 
hauling of the wood sticks. 

d. The impassability of one or more tracks in case 
of steady span failure, on account of portions of steady 
span construction hanging down below the elevation of 
the contact plane. 

e. Small upward deflection of the contact wire at 
the support point. 

In the effort to improve catenary support conditions, 
a new form of support was laid out which, in my opinion, 
reduces to a material degree the disadvantages of the 
previously described steady. 

The standard form of back guyed poles, cross catenary, 
and body span member were used; however, instead of 
suspending an insulator string directly over the track 
for attachment of the messenger, a string was placed 
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each side the center line of each track. Connected =- 
tween these insulators is a short length of cable apprcx- 
mately eight ft. (2.44 m.) long, with sufficient sag z 
it that when drawn downward at its center, it forms t- 
two legs of an obtuse tnangle with its apex about 3 

(0.76 m.) below the body member, this point beiz: 
used for the attachment of the messenger. The enc: 
of the insulators nearest the center line of the tra: 
have a second attachment with members running to: 
common point and attached to the auxiliary wire. Hr. 
appearance, the construction forms a letter “V”? wit: 
the auxiliary wire attached at the bottom apex and the 
upper ends of the legs of the “V” attached to sides of 
the obtuse triangle at the lower ends of the insulators. 
This construction fixes the position transversely of the 
messenger, and eliminates the pendulum length of te 
messenger suspension. It places all insulators betwee. 
trolley and ground, thereby retaining potential acre: 
them. It introduces a short section of cable betwee: 
the messenger and the insulators, and consequent!:. 
an are from a flashed insulator is removed from t:- 
messenger and taken by the messenger supportir: 
member. 

A parallel path for current supply to an are at tr: 
insulator is provided by the secondary hanger cor- 
necting between the auxiliary wire and a point adjacen: 
to the live end of the insulator. This, we consider 
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Measured at entering quarter point of catenary span 


will reduce the localized annealing of the messenge: 
under flashed insulator conditions, as there is provided a 
shunt path for the current flowing from the trolley and 
auxiliary wires to the point of are contact with the 
catenary supporting member. 

The two members forming the lower “V” converging 
on the auxiliary wire leave the clearance between tracks 
as a maximum at the contact wire elevation, with the 
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- minimum clearance existing at the insulators, just below 
~ the body member. 


“transversely of the tracks 
: placement at the support point as compared with our 
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Tests with this construction loaded horizontally and 
indicated greater dis- 


“- usual form of horizontal strand steady. Displacement 
~at the center of span with the two forms was within one 


“ per cent of one another. 


. approximation of a catenary curve. 


The total displacement of the 
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Mecasured at center point of catenary span 


special form of steady at the support point was ap- 


proximately one-half of that obtained in the center of - 


the span. 

In thinking of catenary construction, most engineers 
consider that contact is made with the overhead con- 
ductor in practically a uniform plane and that there is 
little or no upward displacement with pantograph 
passage. Even among engineers who have watched 
such things, the impression is that the deviation of the 
contact wire from a uniform plane is a matter of a few 
inches and that the wave of this deviation follows closely 
the position of the pantographs. 

If we assume the messenger as carrying practically 
all of the weight of construction in a given span and that 
this weight is fairly uniformly distributed, we obtain an 
The direction of 
the tension in the messenger makes an angle of varying 
magnitude with the upward thrust of the pantograph. 
At the point of maximum sag in the messenger, the 
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tension in the messenger and the thrust of the panto- 
graph are at right angles to one another; as the support 
points are approached, this angle decreases and is a 
minimum at the support point. The application of a 
vertical force applied at the center of sag, therefore, has 
a maximum effect producing upward displacement of 
the trolley wire, on account of the fact that there is no 
vertical component of tension at that point, but only 
hòrizontal tension, which is constant throughout the 
span; whereas at other points than the center of sag, a 
vertical component of tension exists, which, opposing 
the upward shoe pressure, reduces the upward displace- 
ment of the contact wire. There is little or no dis- 
placement of the construction as a whole at the support 
points such as occurs at the center of sag of the messen- 
ger. Displacement at the support point is almost 
exclusively displacement of the contact wire in relation 
to the messenger, in other words, a closing up of the 
space normally existing between the messenger and 
contact wires. 

This upward movement of the catenary which takes 
place at points in the span is evidently brought about 
by the ease of equalization of messenger tension to 
adjoining and successive spans. The load supported 
by a given messenger tension being reduced by panto- 
graph pressure, equilization of tension demands a reduc- 
tion of sag in the span whose load is so reduced. If 
this statement is correct, then an increase of total 
pantograph pressure, whether applied by a single panto- 
graph or by increasing the number, should increase the 
upward deflections. This result is confirmed by trials. 

From what has so far been said, it is to be inferred 
that there is a major oscillation imposed upon the main 
framework of the pantograph, whose periodicity is a 
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Fig. 10—Urewarpb DEFLECTION oF Contacr Wing 


Measured at trailing quarter point of catonary apan 


function of span length employed and an inverse fune- 
tion of the speed of the rolling stock. 

The oscillation of the contact wire travels nhôad of 
the pantograph with various irregularities or harmonies 
imposed on it. Support points tend to become nodes 
of the wave. Changes of mass, usually splices, trolle” 
wire intersections, orsection breaks retard the propaze 
tion of these oscillations. 
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A traveling wave impinging upon a section of greater 
mass than that employed in the adjacent section is 
damped to a material degree. As the wave reaches the 
increased mass, the change of elevation of the contact 
plane does not take place as rapidly as it did in pre- 
vious sections of the contact wire and there is produced, 
locally, a gradient at the approach to such mass of 
greater slope. This greater slope produces increased 
pressure between the shoe and the trolley wire which 
accelerates the shoe downward and the contact wire 
upward. The pressure produced between the shoe and 
the contact wire is such as to accelerate the two mem- 
bers in opposite directions at velocities sufficient that 
they over-travel and contact is momentarily lost. 

Such loss of contact is usually caused by definitely 
establishing an out-of-phase relation between the oscil- 
lation of the shoe and the contact wire. There are two 
other causes of loss of contact occasionally present, how- 
ever, one being the result of insufficient range of move- 
ment of the shoe supports and the other the inability 
of the shoe to follow in time the periodicity of oscilla- 
tion of the contact wire. 

Taking the more usual case of conditions existing at 
the time contact is lost, that is, an.out-of-phase relation 
between the oscillation of the shoe and contact wire, the 
succeeding occurrences are that as the shoe and con- 
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Fic. 11—Uprpwarpb DEFLECTION OF CONTACT WIRE AT SPLICES 


Runs 18 and 19—New splice located at center point of catenary span 
Run 17—Old splice located 28-ft. beyond catenary support point 


tact wire again approach one another, the phase rela- 
tion of their oscillations is still materially displaced. 
Contact is made with a pressure increased above normal, 
due to the vertical velocities present, and excessive 
wear takes place in these areas. 

Such effects are well illustrated by a splice 24 in. 
(0.61 m.) long, weighing 3!.Ib. (1.59 kg) after a num- 
ber of years of service. On the entering end, the spliceis 


smooth and bright with a well worn contour; near the 
middle it shows little deterioration of any nature; at the 
trailing end, there is practically no wear but a material 
reduction of section due to pitting and burning. On 
the wire one foot removed from the trailing end of the 
splice, there is severe wear and reduction of section. 

In so far as splices alone are concerned, these con- 
ditions may be corrected, as experience with a splice 
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Fie. 12—Revativs Urpwarp DEFLECTION or Contact WIRE 
AT Eaca PANWOGRAPH 
I —Support point 
II —Entering quarter point 
IlI—Center point of span 
IV— Trailing quarter point 


weighing 20 ounces, (0.57 kg.) for use with 4 0 contact 


"wire, over a period of more than a year, indicates an 


adequate design with a great improvement in reduction 
of hard spot effects. 

The hard spot effects produced by the 315 Ib. (1.59 
kg.) splice described above are typical in a general way 
of hard spots produced by other items or types of 
construction. 

If wood section breaks, usually about six ft. (1.83 m.) 
long, are used in high speed territory, similar results may 
be expected, but of very much augmented degree. 

The supporting attachments of the contact wire it- 
self may produce similar or worse results. With the 
attachment of the contact wire directly to the messen- 
ger, each hanger becomes a point of increased mass, 
which, in amplitude of upward movement with panto- 
graph passage, tends to lag behind the construction 
immediately preceding it. This action produces a 
hard spot of initially small importance but, as service 
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progresses, the contact wire may be slowly deformed or 
kinked immediately ahead of the attachment, with the 
severity of the hard spot gradually increasing. 

This result is the product of a number of intimately 
related conditions, such as size of contact member, shoe 
weight, and normal operating pressure, weight of hanger 
and its location in the span, the weight of messenger 
and, particularly, operating speeds. 

Such a construction with a single contact wire will not 
operate satisfactorily with the pressure and weights of 
shoes and with the weights of construction usually used, 
except at speeds less than those employed in normal 
railroad operation. 

Yard service is slow speed service and such construc- 
tion at these speeds is satisfactory and is used in yards, 
as it represents a material saving in initial cost of 
construction. 

Suspension of the contact member directly from the 
messenger has been attempted with hanger designs 
intended to correct the conditions outlined above. 
The use of loop hangers on systems in which the normal 
current values and short-circuit conditions do not 
approximate those necessanly involved on a major 
electrification, is not here criticized, though the writer 
is of the opinion, from our past experience, that the 
use of such hangers is not applicable to conditions of 
major electrifications. 

The contact made by such hangers with the messenger 
wire is of such a nature that, under large current flow 
conditions, annealing and occasional burning of the 
messenger wire may be expected. 

The messenger wire is a very vital part of the catenary 
construction, not only on the basis of its usual func- 
tion, but on the basis of what is involved in repairs in 
case of its damage. The importance of this statement 
may be overlooked and it is wished to emphasize it by 
explaining that satisfactory current collection at the 
speeds used necessarily involves a very high degree of 
uniformity of construction; the higher the speed, the 
more exacting the requirements. 

In case the messenger parts, from whatever cause, the 
unbalanced tension therein immediately tends to rip 
the construction to pieces, with the result of broken 
connections, distorted hangers, kinked contact wire, ete. 
These results, with decreasing severity, extend each way 
from the break. Repairs under such conditions are 
made in successive steps; the first thing is to get the 
Overhead up out of the way of traffic quickly, support- 
ing it in any way possible. Repairs of this nature are 
necessarily a makeshift and they require that traffic 
through the damaged area be at a reduced speed. 
Usually pantographs are lowered and equipment drifts 
through the damaged area. The successive steps are 
to position the messenger with the correct sag, to 
remove and replace temporary construction and to 
strengthen or replace bent hangers, wire, etc., and finally 
to position the various connections. 

It may readily be realized that, if messenger tension 
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in the damaged area is not lost, the amount of damage to 
the overhead system, with the various mishaps that 
occur, is very much less and, consequently, it is possible 
to restore the construction to a fully operative con- 
dition in very much less time. 

The pantograph design and its operation on an over- 
head system bear a very intimate relation to the design 
of the overhead itself. Pantograph design is a special- 
ized subject which has been localized in the hands of the 
manufacturers, whereas the design of the overhead has 
usually been in the hands of the owners of the property 
or their consulting engineers. While it has been 
appreciated to some degree that the design of the over- 
head is also a specialized matter, at the same time I do 
not feel that its importance in eventual satisfaction of 
operation is as fully appreciated as it should be. 

An increase in the amount of available information 
on the subject of overhead construction is one of the 
necessities for eventual railroad electrification. 

With this in mind, a study was undertaken some time 
ago by members of our organization, with the idea of 
determining and depicting, as far as possible, actual 
occurrences in the pantographs and in the overhead 
under operating conditions. This study included a 
comparison of the design of steady which we have been 
using for a number of years, with the special design 
described above. 

A section of track was selected in the territory lying 
between Broad Street Station, Philadelphia, and 
Paoli, Penn., and a number of spans was equipped with 
the special support construction referred to. Deflec- 
tions of the overhead system and movement of the shoes 
were recorded. 

The apparatus for these tests included a high speed 
photographic camera for the study of the various 
movements which take place in a span of contact wire. 
Through the courtesy of W. H. Miner, Railroad Sup- 
plies, Chicago, such a camera was obtained, capable of 
taking, on standard moving picture film, photographs at 
the rate of more than 1000 pictures per sec., together 
with auxiliary equipment and a personnel familiar with 
the operation of the equipment and familiar with the 
possibilities of depicting occurrences at high speed. 

The test apparatus consisted of a high speed camera 
handling film at speeds from 400 to 1100 exposures per 
sec., a storage battery for current supply to a shunt 
motor driving the camera and for use in the projectors, 
projectors for augmenting natural illumination, and a 
scale used as a background for the contact wire. 

One of the center tracks of four was occupied by a 
tower car carrying the camera, projectors, and operators, 
a storage battery and work car, andasteam locomotive. 
The adjoining track towards the outside of the right-of- 
way was used as the test track. Outside the clearance 
lines of this latter track a scale was installed which was 
used as a determinative background against which the 
contact wire was to be silhouetted. 

The camera and scale were supported at such a height 
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that the camera lens, midpoint of the scale, and the 
contact wire under investigation were at the same 
elevation. In front of the scale and held to it by a 
string was a weight of about five lb., which weight was 
attached so that its center of gravity was at the zero of 
the scale. A tripping cord was arranged so that a pull 
on it would apply a horizontal force on the weight 
supporting string and break it, allowing the weight 
to fall. 

The camera and scale were located at designated 
points in the several test spans and, as the multiple- 
unit train or locomotive approached, its position and 
approximate speed were signalled from a point ahead of 
the test equipment. 

The camera mechanism was engaged with the running 


Fig. 13—RevativE Upwarp DEFLECTION OF ConTacT WIRE 


ALONG CATENARY SPAN 


motor and the timing weight dropped. Some experi- 
mentation was necessary to obtain proper sequence and 
coordination with the passing equipment, but the 
arrangement finally worked out very well. 

The scale was graduated in inch divisions, with each 
third inch marked. 

The contact wire being located horizontally about 
midway between the camera lens and the scale, the 
scale reading is about double the actual wire movement. 
In working up the data afterwards, it was found that 
it was not possible to determine when the timing 
weight started to fall. It was necessary, therefore, to 
take the difference in theoretical time of fall from the 
zero to a point on the scale, 39 in. (0.99 m.) from zero, 
and the theoretical time of fall from zero to a point ata 
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higher elevation, 12 in. (0.30 m.) from zero, as a determi- 
nant of the film exposure rate. The time of fall from 
the 12-in. (0.80 m.) point to the 39-in. (0.99 m.) point, 
with acceleration started at zero, is two-tenths of a 
sec. 
The exact passage of the timing weight by these 
points was determined within a few exposures and the 
intervening pictures counted. This result multiplied 
by five gives the exposures per second. As the camera 
was driven by a shunt motor, the exposure rate per 
second for the few seconds involved was considered 
constant. Train speed was also considered constant 
over the test interval. Knowing the exposure rate and 
the distance between successive pantographs of a multi- 
ple-unit train, or the distance between marks on the 
contact wire, the speed of the pantograph passing the 
camera field is obtained from the number of exposures 
between pantograph passages, or from the passage of a 
single pantograph between the marks on the contact 
wire. 

The distance ahead of the pantograph at which move- 
ment takes place was obtained in a similar manner, 
using the same data given above and the train or 
locomotive speed. 

A number of determinations was made as follows: 

Deflections at the center, entering, and trailing quarter 
points of a span and points directly beneath the support 
points of the messenger. The above trials were ob- 
tained for multiple-unit equipment and a portion of 
them for locomotive equipment, both types of steady 
construction being photographed. 
_ It was known that a splice in the contact wire caused 
a heavy flash with pantograph passage, which flash was 
reduced in intensity with service. A new splice was 
installed and photographed with current being collected 
with pantograph passage. The resulting arc fogged the 
film to such an extent that little may be told from these 
pictures. A locomotive shoe passing over the splice 
without current flow, however, tells a story of material 
departure of the shoes from the contact member. 
Several pictures were taken on curved construction, 
which show a much greater flexibility of construction at 
such locations than exists at similar locations in a span 
of tangent construction. 

The exposures made of each test run were then con- 
secutively numbered in 100 exposure intervals and 
passed through a projector a number of times until the 
observer was familiar with the film. Then the position 
of the contact wire in terms of the scale reading was 
observed at given intervals of the total exposure, with 
a notation of the exact picture from which the reading 
was taken. In cases where there existed some peculiar 
feature or where it was apparent that harmonics of 
readable magnitude existed, readings at much closer 
intervals were made. 

These data, converted into distance ahead of the 
train, were then plotted, the ordinates representing mse 
of contact wire at the observation point in the span 
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from its initial position, and the abscissas representing 
the position of the train with reference to the observa- 
tion point at the instant of the occurrence of the posi- 
tion of contact wire indicated by the ordinate reading. 

These results, shown graphically, are given in the 
several figures bearing proper title as to type of messen- 
ger support, position in the span of the observation 
point, type of rolling stock, number of multiple-unit 
cars, traffic speed, and exposure rate. 

An analysis of these curves indicates clearly certain 
conclusions, a portion of which, for a specific design of 
overhead system, are quantitive. Mathematical con- 
clusions, not included, indicate the basic phenomena to 
a sufficient extent that usable approximations may be 
made for construction embodying different weights, 
span lengths, and types of constructiun. 

Such conclusions follow: 

1. Thata major oscillation is present in the contact 
member ahead of the pantographs and travels with the 
pantographs, 

2. That this oscillation is of variable amplitude, 
depending on its location in the span, ` 

3. That the position of any given point in the 
amplitude of oscillation has a variable spacing ahead 
of the pantograph, 

4. The amplitude varies with the total pressure 
imposed by the pantographs in a given span, 

5. The amplitude seems to be increased with the 
distribution through a number of pantographs of a 
given total pressure, 

6. That when distribution of a given total panto- 
graph pressure is made through several pantographs, 
the pantographs in the central portion of a train 
experience the greatest amplitude of movement, 

7. That the leading pantograph does not have 
imposed on it as great an amplitude of movement as 
do all successive pantographs, 

8. That the direction of traffic does not materially 
alter the symmetry of maximum upward deflection of 
the contact wire, 

9. That the gradient to which a pantograph is 
subjected in passing under locations of depressed con- 
tact wire height is augmented by a material gradient 
imposed by the inherent deflections in the approaching 
spans and that such augmenting of gradient is of the 
order of the usually installed maximum gradient, one- 
half of one per cent. for such transition of elevation of 
the contact wire, 

10. That harmonies of the major oscillation are 
present each side of the pantographs with relatively 
minor amplitudes and are apparently damped out at 
pantographs and do not cause trouble, 

11. That the presence of material change in mass of 
the construction adjacent to the contact plane damps 
the oscillation and thereby causes relatively severe 
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deterioration due to variation in pressure of contact 
shoes at such points, 


12. That with a given increase of mass necessarily 
locally employed, shaping of the contact surface will 
decrease the deterioration at such points, 

13. That support points practically represent nodes 
of the major oscillations, as the amplitude of oscillation 
is relatively small at such points, 

14. That the amplitude of oscillation at the center of 
the messenger span is maximum with a reduction 
towards each messenger support point, 


15. That the amplitude of movement at the center 


- of the span is almost wholly a movement of the total 


catenary construction, that is, a movement of the 
messenger and its suspended construction, 


16. That the amplitude of movement at support 
points is almost wholly a matter of change in spacing of 
the contact wire and its adjacent construction with 
relation to the messenger wire, 


17. That improvement of hanger construction at 
points adjacent to the messenger support is possible 
and desirable, 

18. That the use of so-called flexible hangers at the 
center of span is not necessary and their desirability is 
doubtful, | 

19. That flexible hangers adjacent to the support 
point may be advantageously used if of satisfactory 
design, 

20. That harmonics in the contact wire at positions 
of change of mass in the construction adjacent to the 
contact plane and located remote from support points 
are of high periodicity and considerable amplitude, 

21. 
opposite phase in the contact shoes, 

22. That departure of the shoes from the contact 
wire at such locations are usually the greatest in time 
and the greatest in amplitude, 

23. That the reduction of changes of mass at points 
adjacent to the contact plane offers the greatest measure 
of improvement immediately available, 

24. That further study of the construction from a 
trailing quarter point in a span through the support 
point to the entering quarter point of the succeeding 
span offers the next most promising stepinimprovement, 

25. That improvement in the secondary supporting 
of shoes and the obtaining of a greater amplitude of 
movement of the shoe is probably desirable, 

26. That further investigation and study of the 
tilting action of shoes is necessary and desirable, as 
there are indications that edge riding of shoes is at 
times present to a material degree. 


Discussion 


For discussion of this paper see page 1133. 


That such oscillations causesimilaroscillationsof . 


Catenary Design for Overhead Contact Systems 


BY H. F. BROWN: 


Member, A. I. E. E. 


Synopsis.—This paper is intended to outline methods which 
have been found useful in the design of overhead contact systems 
where catenary construction is employed, with especial reference to 
the single catenary construction installed in 1925 on the 
Danbury Branch of the New York, New Haven, and Hartford 
Railroad as an ertension of its 11,000-volt, single-phase, a-c. 
electrified zone; and on the New York, Westchester, and Boston 


HE fundamental requirements of an overhead 
contact system for high speed railway electrifica- 
tion are: 


a. It must be parallel to the track centerline, or 
nearly so, within prescribed limits. When changes are 
necessary in the normal elevation above the track, the 
gradients must be such that the current collectors on 
the locomotives and cars will follow the contact wire 
without leaving it, and without excessive pressure due 
to inertia; that is, the relative grades must not be too 
abrupt, 

b. It must support without great distortion its 
own weight together with superimposed vertical loads 
due to sleet and horizontal loads due to wind, 


c. It.must possess consistency in flexibility; that is, 
hard spots should not occur in a construction designed 
to possess a certain amount of yielding, nor should soft 
spots occur in a system possessing inherent rigidity, 


d. It must transmit the power supply, and afford 
suitable contact area with the moving collecting device 
on the locomotive or car, at the required speed, 


e. It must possess a high degree of reliability, and 
ease of maintenance. 


The problems of design are closely allied to trans- 
mission line design as far as power transmission prob- 
lems and the choice of mechanical design of supporting 
structures are concerned. Some of the formulas 
developed for sags and stresses in transmission lines 
may be applied in a general way to the calculation of the 
contact system supporting messenger, although since 
this messenger is to support a conductor which is to be 
practically level without sharp departures from the 
horizontal, there will be certain limitations and refine- 
ments in the design not met with in the ordinary 
transmission line calculations. 


Many features, such as insulation, suspension 
methods, bracing on curves and for wind loads, ten- 
sioning devices, anchorage details, and sectionalizing 
details are also involved in the design, although outside 
the scope of the main subject. 


1. Assistant Electrical Engineer, N. Y., N.H., & H. Railroad. 
Presented at the of the A.I. E. E., 
Ditroit, Mich., 


Summer Convention 
June 20-24, 1927. 


Railway on its ertension from Larchmont to Harrison, N. Y. 

Part I deals with construction over straight or ‘‘tangent’’ track, 
and is a review of methods and formulas which, while not new, arr 
necessary as an introduction to Part II, which not only includes 
tangent-chord construction, but deals at length with the design 
of the so-called inclined catenary and its adaptation to curred 
track. 


Part I. Tangent Construction 


For a simple system where a working conductor is 
supported by an elastic messenger directly above it, 
the well-known parabolic equations will apply for all 


Fic. 1—Span, SaG, AND TENSION 


span lengths generally encountered, since in general 
the sag is small compared with the span length. 
In Fig. 1, 


ye 
d =5M (1 
moe ee j 
A S = 
or 
y? [3 
L =l + ope: (3 
where 


d is the deflection, or sag, of the messenger, 

y is the supported weight per unit length of span, 

l is the distance between supports, span length, 

L is the actual length of the messenger, 

M is the horizontal component of the tension in the 
messenger. 


| 

| 

| 

The errors made in using these formulas, instead of 
the more unwieldy equations of the catenary, are 
approximately 2 per cent in the case of (1), and 0.5 
per cent in the case of (2) and (3) for spans where the 
sag is not greater than 2 per cent or 3 per cent of the 
span length, which errors are well within construction 
allowances. 

Sags according to (1) may be most conveniently 
shown graphically on logarithmic cross-section paper. 
as shown in Fig. 2. 
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HANGER DESIGN 


If the hanger spacing is s and the minimum allowable 
vertical distance between the contact and the messen- 
ger is vo then the length of any hanger is 

v, = da + vo (see Fig. 3) 
where d, is the sag of the messenger for a span length 
of 2ns 
or 


y (2 n s)? 
ee "i 


Such hangers are called “standard” hangers, in dis- 
tinction from ‘“‘special” hangers, calculated from above 
formula when vo is replaced by any greater distance. 

For a catenary system with horizontal contact wire, 
~. and with the same length shortest hanger at the low- 
point in adjacent spans, the distance from the low- 
point to the support is the same for spans both sides 
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Fic. 2—MESSENGER Saa CURVE 


of the support, if the messenger tension and unit weight 
(y) are the same in both spans; see Fig. 4. 

_ The distance from low-point to low-point under these 
~ conditions has been called the “‘equipoise span” (le) 
since the weight either side of the support is the same; 
and the distance from the low-point to the support is 


le 
designated the ‘‘equipoise half-span”’ a 


In Fig. 4, it is obvious that the weight supported by 
the structure is 


W = Y le (5) 
and the height of the supporting structure is 
V=C+rn+d: +I (6) 


i where 
C isthe height of contact wire above top of rail, 
dx is the sag for the equipoise span, 
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{ is the height of the insulation, taken positive if 
of the suspension type, and negative if of the 
supporting type. 

The formulas (5) and (6) are useful for the design of 

the supporting structures. It should be noted here that 
in calculating the horizontal loadings on the structures 


Fic. 3—'‘STANDARD’’ HANGERS 


due to wind, these will be the unit wind loading on the 
catenary multiplied by half the sum of the adjacent 
spans, which may or may not be the same as the 
equipoise span. 

Spans having the same length of shortest bans at 
the low-point will have the same hanger length at any 
given distance from the low-point. When the shortest 
hanger is “standard,” all the other hangers in the equi- 
poise span are standard, unless Cae is a change in 
grade in the contact wire. 


If standard hangers can be used, the construction is 
greatly simplified, both as to cost of design, as well as 
manufacture and installation. Standard hangers will 
apply when the distances between supports are uni- 
formly the same length, or when, if necessary to change 
the span length for any reason, length of any span is 
the sum of the lengths of each adjacent equipoise half- 
span. For example, if there is a series of, say, 300-ft. 


TOP OF RAIL 
7 NTA 


Fig. 4—EquiroisE SPAN, AND HEIGHT OF SUPPORT 


spans having standard hangers, and it becomes neces- 
sary to reduce the span length to, say, 200 ft. for several 
spans, to pass around a curve, if there is introduced 
between the last 300-ft. span and the first 200-ft. span 
a span having a length of 250 ft., then standard hangers 
can be applied to all the spans. Similarly, as in Fig. 5, 
successive span lengths of, say, 300, 250, 200, 150, 125, 
200, 275, 300, may all have standard hangers, as each 
of these spans is the sum of the equipoise half-spans 
on either side. The equipoise spans for the above 
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Synopsis.— This paper is intended to outline methods which 
have been found useful in the design of overhead contact systems 
where catenary construction is employed, with especial reference to 
the single catenary construction installed in 1925 on the 
Danbury Branch of the New York, New Haven, and Hartford 
Railroad as an extension of its 11,000-volt, single-phase, a-c. 
electrified zone; and on the New York, Westchester, and Boston 
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HE fundamental requirements of an overhead 
contact system for high speed railway electrifica- 
tion are: 


a. It must be parallel to the track centerline, or 
nearly so, within prescribed limits. When changes are 
necessary in the normal elevation above the track, the 
gradients must be such that the current collectors on 
the locomotives and cars will follow the contact wire 
without leaving it, and without excessive pressure due 
to inertia; that is, the relative grades must not be too 
abrupt, 

b. It must support without great distortion its 
own weight together with superimposed vertical loads 
due to sleet and horizontal loads due to wind, 


c. It.must possess consistency in flexibility; that is, 
hard spots should not occur in a construction designed 
to possess a certain amount of yielding, nor should soft 
spots occur in a system possessing inherent rigidity, 


d. It must transmit the power supply, and afford 
suitable contact area with the moving collecting device 
on the locomotive or car, at the required speed, 


e. It must possess a high degree of reliability, and 
ease of maintenance. 


The problems of design are closely allied to trans- 
mission line design as far as power transmission prob- 
lems and the choice of mechanical design of supporting 
structures are concerned. Some of the formulas 
developed for sags and stresses in transmission lines 
may be applied in a general way to the calculation of the 
contact system supporting messenger, although since 
this messenger is to support a conductor which is to be 
practically level without sharp departures from the 
horizontal, there will be certain limitations and refine- 
ments in the design not met with in the ordinary 
transmission line calculations. 


Many features, such as insulation, suspension 
methods, bracing on curves and for wind loads, ten- 
sioning devices, anchorage details, and sectionalizing 
details are also involved in the design, although outside 
the scope of the main subject. 


|Y., N.H., & H. Railroad. 
of the A.I. E. E., 


1l. Assistant Electrical Engineer, N 


Presented at the Summer Convention 
Detroit, Mich., June 20-24, 1927. 


1082 


Part I deals with construction over straight or “tangent” nee 
and is a review of methods and formulas which, while not new, a 
necessary as an introduction to Part II, which not only inciid:. 
tangent-chord construction, but deals at length with the desi 
of the so-called inclined catenary and its adaptation to curi: 
track. 


Railway on its extension from Larchmont to farri soti; N. l 


Part I. Tangent Construction 
For a simple system where a working conductor i: 
supported by an elastic messenger directly above it. 
the well-known parabolic equations will apply for al 


~~ 
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the sag is small compared with the span length. 
In Fig. 1, 


or 


[3 
een 3 


L = 24 M? 


where 
d is the deflection, or sag, of the messenger, 
y is the supported weight per unit length of span, 
l is the distance between supports, span length. 
L is the actual length of the messenger, 
M is the horizontal component of the tension in the 
| 


\ 
span lengths generally encountered, since in genera 


messenger. 
The errors made in using these formulas, instead of 
the more unwieldy equations of the catenary, are 
approximately 2 per cent in the case of (1), and 0.5 
per cent in the case of (2) and (3) for spans where the 
sag is not greater than 2 per cent or 3 per cent of the 
span length, which errors are well within construction 
allowances. 
Sags according to (1) may be most convenien‘ly 
shown graphically on logarithmic cross-section paper, 
as shown in Fig. 2. 


1 Hy" une 1927 

“= _ HANGER DESIGN | 
If the hanger spacing is s and the minimum allowable 

vertical distance between the contact and the messen- 
eer is v, then the length of any hanger is 

| „ = da +o (see Fig. 3) 

; where d, is i sag of the messenger for a span length 

- of 2ns 

or 


e 


y (28)? 
v, = 8 M + Vo 


Such hangers are called “standard” hangers, in dis- 
, tinction from “‘special’’ hangers, calculated from above 

. formula when v, is replaced by any greater distance. 

_ For a catenary system with horizontal contact wire, 
and with the same length shortest hanger at the low- 
point in adjacent spans, the distance from the low- 

point to the support is the same for spans both sides 


(4) 


MESSENGER SAG. 
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{ is the height of the insulation, taken positive if 
of the suspension type, and negative if of the 
supporting type. 

The formulas (5) and (6) are useful for the design of 

the supporting structures. It should be noted here that 
in calculating the horizontal loadings on the structures 


Fic. 3—‘‘STANDARD”’ HANGERS 


due to wind, these will be the unit wind loading on the 
catenary multiplied by half the sum of the adjacent 
spans, which may or may not be the same as the 
equipoise span. 

Spans having the same length of shortest ieee at 
the low-point will have the same hanger length at any 
given distance from the low-point. When the shortest 
hanger is “standard,” all the other hangers in the equi- ` 
poise span are standard, unless there is a change in 
grade in the contact wire. 


If standard hangers can be used, the construction is 
greatly simplified, both as to cost of design, as well as 
manufacture and installation. Standard hangers will 
apply when the distances between supports are uni- 
formly the same length, or when, if necessary to change 
the span length for any reason, length of any span is 
the sum of the lengths of each adjacent equipoise half- 
span. For example, if there is a series of, say, 300-ft. 
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of the support, if the messenger tension and unit weight 
(~y) are the same in both spans; see Fig. 4. 


‘The distance from low-point to low-point under these Cc 
conditions has been called the ‘‘equipoise span” (le) Vero | 
since the weight either side of the support is the same; a e S 


“ef 


and the distance from the low-point to the support is 


= 


Fic. 4—Equipoist SPAN, AND HEIGHT OF SUPPORT 
designated the “equipoise half-span spans having standard hangers, and it becomes neces- 
sary to reduce the span length to, say, 200 ft. for several 
spans, to pass around a curve, if there is introduced 
between the last 300-ft. span and the first 200-ft. span 
a span having a length of 250 ft., then standard hangers 
can be applied to all the spans. Similarly, as in Fig. 5, 
successive span lengths of, say, 300, 250, 200, 150, 125, 
200, 275, 300, may all have standard hangers, as each 
of these spans is the sum of the equipoise half-spans 
on either side. The equipoise spans for the above 


In Fig. 4, it is obvious that the weight supported by 
the structure is 
W = Y le 
and the height of the supporting structure is 
V = C + Vo + dez + I 


(5) 


(6) 
where 

C isthe height of contact wire above top of rail, 

d «= is the sag for the equipoise span, 
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would be: 300, 200, 200, 100, 150, 250, and 300, 
respectively. l 

This feature is worthy of emphasis, as a little extra 
study on the preliminary layout in location of support- 
ing structures may save considerable calculations later 
if standard hangers are maintained. 


CHOICE OF STANDARD MAXIMUM SPAN LENGTH 


Catenary construction presupposes much longer 
spans than direct suspension construction. The trend 


has been to make the spans as long as possible, having 
due regard for a practical and sensible choice of sags and 


Fig. 5—ILLUSTRATING ‘‘STANDARD” HANGER APPLICATION AND 
EQUIPOISE SPANS 


tensions for the material used for the messenger. Three 
hundred feet has been more or less standardized for 
catenary construction on tangents, and has worked out 
- fairly well in some cases. The writer is of the opinion 
that this length of span is a little too great for “‘single 
catenary” construction, especially in exposed places, 
on account of the large possible displacement due to 
wind; and the large possible variation in the height of 


Fic. 6 -ORIGINAL ‘‘WOODLAWN-STAMFORD” Tyre DOUBLE 
CATENARY INSTALLED IN 1906 Over Four Hew Haven MAIN 
Tracks at RIGHT, WITH NEW SINGLE CATENARY INSTALLED 
1925 Over Two WESTCHESTER” TRACKS AT LEFT 


contact at the center of the span due to temperature 
changes. Further, when the track alinement consists 
of a large amount of curvature, with short tangent 
stretches between, there is not always sufficient length 
on the tangents to make a material reduction in the 
number of supporting structures by going to such 
long spans and there is also the dangez of having 
unbalanced stresses on the structures at extreme 
temperature conditions in going from very long spans on 
tangent to short spans on curves. 

Wind bracing may be necessary on exposed tangent 
stretches having 300-ft. spans, especially on the types 
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of construction which have no lateral stiffness against 
wind loads. 

For theabovereasons, 250ft. wasadopted as the stand- 
ard maximum span length on tangent track on the Dan- 
bury Branch. On the extension of the New York, 
Westchester, and Boston to Harrison, which parallels the 
New Haven main line, use was made of the New Haven 
right of. way and structures. This line is rhostly tan- 
gent, and the existing catenary supporting structures 
are spaced 300 ft. apart. 


CHOICE OF MESSENGER MATERIAL AND SAG 


The “New Haven” has on its electrified system more 
than 650 track miles of catenary construction, embrac- 
ing several types, all of which have been fully described 
to the Institute at various times. The original con- 
struction, installed in 1906 between Woodlawn, N. Y., 
and Stamford, Conn., is ‘‘double catenary,” having 
two 9/16-in. extra high strength steel messenger strands, 


Fic. 7—Four-Track COMPOUND CATENARY ON TANGENT BE- 
TWEEN STAMFORD AND New Haven, INSTALLED 1913 


each having a nominal vertical sag of 6 ft., 5 in. fora 
300-ft. span; see Fig. 6. | 

The construction between Stamford and New Haven, 
and on the six-track Harlem River Branch, as well as 
on the four-track main line section of the N. Y., W., and 
B. Ry., is “compound catenary,” with supports 300 ft. 
apart, from which main messengers, not alive, suspend 
the live single catenary. This has a normal span of 
150 ft. The live catenary messengers are of extra 
high strength galvanized steel, 19-wire, * ś-in.-diameter 
strand, having a sag which is equivalent to 5 ft., 0 in. 
in a 300-ft. span; see Fig. 7. 

At certain points on this latter type of construction, 
the 5%-in. messenger has suffered severe corrosion due 
to steam train traffic which is of necessity routed over 
part of the electrified zone. In replacing the steel 
messenger at these points with a high strength bronze 
strand, the factor of safety, which was five in the case 
of the steel strand to allow for the corrosion, could not 
economically be much greater than 213, under assumed 
maximum loads, even though the messenger size were 
increased, on account of the increased weight. The 
lower factor of safety for bronze is allowable, because 
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of the low corrosion loss; but it was a fact to be kept in 
mind that this sag and tension was right at the limit 
for bronze, for the contact wire weight supported. 

In 1921, the New York, Westchester, and Boston 
started extending its New Rochelle Branch parallel to 
the New Haven main line. As stated above, the New 
Haven had four tracks electrified in this section, but 
the catenary bridges were designed for six tracks. The 
new “Westchester” tracks were electrified, using 
single catenary construction supported on the same 
bridges which supported the New Haven double 
catenary. This new catenary had the same nominal 
sag, 6 ft., 5in., as the old double catenary for the 300-ft. 
spans, and a single 9/16-in. extra high strength steel 
messenger strand, galvanized, was used. 

Steel was used because there is no steam traffic of 
any nature on this line, but the characteristics of this 


TANGENT. 


Fig. 8—CaTENARY CONSTRUCTION DETAILS 


9/16-in. steel Messenger strand 
4/0 copper auxiliary trolley 

4/0 Phono contact wire 

x-in. steel hanger rod 

Malleable iron messenger hook 
Malleable iron auxiliary trolley clip 
y-in. steel carriage bolt 

Pressed phono intermediate clip 
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design are such that because of the larger sag, bronze 
can be economically substituted if the occasion ever 
warrants. 

This same design was selected, for these reasons, for 
the Danbury Branch. 

Deterioration due to corrosion has an important 
bearing on the choice of messenger material. If steam 
traffic can be entirely eliminated by electrification, 
steel may be economically used with an expectancy of 
reasonably long life, if properly maintained by painting. 
Much of the original 9,/16-in. messenger installed on the 
Woodlawn-Stamford section of the New Haven over 20 
years ago, is in very good condition at the present time 
on this account. Maintenance of this kind on busy 
traffic routes is both difficult and expensive, however, 
and where the traffic is dense, therefore, the higher first 
cost of non-ferrous materials such as bronze, is justified 
on new work. 

As against the excellent record of the Woodlawn- 
Stamford messenger, mention must be made of the steel 
messenger construction installed in 1912 in the large 
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freight yards of the New York tidewater terminals, 
which have recently been entirely reconstructed with 
bronze messengers and hanger rods. The combination 
of the heavy salt fogs, with more or less steam traffic, 
produced conditions which were unusually severe. 


On the Danbury Branch, however, because of the 
low traffic density, the practical elimination of steam 
operation, and the drier atmospheric conditions away 
from the salt water, it was felt that the higher cost of 
bronze was not justifiable. 


The complete characteristics of this type of catenary 
are as follows: see Fig. 8 


Messenger: 9/16-in.-diameter, 7-wire extra high 
strength steel strand, extra heavily 
galvanized. 

Sag: 6 ft., 5in. in 300-ft. span, with normal 


load at 60 deg. fahr. 
Auxiliary trolley: 4/0 grooved hard drawn copper. 
Contact wire: 4/0 grooved Phono bronze, 45 per 
cent conductivity. 


Hanger rods: 14-in. round galvanized steel rods. 


Hanger hardware: Malleable iron castings, heavily 
galvanized. 

Intermediate clips: (Aux. to contact) pressed Phono 
bronze. | 


UNIT LOADINGS 


(Pounds per Foot) 
Vertical | Horizontal] Resultant 
Vertical (%-in. (Wind on |(Wind and 
Material (Bare) Sleet) Sleet) Sleet) 
9/16-in. Mess........... 0.668 1.329 1.042 1.69 
4/0 Copper............ 0.641 1.241 0.973 1.575 
4/0 Phono............. 0.641 1.241 0.973 1.575 
Hangers and Clips..... i 0.273 0.465 0.272 0.54 
POCA 4.6 Sank eeuses 2.223 4.276 3.260 5.380 


NORMAL TENSIONS 
At 60 deg. fahr. 


9/16-in. Messenger. . . 3900 lb. 
4/0 Copper......... 1600 lb. (from Fig. 9.) 
4/0 Phono.......... 1815 lb. (from Fig. 9.) 

The tensions in the copper and the phono were 
determined as follows: 

The change (AL) in a given length (L) of any 
material having a coefficient of linear expansion (æ) 
due to a change (A t) in temperature, is 

AL=-—-Laadt (7) 

The change (A L) in a given length (L) of material 
having a modulus of elasticity (E£), due to its elasticity, 
for a change in tension (A T) is 

| LAT 
AL=—; p i (8) 
where a is the cross-sectional area. 

If the change in tension is all due to a change of 
temperature, (7) will be equal to (8). 


(from equation (1)) 
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Then 
LAT 
—-LaAT = Ba 
or 
AT=-aEaaAT (9) 
For copper 


a = 0.0000094 per deg. fahr. : 

E = 17,500,000 lb. per sq. in., solid wire. 
For Phono 

a = 0.0000093 per deg. fahr. 

E = 18,140,000 Ib. per sq. in., solid wire. 
For 4/0 

a = 0.1662 sq. in. 

Substituting the above values in (9), and plotting for 
various values of t, and assuming a minimum of 100-Ib. 
tension in the contact wire at the maximum assumed 
temperature (+ 120 deg. fahr.) gives the values shown 
in Fig. 9. It will be noted that these tensions are kept 
-as low as possible on the theory that horizontal loads 
on the supporting structures on curves are thereby 
reduced to a minimum, and the maximum flexibility 
is provided for the contact wire. Although the curve 
of auxiliary wire tensions is shown as zero at the maxi- 
mum temperature, it will always have some tension due 
to the weight of the contact wire which it supports. 


MAXIMUM TENSIONS 


The maximum stress in the messenger and trolley 
wires must be determined in order to insure that the 
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material and sizes selected will have ample strength to 
withstand the maximum loads to be experienced. The 
maximum loading is assumed to be eight lb. of wind 
pressure on the projected area of all material when 
covered with a coating of sleet one-half-inch thick. 

The maximum stress in the auxiliary and the contact 
wires is readily found from Fig. 9. The messenger 
stresses are determined as follows: 
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From equation (3), for a given span length (l), the 
actual length (L) of the messenger may be plotted for 
various values of tensions (M) and unit loadings (y); 
see Fig. 10. 

Yı is for the bare messenger alone (0.668 lb.) 

2 is for the messenger with the two trolley wires but 
without hangers (1.95 lb.) 

ysis for the complete catenary, without wind or sleet 
loads (2.22 lb.) 

y.is for the complete catenary with wind and sleet 
loads included (5.38 lb.) 

Point A on the normal load curve may be taken to 
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Fic. 10—TEMPERATURE-STRESS DIAGRAM FOR 9/16-1N. STEEL 
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represent the messenger length and tension at 60 deg. 
fahr., normal temperature. 

From equation (8) may be calculated the amount 
the messenger would stretch for any increase in tension 
(assuming constant temperature), plotting this new 
length and tension at P. 

For 9/16-in. steel strand, 


a = 0.1992 sq. in. 
E = 23,000,000 lb. per sq. in. 
a = 0(0.0000064 per deg. fahr. 

A straight line drawn through A and P will give any 
value of L for any value of T with constant temperature 
of 60 deg. fahr. 

For any constant tension, the change in length due to 
a change in temperature may be found from equation 
(7), and points B, C, D, and E, using lengths as at A 
may be found thus for 90 deg., 120 deg., 30 deg., and 
— 20 deg. fahr., respectively. Lines through these 
points drawn parallel to A P will indicate the variation 
in length due to a change in tension for that temperature. 

The maximum stresses determined thus are: 


9 /16-in. Messenger. .7700 lb. 
4/0 Copper........ 3800 lb. 
4/0 Phono......... 4100 lb. 


The tensions at which the bare messenger may be 
installed alone at various temperature conditions may 
be found from the intersections of the lines A, B, C, D, 


at — 20 deg. fahr. 
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x-and E with the curve y,. If the stress is to be deter- as the suspension type allows a greater insulation value, 
*>- mined by the sag of the messenger, a curve may be made and takes care of the possibility of unbalanced stresses 
- similar to Fig. 11, showing no-load sags for various spans better. This makes a system having a greater possi- 

and temperatures. Similar graphical data may be bility of deflection to transverse wind loads, and it 


made for, the sagging of the messenger with the load 


y of the two trolley wires, but without the hangers, as is Penis anty oretc canon NAD 
desirable in certain instances when these are all strung ee Gir C1. POLE CAR 
- out together. Reseeeren e 
x $ e 5000% PiN INSA An Sp02 G CROSS ARM. 
Fig. 12 shows the details of the tangent construction Pr | aren A 
star -TR C.1. BEVEL WASHER. 


"GALV. STELL ROD. 


. used on the Danbury Branch. The poles are 10-in., 
49.5-lb. Bethlehem H sections, either 36 or 38 ft. in 
length. These are self-supporting, being bolted to the HALCLAMP care. 
foundation channels with a sufficient number of one-in. 
bolts to develop the full strength of the section. 
- Bracket arms are adjustable as to height, and are oer een 


attached to the flanges of the poles by malleable iron g J- sors Py no Š Prostssco rn > cue. 
- clamp castings. This is a valuable feature of the design, | l 
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as it is not necessary to specifically mark each pole for 
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each location; fabrication is reduced; and if it ever EQUIPOISE HALF-SPAN. 


becomes necessary to raise the grade of the track (by 
ballasting), or to change the number or dimensions of 
insulator units, these may be done without reducing the 
standard contact wire height, by raising the brackets, 
without additional work on the poles. 

Fig. 13 shows graphically the proper pole length and 
the bracket height for this type of construction, for 
various equipoise half-spans, calculated from formula 
(6) above. 

Suspension insulators, consisting of three units, were 


used, instead of the pin type supporting the messenger 
- above the bracket arm, used in previous installations, Fic. æ 13—PoLE ano Bracket Arm HEIGHTS 
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therefore seemed desirable to provide a steady rod or 
wind brace between the contact wire and the pole. 
This, with all other details, is shown in Fig. 14, which 
illustrates the finished appearance of the tangent 
construction on the Danbury Branch. 

On the New York, Westchester, and Boston extension, 
pin type supporting insulators were necessarily used on 
account of the height of the existing structures that 


`. 


Fig. 14—TANGENT SINGLE CATENARY CONSTRUCTION ON 
DANBURY BRANCH. INSTALLED 1925 


were used. No wind bracing has as yet been found 
necessary on this line, as it is somewhat shielded. 


Part II. Catenary Construction on Curves 
A. TANGENT-CHORD CONSTRUCTION 


Tangent construction, suitably deflected, may be 
carried around any curve in-a series of chords, with 
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Fic. 15—Maximum Span LENGTHS—TANGENT-CuHuorp CoN- 
STRUCTION ON CIRCULAR CURVES 


spans equal to the chords, or equal to the sum of 
several chords, using intermediate pull-off poles. Poles 
are preferably located on the outside of the curves. 


The length of these chords will depend upon the 
degree of curvature and the maximum allowable depart- 
ure (q) of the contact wire from the centerline of the 
pantograph collector. With a pantograph similar to 
that used on the New Haven equipment, the maximum 
allowable departure for design purposes is nine in. either 
side of the centerline. This means that a chord making 
a middle ordinate of 18 in. on any curve, is the maximum 
length of tangent catenary which can be used on that 
curve. Fig. 15 shows in graphic form the maximum 
chord length for tangent-chord construction, together 
with maximum span length for no intermediate pull- 
off poles, and for one intermediate pull-off pole, for a 
maximum middle ordinate of 1.5 ft., for various degrees 
of curvature. The contact wire is not, strictly speaking, 
a chord, but a secant to the curve, parallel to, and of 
the same length as, the chord, and distant from it an 


iN FEET. 


MIDDLE ORDINATE 


CURVATURE 


Fig. 16—MIpDLE ORDINATE CHART—FOR VARIOUS SPANS AND 
DEGREES OF TRACK CURVATURE 


amount equal to half the middle ordinate, or nine 
in., (q). An interesting relationship, which is of value, 
is that this secant crosses the curve at points which are 
approximately 15 per cent of the chord length distant 
from the pull-off points, for all curves used in railroad 
work. 


The middle ordinate, M O, for any curve and chord is 
found from the expression 
A 2 
MO=R-yR-(4) (10) 
where R is the radius of the curve, and I is the chord 
length. 
A convenient graphical representation is shown in 
Fig. 16. On curves and spans usually encountered in 


railroad work, the following parabolic expression may 
be substituted for (10): 
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(11) 


which is more convenient, and accurate to within 0.5 
per cent. 


Since 5730 ft. 


ne aa (approximately) (12) 
where D is the curvature in degrees, this may be 
written 

M O = 0.0000218 I? D 
for all ordinary spans and curves. 

In going from tangent to a curve, it is obvious that 
the limit to which the tangent can be extended beyond 
the point of curvature before a deflection becomes 
necessary, is where the “tangent offset” to the curve is 
equal to the allowable departure (q) from the centerline 


(13) 


LENGTH TANGENT EXTENSION - FEET. 


9° 10° H° 12° 13° 14° 18° 16 
TRACK CURVATURE. 
Fic. 17—Maxi1MUuM TANGENT-EXTENSION FOR TANGENT-CHORD 
CONSTRUCTION FOR Various DEGREES OF CURVATURE 


of the pantograph. In other words, the distance from 
the point of curvature to the first pull-off must not 
be greater than one-half of the chord whose M O is 
equal to q. 

Fig. 17 shows this relationship, and gives a curve of 
“maximum tangent extensions” for various degrees of 
curvature, for g equal to 9 in. 


On symmetrical reverse curves (having no tangent 
between) as on cross-overs and turnouts, or where 
main track is sometimes deflected for ‘island’ station 
platforms, the wire must obviously be over the point 
of reverse curvature and should be secant to both 
curves so that all four maximum departures from the 
curves are equal; see Fig. 18. 

It may be shown that the wire will cross the curve at 
points which are approximately 1/12 of the span length 
from the ends of the span, under these conditions. 
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Fig. 18 also gives the maximum span which can be used 
on various degrees of reverse curvature, when q is equal 
to 9 in. 

On tangent-chord construction, the contact wire will 
be offset from the pantograph centerline towards the 
outside of the curve an amount equal tog. The track, 
however, has the outside rail elevated above the level 
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of the inside rail, which will tilt the centerline of the 
locomotive and pantograph towards the inside of the 
curve an amount proportional to the super-elevation of 
the outer rail and the contact wire height. 

Fig. 19 shows the offset z of the pantograph centerline 
from the track centerline, due to rail super-elevation, for 
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various values of trolley height and super-elevation. 

It is apparent that the true offset 0 of the insulator 
(and wire) from the track centerline, which is the base 
line for all construction measurements, will be 

O=q-z (14) 
When O is positive, the wire is located outside the 
track centerline curve. 
When O is negative, the wire is located inside the track 
centerline curve. 

Fig. 20 shows diagrammatically this relationship, 
and a typical design of tangent-chord bracket con- 
struction on curves. 

If no intermediate pull-off poles are used, the hori- 


TANGENT-CHORO CONSTRUCTION. 


O#q-z 
VeCtvi+ra, +1 
Fig. 20—ILLUsTRATING BRACKET-ARM AND INSULATOR OFFSET 
ON TANGENT-CHORD CONSTRUCTION 


zontal forces on the catenary supports due to the deflec- 
tion of the messenger and the contact wires will be: 
For the messenger, 


Pie iš 
M = R (15) 


For the trolley, or auxiliary and contact, 


Pea 16 
T — R ( ) 
where P- is the “curve-pull” in pounds and T is the sum 
of the tensions in the auxiliary and the contact wires. 
The total curve pull on the structure will be 
I(T + M) 


parcer ~ (17) 


in addition to wind loads. If intermediate pull-offs 


are used, } will be reduced to an amount equal to the | 
chord length. 

Tangent-chord construction has certain distinct 
advantages. The design details are the same on curves 
as on tangents, and the alinement of the wire is practi- 
cally fixed, so far as temperature changes and wind | 
loads are concerned. This type of construction is 
recommended for track alinements having a small ¢ 


on E1gHt-Dea. REVERSE CURVE aT STATION APPROACH, N. Y.B. 
& W. Ry. 1925 


proportion of curvature, or where the curves are short, 
and heavy; or where, as in yard or siding work, many 
switches and turnouts are encountered. This type of 
construction was used on the short curves at the station 
approaches on the New York, Westchester, and Boston 
extension, of which Fig. 21 is an illustration. 


B. INCLINED CATENARY CONSTRUCTION 


A study of the curve shown in Fig. 15 shows that 


Fig. 21—TAanGENT-CHORD SINGLE CATENARY CONSTRUCTION 
| 
the pole spacing with tangent-chord construction de- | 


Fig. 22—TuHE ORIGINAL “INCLINED CATENARY” INSTALLAS | 
TION. EXPERIMENTAL COMPOUND CATENARY CONSTRUCTION 
AT GLENBROOK, 1909 


creases very rapidly for curves up to about five deg., and 
at a slower rate for curves above five deg. This means | 
more supports, each with double the usual number of | 
insulators required for tangent construction, on account 
of the pulloffs; which of course increase the cost. 

In 1909, the New Haven engineers developed the s0- 
called “curved catenary,” or what is more commonly - 
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now called “inclined catenary’’ (on account of the 
position assumed by the hangers) with the idea of elimi- 
nating to a large extent the necessity of pull-offs, and 
also increasing the span length, on curves of moderate 
degree of curvature. 

The original installation was an experimental stretch 
of four-track construction one mile in length at the 
easterly end of the original double catenary construc- 


e 
Fic. 23—Compounp CATENARY CONSTRUCTION INSTALLED 
IN 1913 BETWEEN STAMFORD AND New HAvEN, SHOWING 
INCLINED CATENARY ON Two-DEaG. CURVE 


tion, near Glenbrook, Conn.; see Fig. 22. This was 
compound catenary, with 300-ft. spans on both tangent 
and two-deg. curve. The live single catenary con- 
sisting of a 5-in. steel strand with a 4/0 copper auxil- 
iary and 4/0 contact wire was supported from two 
main messengers, not alive, every 100 ft. Over the 
curved track, the contact wire followed the track aline- 
ment very closely, and the hangers were inclined at an 
angle which was the resultant of the weight of the trolley 
wires and the curve-pull reaction between these wires 
and the messenger. 

This type of construction seemed to present such 
distinct advantages over the double catenary, that it 
was adopted, in a form modified as to supporting 
structures and main messenger construction, for the 
electrification of the six-track Harlem River Branch, 
and the four-track New York, Westchester, and Boston, 
in 1911, and for the four-track extension to New Haven 
in 1913, which is shown in Fig. 23. The design of this 
type of construction has been very completely de- 
scribed by Mr. Sidney Withington, in the Journal of the 
Franklin Institute, December, 1914, Vol. CLXXVIII, 
No. 6. 


On this type of compound catenary, the live catenary 
spans were fairly short, being but 150 ft. for the maxi- 
mum condition. The calculation involving the inclined 
rods on curves was therefore comparatively simple, 
as the errors made in assuming the hangers had the 
same inclination throughout the span, were very small. 
These calculations were based on the theory that the 
contact wire had a parabolic shape, with the horizontal 
“sag” equal in value to the middle ordinate of the 
circular curve of the track for that span. The hori- 
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zontal force or “‘curve-pull’”’ was assumed to be uniform 
for each hanger rod. Both of these assumptions are 
fallacious, but do not introduce appreciable errors until 
it is attempted to apply this method of design to single 
catenary having much longer spans, and on sharper 
curves. 

The following solution of this problem is not new; 
some of it is not original; but it has not, to the writer’s 
knowledge, been set forth heretofore in a form which is 
available for engineers who may be interested in the 
general problem of catenary design. | 

The fundamental characteristics of the inclined cate- 
nary may be summarized as follows: 

1. The projection of this type of construction on a 
vertical plane passing through the points of support 
is the same as for standard tangent construction, and 
the contact wire is a horizontal straight line. 

2. When projected on a horizontal plane, the con- 
tact wire, instead of being a straight line as in tangent- 
chord construction, is a curve which is intended to 
approximate the track alinement curve. The messen- 
ger also appears as a curve, similar to, but not neces- 
sarily of same degree as, the shape of the contact wire, 
and curved in the opposite direction; see Fig. 24. 

The problem is to combine these characteristics and 
to find the length of any hanger under various conditions 
of span length and track curvature. Before under- 
taking the solution, the factors entering into the prob- 
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SECTION A-A. 


Fia. 24—INcLINED CATENARY. GENERAL CHARACTERISTICS 


lem must be resolved into their simplest forms. It is 
apparent that two opposing systems in static equilib- 
rium are being dealt with and that some of the factors 
involved are the weights and tensions in each system. 
Therefore if either or both of the systems be composed 
of more than one element, the elements must be com- 
bined and replaced, for calculation purposes at least, by 
a single element whose tension and weight has the same 
effect on each system as the elements thus replaced. 

The design used on the Danbury Branch, described 
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in Part I, will be used to illustrate the theory through- 
out this discussion, although the general theory will 
apply to any other design. In the solution of this 
particular design, the two 4/0 wires must be replaced 
by a single element having a tension equal to the sum 
of the normal tensions in these two wires. Their 
weight must also be combined, and with it should be 
included the weight of the hardware used on the lower 
end of the rods, together with one-half of the weight 
of the rods themselves. This may be designated the 


Fig. 25—ILLUSTRATING RELATION OF DISPLACEMENT TO 
STRESSES IN A SIMPLE SYMMETRICAL SYSTEM 


“trolley system.” To the messenger must be added the 
weight of the hardware on the upper end of the rods, 
as well as the other half of the weights of the rods. 
This is the ‘‘messenger system.” 

The combined characteristics then are, for normal 
conditions: 


Tension Unit weight 
Messenger Svstem.......... 38900 Lb. 0.732 Lh. (Min.) 
Trolley System... 0.0.2... 3415 Lb. 1.336 Lb. (Min.) 


Since, in this type of construction, the rods may be- 


Fic. 26—ILLUSTRAIING RELATION OF DISPLACEMENT TO 
STRESSES IN A SIMPLE ASYMMETRICAL SYSTEM 


come quite long, it will make for closer accuracy to 
assume that the unit weight of each system is to be 
compensated for the increase in hanger weight from the 
center to the ends of the span. Therefore, the weights 
given above are based on short hanger lengths at the 
center of the span. 

Relation Between Messenger and Trolley Curve. In 
Fig. 25, let W be a weight suspended from a flexible 
weightless strand at a point midway between two 
fixed supports which are on the same level, and at a 
distance 2 s from each other. 
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Let d be the deflection or sag in the strand; 

Let T be the horizontal component of the tension in tne 
strand. 
Then, by construction, 


Paes: 
- 8 e 2 e 
or 
ey E 
2; T 


This relationship holds true even if the points of sus- 
pension are not on the same level, provided s and T are 
always taken horizontal (or perpendicular to W) and 
parallel, as may be seen from a study of Fig. 26, since. 
by construction, 


2d:W::8:T 
or 


2 T | 


It is apparent that the above relationship will als: 


M 


Fig. 27—Two SIMPLE COMBINED OPPosING SysTEMS. Iii | 
TRATING RELATION OF DISPLACEMENTS TO TENSIONS | 


apply to forces acting in a horizontal plane, where the 
weight W is replaced by a horizontal pull P; and the 


‘strand will indeed be ‘‘weightless’’ under these 
conditions. 
The above expression will then become 
ee eee ae 
7 2 T À 


In a horizontal system just described, the pull P 
may be produced by a connection to another similar 
system having the same distance (2s) between its 
supports and an equal but opposite force P. The 
tension in the strands of each system may be the same. 
or they may be different, in which case the deflections 
will be different; for, in Fig. 27, let system 1 havea 
horizontal tension T in its strand, with a deflection dr 
due to the pull P. 

From (18): 
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Let System 2 have a horizontal tension M in its 


to the system axis, as shown in Fig. 29. A symmetrical 
strand, with a deflection du due to the same pull P. 


system may be tangent to the other symmetrical 


Then 

ee 

“ 2M 
and 

2Td: = P8=2M du 

whence 

w T 7 

d 7 M (2) 


If, in Fig. 27, the distance between the systems at the 
tie through which P acts, is k, this length may be 
divided into two parts, t and m 


h=t+m (20) 
such that 
PE E BINE E 
m:t::d{:dr or I~ 
Substituting in (19), 
m T 21 
{o SM (21) 
r 
M har Ry ne hin hon 
Fig. 28—Murvuat REFLECTION OF SHAPE IN Two OPPOSING 
SYSTEMS 
then 
T 
m=t M 
Substituting in (20), 
h (1 <) 22 
=t(1+ >) (22) 


If the two systems are balanced against each other by 
ties at regular intervals (s), it is apparent from the 
foregoing that the deflection in either system due to the 
pull at any tie, referred to its two adjacent tie points, 
will have the definite relationship expressed by (19), 
and that any tie can be divided into two parts which 
will have the relationship expressed by (21). It follows 
that a line drawn through each of these division points 
on every tie is a straight line perpendicular to each tie, 
since by construction the ties are all parallel. This 
line may be called the system axis. 


The ties may be such that each system has an ir- 
regular shape as in Fig. 28, in which case some ties may 
have no tension (as h,, in the figure), or some may have 
compression (as h,, in the figure); or the ties may be so 
designed that the systems have a symmetrical shape 
about an axis through the shortest tie, perpendicular 


system at the shortest tie, when this is equal to zero, 
or the two systems may even be crossed and reversed, 
as shown in Fig. 30. 


In each and every case, the following relations obtain: 
h =t+ for any tie. 


H = H: + Hu 
m du T Aw 
t ` d M H 


Fig. 29—INcLINED CATENARY CONSTRUCTION 


Two combined opposing systems with symmetrical horizontal displaces 
ments about axis through shortest tie. (The U-shape.) 


the shape of the trolley system, referred to the system 
axis, will be a reflection of the shape of the messenger 
system, and vice versa; differing only in degree, which 
degree is expressed by the inverse ratio of their respec- 
tive tensions. 


It is apparent from an inspection of the two symmetri- 


Fig. 30—INCLINED CaAaTENARY CONSTRUCTION 


Two combined opposing systems which are crossed and reversed, having 
similar horizontal displacements about axis through shortest tie. (The 
S-shape.) 


cal curves shown in Figs. 29 and 30, that they are both 
some function of the span length. If the system axis 
is represented by the X axis, and the perpendicular 
axis through the shortest tie is represented by the Y 
axis, then either of these curves may be expressed 


y =f (zx) 

Before these symmetrical shapes can be applied to 
the track curve, something of their nature must be 
known to determine their adaptibility and their limita- 
tions. One method of doing this would be to plot their 
shapes, as determined by use of their correct constants, 
for comparison with the shape of the track curve. 
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Track curves are, in general, circular, but the equa- 
tion of the circle, and especially that of circular middle 
ordinates, (10), is rather unwieldly. If it can be as- 
sumed that the track curve is a parabola, the parabolic 
expression (11) for the middle ordinate is much more 
conveniently handled. The middle ordinate of a 300- 
ft. span on a four-deg. curve when calculated by (10) 
is 7.80 ft. and when calculated by (11) is 7.85 ft. The 
difference or error is only five parts in 780, or 0.64 per 
cent. As this is an extreme case, it is apparent that for 
the spans and curves involved, it is well within the 
allowable limits to assume that the track curve is a 
parabola instead of a circle. 

The general expression for the parabola is 

ay=br +c 
This may also be written 
y=A(bze?+c) or y=Af (zx) (23) 
where (bx? + ¢) is a function of x which determines 
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y = &(bx*ec) 


Fig. 31—I.LLustraTING THE USE OF THE “MULTIPLIER” (A) 
ON THE ‘‘SHAPE FACTOR” (bzr? + c) 


the shape about the Y axis and A is a factor which 
determines the magnitude of the ordinates from the 
X axis. The function of z, (b x? + c), may be called the 
“shape factor’ and the factor A may be called the 
*“‘multiplier.”’ 

As an illustration of their use, in Fig. 31, the parabola 
ay = bx? + cis shown (plotted for certain values of b 
and c) for A equal to 1, 2, !», and — 215. 

The shape in each case is the same, (parabola), 
and each curve has the same constants for b and c for 
a given value of x; but the curve where A = 2 has 
ordinates twice those of the curve A = 1, and simi- 
larly the latter curve has ordinates twice the value of 
those of the curve A = 12. The ordinates of the curve 
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= — 14 are equal to those of the curve A = !5, but 
are on the opposite side of the X axis. If the ordinates 
of the two last mentioned curves are combined, and 
added geometrically, their result will be a new curve 
having the same “shape factor,” but a new value of A, 
in this case, equal to 1. 

Curve A = 1 has the following value of f (x) for 
different values of x 


+2 J (x) 
0 1.0 
10 1.2 
20 1.8 
30 2.8 
40 4.2 
50 6.0 

etc. etc 


Each of these ordinates, multiplied by any value of 
the ‘‘multiplier” A, will always give a curve having 
the same “shape factor” f (x). 

In Fig. 29, which is that of two symmetrically 
opposed horizontal systems, let the curve of the trollev 
system be 

y = AF (x) and let F (x) = U 

The Y axis corresponds to the axis of horizontal 
displacements, H. 

Whence 

H: = Å: U for the trolley 
and 
Hu = Aun U for the messenger 
Then the distance between the trolley and the 
messenger is 
H = AU (24. 
where 
A=Ar1+Am 
and the multiplier A and the shape factor U are to be 
determined. 

Similarly, in Fig. 30, which is also that of two sym- 
metrically opposed systems, but which are crossed and 
reversed, let the curve of the trolley be 

y = B: F’ (x) and let F’ (x) = S 

Then, as above, 


H: = B:S for the trolley 
and 

Hu = Bu S for the messenger 
and the distance between the trolley and the messenger 
1s 

H=B8BS (25) 
where 
B = B: + Bx 


and the multiplier B and the shape factor S are to be 
determined. 
In the symmetrical system shown in Fig. 29, 
Hr =H. = AU 


iy Ne 

‘Sune 1927 
as 
a: 


oe 


Also in the Symmetrical system shown in Fig. 30, 
Hk =- H. = BS 


`~ If the constants and variables, such as messenger 
` “and trolley tensions, weights, and materials which 
‘determine the system shape in Fig. 29 are the same for 
, Fig. 30, and if He (Fig. 30) is equal to He (Fig. 29) 
“for the same value of x, then, if the two shapes are added 


_, FıG. 32—THE COMBINED U AND S SHAPE, OR TRANSITION CURVE 


- together algebraically, a new shape similar to that 

` shown in Fig. 32 is obtained, which is, as before, similar 

* about the system axis, but which is no longer sym- 
metrical about the H axis. The expression for this new 
shape is 


a) 
Sp eae 


H=AU4+BS (26) 
-Itis clear that the shapes U and S may be combined 
“““ with each other in any degree. If the factor B is zero, 
“ the shape S is not present; and the system has the shape 
shown in Fig. 29, which is for a symmetrical continuous 
curve. When A is zero, the shape U is not present, 


Fic. 33—INcLINED CATENARY WITH ASYMMETRICAL HORIZONTAL 
DISPLACEMENTS ABoUT Low POINT 


and the system has the symmetrical shape shown in 
Fig. 30, which is a reverse curve. When A and B are 
- present to an equal degree, the system has the shape 
shown in Fig. 32, which is a transition curve of some 
kind. 

Conversely, it is also clear that any continuous curve, 
‘as in Fig. 33, which is not symmetrical with respect to 
the H axis, that is, where the distance between the trol- 
ley and the messenger is not the same, for the same 
distance each side of the H axis (Hx 2 H.) such a shape 
partakes of both shapes U and S. 


4 
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The expression (26) may therefore be said to be the 
general expression for any combined horizontal system. 

If U and S can be determined for a given system 
whose variables are known, the shape of any span on 
that system may be determined by the expression 
(26), by determining the values of their multipliers, 
A and B. 

The Determination of the U Shape. Fig. 34 is that of a 
funicular polygon, whose shape is assumed to be sym- 
metrical about its normal axis H. The forces Peo, 
P,, P_1, Pa, P-2, Ps, P-3, etc., are assumed to be acting 
on a system whose horizontal component of tension 
(parallel to the horizontal axis X) is T; and these forces 
are assumed to occur at equal intervals (s) along the 
X axis, and are all normal to that axis. P, = P_»„ 
P, = P», P, = P_s;, etc., and Po, P,, Po, Ps, etc., may 
be equal, or may progressively increase or decrease. 


.—X 


g 


P 
S 


Fic. 34—Tue Forces anp DISPLACEMENTS IN A REGULAR 
SYMMETRICAL FUNICULAR POLYGON 


The system will be deflected, due to these forces, at 
points 0, 1, 2, 3, 4, etec., and the angles made between 
the sides of the polygon, and parallels to the X axis, 
are @,, 02, 03, 6,,and 0; respectively. For convenience, 
the stress diagram is shown below in the figure. 

Let to be the distance from the polygon to the X 
axis at its nearest point (0); let 6,, 52, 53, 54, ete., be the 
departure measured normal to the X axis, due to 
6,1, 02, 03, 64, etc.; and let dı, dz, dz, dy, etc., be the de- 
partures from a line drawn parallel to the X axis through 
the nearest point, 0. 


Then 
0 is KAN Po E h di 
tan 6, = s OFT (in the stress diagram) 
and 
pe ee 
ô= PE 
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Track curves are, in general, circular, but the equa- 
tion of the circle, and especially that of circular middle 
ordinates, (10), is rather unwieldly. If it can be as- 
sumed that the track curve is a parabola, the parabolic 
expression (11) for the middle ordinate is much more 
conveniently handled. The middle ordinate of a 300- 
ft. span on a four-deg. curve when calculated by (10) 
is 7.80 ft. and when calculated by (11) is 7.85 ft. The 
difference or error is only five parts in 780, or 0.64 per 
cent. As this is an extreme case, it is apparent that for 
the spans and curves involved, it is well within the 
allowable limits to assume that the track curve is a 
parabola instead of a circle. 

The general expression for the parabola is 

ay=b2 +c 
This may also be written 
y =A(br +c) or y=Af (x) (23) 
where (bx? + c) is a function of x which determines 


ATST eke] T Tae] 
ARENSE ret ee 
pole le edo a, ai sles 
2a) Ree Sees Aes 
bE ET alae 
CAC 
SAVE teeth ee ee 


y = A(bx*ec) 


Fig. 31—ILLUStTRATING THE USE OF THE “MULTIPLIER” (A) 
ON THE “‘SHAPE FACTOR” (bz? +c) 


the shape about the Y axis and A is a factor which 
determines the magnitude of the ordinates from the 
X axis. The function of zx, (b x? + c), may be called the 
“shape factor” and the factor A may be called the 
“multiplier.” 

As an illustration of their use, in Fig. 31, the parabola 
ay = bx? + cis shown (plotted for certain values of b 
and c) for A equal to 1, 2, !», and — } 4. 

The shape in each case is the same, (parabola), 
and each curve has the same constants for b and c for 
a given value of x; but the curve where A = 2 has 
ordinates twice those of the curve A = 1, and simi- 
larly the latter curve has ordinates twice the value of 
those of the curve A = |». The ordinates of the curve 
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= — 4 are equal to those of the curve A = 15, but 
are on the opposite side of the X axis. If the ordinates 
of the two last mentioned curves are combined, and 
added geometrically, their result will be a new curve 
having the same “shape factor,” but a new value of A, 
in this case, equal to 1. 

Curve A = 1 has the following value of f (x) for 
different values of x 


+r Í (x) 

0 1.0 
10 1.2 
20 1.8 
80 2.8 
40 4.2 
50 6.0 
etc. etc 


Each of these ordinates, multiplied by any value of 
the “multiplier” A, will always give a curve having 
the same “‘shape factor” f (x). 

In Fig. 29, which is that of two symmetrically 
opposed horizontal systems, let the curve of the trolley 
system be 

y = ArF (x) and let F (x) = U 

The Y axis corresponds to the axis of horizontal 
displacements, H. 

Whence 

Hr = Å: U for the trolley 
and 
Hu = An U for the messenger 
Then the distance between the trolley and the 
messenger is 
H=AU (24) 
where 
A = Ar + Am 
and the multiplier A and the shape factor U are to be 
determined. 

Similarly, in Fig. 30, which is also that of two sym- 
metrically opposed systems, but which are crossed and 
reversed, let the curve of the trolley be 

y = Bı F' (x) and let F’ (x) = S 

Then, as above, 

H: = B:S for the trolley 
and 

Hu = Bu S for the messenger 
and the distance between the trolley and the messenger 
is 

H=8BS (25) 
where 
B = B: + Bs 

and the multiplier B and the shape factor S are to be 
determined. 

In the symmetrical system shown in Fig. 29, 


HR: = H.= AU 
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ae 


Also in the Symmetrical system shown in Fig. 30, . 
a Hr: =- H. = BS 

~- If the constants and variables, such as messenger 
and trolley tensions, weights, and materials which 
 Jetermine the system shape in Fig. 29 are the same for 
_ Fig. 30, and if He (Fig. 30) is equal to H: (Fig. 29) 
` for the same value of x, then, if the two shapes are added 


: 


‘ 
a - 


i 


Ha 


Fic. 32—Tue ComBINED U AND S SHAPE, OR TRANSITION CURVE 


_. together algebraically, a new shape similar to that 
` shown in Fig. 32 is obtained, which is, as before, similar 
` about the system axis, but which is no longer sym- 
metrical about the H axis. The expression for this new 
shape is 
T H=AU+BS (26) 
-Itis clear that the shapes U and S may be combined 
*~ with each other in any degree. If the factor B is zero, 
© the shape S is not present; and the system has the shape 
shown in Fig. 29, which is for a symmetrical continuous 
curve. When A is zero, the shape U is not present, 


‘ Fig. 33—IĪNCLINED CATENARY WITH ASYMMETRICAL HORIZONTAL 
DISPLACEMENTS ABOUT Low POINT 


and the system has the symmetrical shape shown in 
-= Fig. 30, which is a reverse curve. When A and B are 
, present to an equal degree, the system has the shape 
shown in Fig. 32, which is a transition curve of some 
kind. 
Conversely, it is also clear that any continuous curve, 
‘as in Fig. 33, which is not symmetrical with respect to 
4 the H axis, that is, where the distance between the trol- 
- ley and the messenger is not the same, for the same 
. distance each side of the H axis (Hx 2 H.) such a shape 
partakes of both shapes U and S. | 


The expression (26) may therefore be said to be the 
general expression for any combined horizontal system. 

If U and S can be determined for a given system 
whose variables are known, the shape of any span on 
that system may be determined by the expression 
(26), by determining the values of their multipliers, 
A and B. 

The Determination of the U Shape. Fig. 34 is that of a 
funicular polygon, whose shape is assumed to be sym- 
metrical about its normal axis H. The forces Po, 
P,, Pi, Pa, P_2, Ps, P-3, etc., are assumed to be acting 


2Hr on a system whose horizontal component of tension 


(parallel to the horizontal axis X) is T; and these forces 
are assumed to occur at equal intervals (s) along the 
X axis, and are all normal to that axis. P, = P, 
P, = Ps, P, = Py, etc., and Po, P., P:, P, etc., may 
be equal, or may progressively increase or decrease. 


=X 


Fig. 34—TarE Forces AND DISPLACEMENTS IN A REGULAR 
SYMMETRICAL FUNICULAR POLYGON 


The system will be deflected, due to these forces, at 
points 0, 1, 2, 3, 4, etc., and the angles made between 
the sides of the polygon, and parallels to the X axis, 
are @,, 02, 03, 0 and @, respectively. For convenience, 
the stress diagram is shown below in the figure. 

Let to be the distance from the polygon to the X 
axis at its nearest point (0); let 6,, 52, 53, 54, etc., be the 
departure measured normal to the X axis, due to 
61, 02, 63, 64, etc.; and let di, dz, ds, dy, etc., be the de- 
partures from a line drawn parallel to the X axis through 
the nearest point, 0. 


Then 
Ô: Py . 
tan 0, = > OT (in the stress diagram) 
and 
; 8 Po 
ôi = F 2 
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Similarly, 
P, 
Ô. 2 + P, 
tan 0. = TT = 
8 T 
and 
s P 
= (z tP) 


and in like manner, 


S P 
b = p (+r t P) 


° +P.) 


(27) 


P, 
~> tPitP2t+ Psat... 


S 
Sap es 


where & P, is the sum of all the forces, or pulls, 
acting on the system between the center and up to and 
including the point n — 1. 

In like manner, for d 


d, = 6, = 
dı = di + ô: = ô, + 6, 


d; = d: + 6; = 6,+ 62+ 6; 


d, = d; + ô, = ô; + 6.+ 63 + 6, == 


da = dn-1 + Ôn = Ô +02: HÔ +H... Hôn 


where Q,, is the expression in the parenthesis. 
The distance, or ordinate, of any point on the polygon 
from the X axis is 


ln = d, + ty (29) 


The forces and the figure just discussed must now be 
combined with the shape and the forces of the tangent 
catenary. 

For calculation purposes, each hanger is reduced to 
the elementary form shown in Fig. 35. 

In this figure, 

v, is the projection of any rod 7, on a vertical plane 
(calculated from expression (4) ), 
h, is the projection of that rod on a horizontal plane, 


s 
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P,, is the horizontal pull, or displacing force, acting on 
the lower end of the rod r,, 
W is the weight, or restoring force acting on the lower 
end of the rod, 
t,and m, are the distances from the trolley and tke 
messenger, respectively, to the system axis, | 
r, is the theoretical length of the rod, and is the 
geometrical sum of v, and h,. 
The inclination of the rod will be in the line of the 
resultant of P, and W,,. 
Then 
Po hes Wet ts 
and 


(30) 


Combining Figs. 34 and 35 gives Fig. 36, which is ar 
isometric view of one-half of a symmetrical span of 
inclined catenary on a continuous curve. 

The system axis divides the projection of each rod. 
h, into two parts, m and t, such that 


tM 
m T 
(2) 
2 
e P,) 
2 + 1 
= 
2 +2P,+Pr) 
4 Po 
n Po 
( 2 + (n— 1) P, + (n— 2) Pa + eae) 
(28) 


The known constants of the catenary used for illus- 
tration are: 


M = 3900 lb. 


T = 3415 lb. 
s = 10 ft. 
We, = 18.36 lb. 
Vo = ().448 ft. 


to is assumed to be unity. 
The derived constants are 


: 
| 
| 
| 
| 


S 
‘uo 0.876 and 7 = 0.00293 
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also W, 
ho = 1.876 (from (22) ) ns 28.1 
1 
W 
= = 29.8 whence P, = 55.9 (from (30) ) P, =569 (from (30) ) 
2 P, = 84.85 (from (27) ) 
Po 8 Q, =1128 (from (28) ) 
>> Po = 9 = 27.95 = Qo and T Qo = 0.0819 = dı d. = 0.331 (from (28) ) 
and 
ronnie) tə | = 1.331 from (30) which is the second 
point on the U curve. 

Sma ORE HeLa Sd M In this manner, the calculations may be continued 


THROUGH SYSTEM AXIS ` 


Vn 


Fic. 35—INcCLINED CATENARY CONSTRUCTION 


Elements of hanger rods, contact, and messenger 


TROLLEY AXIS 


Then, from (29), tı = 1.0819 which is the first point 


nae Fig. 36—INcLINED CATENARY CONSTRUCTION 
on the U curve. Continuing, 


The development of the U-shape for use on circular continuous curves. 


h, = 2.025 (from (22) ) (See Table 1) 
v, = 0.476 (from (4) ) 
W, = 18.37 until enough points are determined for the longest 


(Note: W will increase in accordance with a pre- span to be used, 16 or 17 being ample for the maximum 
vious rough calculation of the weights of rods on an condition. A convenient form for setting up the calcu- 
average curve (3 deg., using parabolic formula. The lations is shown in Table I. 


error made, leaving W constant, is very small.) The points may then be plotted, with reference to an 
TABLE I 
Po 

| Shape 3 +P +4 

, he S Factor T From W a 

| D T Q U tala +) Tan. See Note Ea h Pa+Pz+.. | Qn = 2 Pa 

fo + dn Constr. in Text. + Pn + Qn-ı 

| Ww 
n xr d t h v Ww j P > P Q 
0 0 0.00 1.00 1.876 0.448 13.36 29.8 55.9 27.95 28 
1 10 0.08 1.08 2.025 0.476 13.37 28.1 56.9 84.85 113 
2 20 0.33 1.33 2.495 0.562 13.41 23.9 59.6 144.5 257 
3 30 0.75 1.75 3.29 0.704 13.49 19.2 63.0 207.5 465 
4 40 1.36 2.36 4.43 0.903 13.58 15.1 66.7 274 739 
5 50 2.17 3.17 5.94. 1.16 13.71 11.8 70.2 344 | 1083 
6 60 3.18 4.18 7.83 1.472 13.88 9.44 73.9 418 1502 
7 70 4.40 5.40 10.13 1.842 14.06 7.63 77.8 496 1998 
8 SO 5.85 6.85 12.84 2.27 14.28 6.3 80.9 477 2575 
9 90 T.54 8.54 16.00 2.75 14.54 5.29 84.6 662 3236 
10 100 9.46 10.46 19.6 3.29 14.80 4.5 88.2 750 3986 
11 110 11.67 12.67 23.8 3.89 15.11 3.9 92.6 842 4828 
12 120 14.15 15.15 28.4 4.55 15.45 3.4 96.6 939 5767 
13 130 16.9 17.9 33.6 5.26 15.80 3.01 101. 1040 6807 
14 140 19.93 20.93 39.2 6.04 16.25 2.69 105.3 1145 7952 
15 150 23.3 24.3 45.6 6.87 16.75 2.44 111.2 1256 9208 
16 160 27.0 28.0 52.5 7.76 17.3 2.23 117 1373 10581 
17 170 31. 32. 60. 8.70 2.1 123 
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X and a U axis. 


It will be symmetrical about the U 
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A convenient value can, however, be assigned to the 


axis, and will always be positive, for any value, positive deflection at the next adjacent rod, with which assump- 


or negative, of x. 
The Determination of the S Shape. 


TROLLEY 


Fic. 37—INcLINED CATENARY CONSTRUCTION 


The method used for the U curve, the calculations may be made, point by 


The development of the S-shape for use on reverse curves and transitions. 


(See Table IT) 


for determining the S shape is practically identical 
with that used for determining the U shape, as outlined 
Fig. 37 shows an 
isometric diagram of half of a symmetrical span of 
It will be seen 
that the shortest rod in this diagram is not inclined; 
therefore ho = to + ma = 0, and no assumptions can , point, until the same number has been determined a: 


above, with one or two exceptions. 


inclined catenary on a reverse curve. 


be made as to their value, to start the calculations, as for the U curve. 


= f(x) 

ELIITTI TIT TIT DITTI I T I tlt tt pot 

AITITE TTE TTT in 

TITI TITTI T] R5] ITITI] TI IIE 

TY TT I/I[TI TIT Titi ti Elli] I)i] ili, del 
GREE SERRE 8 


PAT TT i te 

Bi thc eae BERR PERE eS is 
TIVITT TTT TTT TT Tree tt tt tt 48 
CT AT Ty eT eo TTT a) 
PTE TU TT TTT TTT TTT A 
TT IV TT it tT RREN: ER es 

| | A TERASE E BBR EES. 
SEaNSE RRS FIJI I 
Ao TTTS S LSA 
BEE UREEESRES ease any 
Ne ee Te eg le a 
eee URS ERESSE ESSERE 

ES hao eae Rees POSES EERE ESR S 
SSSRER CREE ERE CREE EERE Seeees 
BREESE RES RARE CAAA EeSSs 
SSR SER AERA ERE PERER ESAS ana 
TTT TT TPN TTT Ta TE ov A 
BRS e Be GRR CREE A SERS H 
GS SEREEESAUE SERRE HEBER ABE Sees 
AETA AHAHHH H Ae 
EB REREESREEXNUREEE RRRED’ ES keSSS 
Sees Sees. SES CSP 4 ERees TEREN 
Fess HAH SN 527 48 HHH 
SOUS EF PSRERERERE OZ ORE ERE RAZESE 
igo} tipo t t 9} tty Pee 100; ; | 1'90) 
SSTT TTA T Bee B 
HAHA A HHH 
TTA A LOREM T 
2 DSS Rey T TAT E 
TAAT T A 
HEST S SE 
TTT AO AA OG A aT a Aa 
T AA A aANT A a ELSA 
TOA a T a LL 
TTET ee a AA 
COATTA AAAA A 
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The ‘ Shape Factor” curves U and S plotted from Tables I and II fu 
9/16-in. catenary 


These are shown tabulated in Table 


in the case of the U curve. II. 
TABLE II 
Shape ; | 
le ne S ( T From w Po + Pi + | 
= a igh ie Tan See Note — h + P, + ú 
2 T Q 0 P 3 Q 
(d X const.) m Constr in Text. á : + Py Quat > Pa 
w 
n r S d(=f) h v w s P =P Q 
0 0 0.00 0.00 0.00 0.448 13.36 29.8 3.415¢ 3.415 | 3.419 
1 10 0.38 0.012 0.019 0.476 13.37 28.1 0.526 3.94 | 7.35 
2 20 0.82 0.022 0.040 0.562 13.41 23.9 0.965 4.90 12.25 
3 30 1.38 0.036 0.067 0.704 13.49 19.2 1.292 6.19 18.44 
4 40 2.08 0.054 0.101 0.903 13.58 15.05 1.526 7.72 26.16 
5 50 2.95 0.077 0.144 1.160 13.71 11.82 1.70 9.42 35.58 
6 60 4.00 0.104 0.195 1.472 13.88 9.44 1.844 11.26 46.84 
7 70 5.28 0.137 0.258 1.842 14.06 7.63 1.965 13.23 60.07 
8 80 6.77 0.176 0.331 2.268 14.28 6.3 2.085 15.31 75.38 
9 90 8.5 0.221 0.414 2.753 14.54 5.29 2.19 17.50 92.58 
10 100 10.46 0.272 0.51 3.293 14.80 4.5 2.30 19.80 112 68 
11 110 12.7 0.331 0.62 3.888 15.11 3.89 2.41 22.21 | 134.89 
12 120 15.2 0.395 0.741 4.548 15.45 3.4 2.52 24.73 |l 159.62 
13 130 18.0 0.468 0.876 5.258 15.8 3.01 2.64 27.37 | 186.99 
14 140 21.1 0.548 1.028 6.038 16.25 2.69 2.765 30.13 217.12 
15 150 24.45 0.636 1.193 6.868 16.75 2.44 2.915 33.05 930.17 
16 160 28 2 0.733 1.374 7.758 17.3 2.24 3.08 36.13 | 286.3 
17 170 32.25 0.839 1.572 2.09 3.29 39.42 325.7 
Nores: (a) Assumed, to start caleulations. 


(b) Calculating backwards from starting assumption. 


(©) Due to component of pull of other half of span. 


| 


tion, and the same constants used in the calculations | 
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On this curve, t, = d, and when calculated from the 
assumed value of d, their values may not be anything 
like the values of t in the U curve. When they are all 
determined, however, the value of d at any point 
(for example, at point x = 100) may be multiplied by a 
factor which will make it the same as the value of U 
for that point. Then if all the other values of d are 
multiplied by the same factor, the new curve will still 
have the S shape, but will be of a magnitude which 
can be conveniently compared with the U curve. 


Y 
| 
| 
| 
| 


PARABOL 
= g J. o 
oer S SHAPE 


PA f- TANGENT PARABOLA 


| (Nor To SCALE) 


| 
| 
| 


Fic. 39—INcLINED CATENARY 


Comparison of U and S shapes with parabola. (See Table IIT) 


The values of S are negative for negative values of z. 
Both curves are shown, plotted to scale for the deter- 
mination of intermediate values, in Fig. 38. 


COMPARISON OF THE U SHAPE AND THE S SHAPE WITH 
THE PARABOLA 


Having determined the ordinates of the shapes U 
and S, they may now be compared with each other and 
with the parabola, which is the assumed shape of the 
track curve on ordinary curves and span lengths. If, 
by a proper choice of multipliers, these three curves are 
plotted for a given span, so that the U curve and the 
parabola are tangent to each other at the f (x) or Y 
axis and all three curves have the same ordinate for 
x = 1/2, it will be seen that the U curve lies outside the 
parabola from the point of tangencv at the center until 
it crosses the parabola at the end of the span (x = 1/2), 
and is inside thereafter. 

The S curve passes through the origin, and, for posi- 
tive values, lies closely outside of the U curve, crossing 
it and the parabola at the end of the span, and remain- 
ing inside of both curves thereafter; see Fig. 39. The 
amount of departure from the parabolic shape may best 
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be seen from the tabulated values of the ordinates of the 
three curves, shown in Table III, calculated for equal 
values of all three curves for x = 100. 


The U Shape and the Parabola. It will be noted 
that the maximum difference between the U shape 
and the parabola occurs at about x = 60 and 
that this difference is 0.23 units. If the value of 
the ordinate at x = 100 represents feet, then the maxi- 
mum departure from the track shape is 0.23 ft., or less 
than three in. The curve having a middle ordinate of 
10.46 ft. for a 200-ft. span is approximately 12 deg., 
which is a very extreme curve for this span. A four- 
deg. curve having one-third this ordinate for the same 
span would therefore have a maximum variation of not 
more than one inch between the shape of the track and 
the U shape for any point between the center of the 
span and the support. 


For points outside the span (x > 1/2) this difference 
increases very rapidly; so that for this reason, if for 
no other, the ordinates calculated for a short span should 
not be extrapolated and used on a longer span without 
careful investigation of the departure from the track 
curve. 

It is clear, therefore, that the U curve (at least for 
the particular constants used for illustration) very 
closely approximates the assumed shape of the track 
curve, and presents no serious limitations on account of 
such departures as exist, at least for points within the 
span used for calculations. 


The S Shape and the Parabola. It is obvious 
that the S shape is only used alone on reverse 
curves. These are rarely circular, but spiral, 
so that no accurate comparisons can be made. In 
general, however, it may be seen from the tabulated 
values in Table III, that for points near the end of the 


TABLE III 


1 l 
Parabola | U Shape | S Shape | Tangent iZ U +%3S 
z f (2) F (x) F’ (x) Parabola 
0 1.00 1.00 0.00 0.00 0.50 
10 1.09 1.08 0.39 0.10 0.73 
20 1.38 1.33 0.82 0.42 1.08 
30 1.85 1.75 1.38 0.94 1.55 
40 2.51 2.36 2.08 1.67 2.22 
50 3.37 3.17 2.95 2.61 3.06 
60 4.41 4.18 4.00 3.76 4.09 
70 5.64 5.40 5.28 5.13 5.34 
80 7.05 6.85 6.77 6.69 6.81 
90 8.66 8.54 8.50 8.46 8.52 
100 10.46 10.46 10.46 | 10.46 10.46 
110 12.43 12.67 12.7 12.63 12.68 
120 14.61 15.15 15.2 15.05 15.17 
130 17.0 17.9 18.0 17.7 17.95 
140 19.53 20.9 21.1 20.5 21.0 
150 22.3 24.3 24.45 23.6 24.37 
160 25.6 28.0 28.2 21.2 28.1 


span, where the track begins to approach the parabolic 
or circular shape, the values are very nearly the same as 
for the U-shape. For comparison at the point of 
reverse curvature (the origin), it is necessary to shift 
the parabola tangent to the X axis. The values of the 
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ordinates to the tangent parabola are also given in 


Table III, and from them it is seen that the maximum 
departure is for approximately x = 30. Ona four-deg. 
curve, the indicated difference would be less than 
two inches. 

If both shapes are present in equal amount, making 
the transition shape referred to in Fig. 32, it will be 
seen in like manner from the tabulated values of the 
ordinates of U/2 + 8/2, also shown in Table III, 
that for the half of the span which lies on the curve, 
the variation from the tangent parabola is not more than 


Fic. 40—[LLUSTRATING THE CusP AT THE SUPPORT WHEN 
Contact WIRE HAS SAME MIDDLE ORDINATE AS TRACK CURVE, 
INCLINED CATENARY 


0.65, at approximately x = 20. Reduced to a four- 
deg. curve, this would not exceed three inches. 

This combination is where the greatest departure 
from the assumed track shape exists, and also the place 
where the greatest variation in track alinement may be 
expected, since most railroad curves are spiralled at the 
points of tangency and points of curvature. For these 
reasons ït is sometimes well to make a set of field mea- 
surements of actual track departures from the tangent, 
on such spans, for comparison with the trolley curve 
shape, when designed. 

The above differential values are, of course, true 
only for the catenary design used for illustration, but 
they may be taken as being representative; and in 
general, within the limits of reasonable application, 
these shapes do not, within the span, present serious 
limitations either used alone or in combination. 

The most important limitation due to the shape of 
both the U curve and the S curve, occurs at the point of 
support or end of the span, where on account of the 
progressive increase in the curve pull with the span 
length, all the curves are sharper than the track curve, 
and cross it at this point, as indicated in Fig. 39. On 
long spans and short radius curves this wi!l produce an 
irregularity, or cusp, between spans, as shown in an 
exaggerated manner in Fig. 40, which may spoil the 
appearance. Since this is due to the increase in curve 
pull, it is a function of the span length, and may be 
obviated by making the radius of the trolley curve at 
the point of support (or at the last hanger) equal to the 
radius of the track curve which is being fitted, instead 
of having the trolley curve tangent to and equal to the 
track curve at the center of the span. 

Theradius of thetrolley curve (R,„) at thesupport may 
be determined by using the unit curve-pull, p,, which is 
the value of P for any value of x in Table I or II, 
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divided by the hanger spacing s, and substituting in the 
expression, derived from (16), 


T 
Pn 


The radius of the track curve (#1) may be known, or 
may be found by substituting known values in the 
parabolic expression (11) for the middle ordinate 


R, = (31) 


R TE = = 32 
"" 8MO 8d Re 
where d is that of the U shape, taken from Table I. 
The ratio 
R, 
K = R. (33) 


will be constant for a given span length, and must enter 
into the calculation of the “multiplier” A in order to 
avoid the irregularity at the point of support. It 
represents the proportion of the track middle ordinate 
which must be taken to make the U shape have the 
same radius as the track, at the end of the span. This 
constant changes with the span length, and may be 
calculated from the U shape curve-pulls, and plotted 
for convenience, as shown in Fig. 41. 

In a similar manner, it may be shown by a compari- 
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Correction factors to be used with multipliers A and B of the shape 
factors U and S5. They are the ratio R n/ Rr 


son of the S shape with the “tangent parabola,” that 
these curves may be made parallel or tangent, of equal 
radius, at the point of support by using a similar con- 
stant J for a given span length, which is determined 
in a like manner from the curve-pulls calculated from 
Table IH. 

This constant 


(34: 
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is quite different from K because the rate of change of 
the curve-pull is different for the two shapes U and S. 
It changes as the span, and may be plotted with the 
corresponding values of K as shown in Fig. 41. 

The necessity for using these constants to improve 
the shape at the point of support in reality limits the 
length of span on a given curve, since it is apparent 
that the middle ordinate (dr) of the trolley curve should 
not be less than the track M O by an amount greater 
than the maximum allowable departure from the center- 
line of the pantograph. Allowing three in. either side 
for all other possible variations, the allowable departure 
due to this factor should not be greater than 12 in. 
total, or 6 in. either side of the pantograph centerline. 

Then 


MO-d: = 2q (35) 

The trolley curve will lie across the curve of the 
pantograph centerline as shown in Fig. 42. 

The Determination of the Multiplier A for the U shape. 
Assume the symmetrical construction shown in Fig. 29 
on a railroad curve of radius R, with a span length 1 
having the low point in the center of the span. H is 


PANTOGRAPH ¢ 


Fig. 42—INcCLINED CATENARY CONSTRUCTION 


Relative position of trolley curve and pantograph center-line when 
cusp at support is eliminated 


the horizontal distance between the trolley and the 
messenger at the point of support. By construction, 
the S shape is not involved, 
whence, 
H=AU 
but 
T 
H = d: + du + ho = ds ( 1 +) + ho from (19) 
Then 


AU =d:(14+—47) +h (36) 


On the U curve, the ratio of any ordinate h, to the 
shortest ordinate hy is 


h, 

hF U (37) 
or 

ha = ho U 
If 

h, = H 
then 

H = h U 

and 
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In other words, on symmetrical curves involving the 
U shape only, the multiplier A is in reality the hori- 
zontal length of the shortest hanger at the center of 
the span. 

Substituting (38) in (36), 


T 
hU =d (1+7 ) +h 


or 
T 
hy (U — 1) = ds (1 +=) 
and 
a:(1+37) 
j M 
' s (39) 


If dr, the middle ordinate of the trolley curve is the 
same value as M O, the middle ordinate of the track, 
then, using expression (11) for the M O, 


2 (1+ <) 
T 8R\ M?) 4, 
U— 1 


But it has previously been shown that a proportion 


(40) 


Rn — A 
r of M O (equal to K M O) must be used, instead, 


to prevent a cusp at the support. 
K P ( 


Then 
ped 
U-l 

The Determination of the Multiplier B for the S Shape. 
Assume the symmetrical construction shown in Fig. 
30 on a reverse track curve of radius R with a span 
length J, having the low point over the point of reverse 
curvature. dH is the horizontal distance between the 
trolley and the messenger at the point of support. By 
construction, the U shape is not involved. 

Therefore 


(41) 


H=BS 
but 


T 
H =dr+du=d:(14+ 57) 


and 


dhi) 
— 


If dz, the middle ordinate of the trolley curve, is 
regarded as part of a continuous curve having the same 
middle ordinate as the track curve, also regarded as 
continuous, 


B= 


1102 


then 


LE ees 
p 8R M/ 


S 
But it has previously been shown that to avoid the 


cusp at the support, a certain proportion J must be 
used instead, 


JP 


(1 +59) 


_8R 
S 


The Application of the U Shape to Standard Hangers. 
Having determined the shape U and the value of the 
multiplier A in terms of a given span and curve, the 
horizontal lengths of all the rods may now be calculated. 


whence 


B (42) 


INCLINED CATENARY 


43—HanceER LenGTH CHART. 
CONSTRUCTION 


For example, to calculate standard hangers for a 250-ft. 
span on a 2-deg. curve: 


K = 0.685, from Fig. 41, 
l = 250, 
R = 2865, T = 3415, M = 3900, 


U — 1 (for x = 125) = 15.5, from Fig. 38 or Table I, 
MO = 2.73, KMO =1.87 = dr, 

M O — d: = 0.86, which is within the allowable 
variation, 1 ft. 

Substituting the above values in (41), 

A = 0.236 

Multiplying each value of U in Table I by this value 
of A will give the horizontal length of the rods at the 
corresponding distance x from the low-point. The 
value of A U for x = 125 gives the horizontal separa- 
tion between trolley and messenger at the support. 
In this case, 
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H = 16.50 X 0.236 = 3.9 ft. 


The horizontal values of each rod thus determined 
may now be combined with their vertical projection, 
which is assumed to be the same as standard tangent 
rods. A chart similar to Fig. 43 saves a great deal of 
calculation, and gives at once the true length of the rod 
and its angle of inclination £ to the horizontal. 

If care has been taken in locating the supports so as 
to maintain ‘‘standard hangers” as outlined in Part I, 
at the same time maintaining as far as possible a fair 
degree of uniformity in the span lengths on curves of 
approximately the same radius, inclined hangers may 
be designed as outlined above for several different 
average degrees of curvature, using the maximum span 
for a given curve in each case. 

On the Danbury Branch, hangers were designed in 
this manner for 1-deg., 2-deg., 3-deg., and 4-deg. curves 
having spans of 250 fi., 200 ft., 180 ft., and 190 ft., 
respectively. These were approximations when applied 
to shorter spans, or to intermediate curves, but care was 
taken that allowable limits were not exceeded. A 
further approximation was made in the design of these 
hangers in that after calculating the various values of 


_ ho for the shortest rods at the centers of the spans on 


the various curves, an adjustment was made in these 


_ values such that al] the shortest rods had the same 


average length and the same average inclination. 


Fig. 44—INcLINED CaTENARY ON Four-DeEc. Curve, DANBURY 
Brancu, 1925 


The design of.a transition span was also included in 
this approximation, so that the resulting standard 
hangers could be used, within limits, for construction 
over most of the curves as well as the transitions. 
This did not make perfectly level wire, but the varia- 
tions were less than the allowed variation due to 
temperature changes, and by this method a large 
amount of calculation was done away with. On curves 
above four deg. up to six deg., four-deg. rods were used, 
and the trolley was deflected at the supports by pull- 
offs, somewhat as on tangent-chord construction. 
Fig. 44 shows the appearance of the completed con- 
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struction on curves where the rods fitted the track 
curve, and Fig. 45 illustrates the pulled-off construction 
on sharper curves. On one or two curves which were 
sharper than four deg., the rods were calculated to 
individually fit the track curve. 

Computation of Special Spans, Involving both Shape 
Factors. On transition curves, reverse curves, or 
where there is a large difference between the horizontal 
separations of messenger and trolley at each end of 
the span, the values of these offsets Hx and Hı are 
usually known. These values may be substituted in 
the general expressions 

H,=AU+BS at r = n; 

H,=AU+BS atr = — n 
using the values of U and S given for x = n, in the 
case of He and those given for x = — n: in the case of 
H,, and having proper regard for the signs of U and S. 
U is always positive for values of x either side of the 
low-point and S is positive for values of x to the right 
of the low-point, and. negative for values of x to the 
left of the low-point. 

The above equations may be solved simultaneously 
for A and B, and these, when determined with proper 
regard for the factors K and J and used with their 
respective shape factors, will give the horizontal length 
h, of any rod, which may be combined with v by use of 
chart shown in Fig. 43, or otherwise. 

All the above calculations are based on combining the 
horizontal lengths of the rods with “standard” tangent 
hanger values of v. If vertical lengths other than 
“standard” are used, the shape factors U and S cal- 


Fic. 45—INcLINED CATENARY ON Five-DEa. 
Branca, 1925 


Curve, DANBURY 


Showing four-deg. catenary pulled off at supports 


culated for standard hangers will not apply, but new 
values of the U shape and the S shape, based on the 
_ shortest “‘special’’ rod, must be calculated. This 
= greatly increases the amount of calculation work, and 
. for this reason, ‘‘special” hangers should be avoided on 
_ curve construction where possible. 

The above methods and calculations as set forth are 
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Somewhat complex, but once developed for a given 
design, they may be easily applied to the solution of 
any standard span. 

The Lamitation of Inclined Construction. Some of 
the limitations of the inclined construction have 
already been touched upon, the most important being 
the necessity of using a factor in the calculation of the 
“multipliers” to avoid the cusp in the shape of the 
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trolley wire at the point of support. The span limit 
is reached for a given curve, when the difference be- 
tween the track middle ordinate and the trolley middle 
ordinate is greater than 1.0 ft. 

Another important limitation is the maximum per- 
missible horizontal length of longest rod, or the offset 
at the support. Good practise indicates a limit for 
this of about six ft., except in special cases which cannot 
otherwise be avoided, to avoid construction which would 
extend over the adjacent parallel track which is usually 
a different electrical section. 


A third important limitation is that due to the in- 
clination of rods. When the angle of inclination to the 
horizontal is too small, the plane of the hanger rods 
approaches that of the pantograph, already inclined on 
curves on account of super-elevation of outer rail. Good 
practise indicates a limit to this inclination of ap- 
proximately a horizontal value of three to a vertical 
value of one, except in special cases. 


These limitations may be shown dahet for com- 
parison with the limitations of tangent-chord construc- 
tion, as shown in Fig. 46, where g is the span limitation 
due to the difference between track and trolley middle 
ordinates, H is the span limitation due to maximum 
allowable offset between trolley and messenger at the 
support, and 6 the span limitation due to hanger rod 
inclination. From this diagram it is seen that the 
practical application of the inclined catenary con- 
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struction is limited to curves up to about seven deg. 
Above this point, tangent-chord construction is 
preferable. 

Determination of Structure Heights. As in the case 
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of tangent-chord construction, the structure height is 
given by formula (6) 


V = C + Vo + dx + I 
If suspension insulators are used, and this type is 
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may assume an inclination which is the resultant of 
the weight supported and the curve-pull, W and P, 


| 
preferable on account of the horizontal stresses, ther 
If I, and Iu are the vertical and hori- 


respectively. 
zontal projections of the inclined insulator assembly, 


then 
Iy Wo yl yR E 
Ia P (T4) T+M `“ (1 
R 
In other words, the inclination is independent of the 
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CONTACT FOR INCLINED CATENARY AT SUPPORT, FOR VARIOUS 
SPANS AND CURVES 


spar length, and is the ratio of the unit weight of the 
catenary to the unit curve-pull; and since y, T, and M 
are constant, is directly proportional to the curvature. 
A set of curves giving the values of I,, In, and (J-J,) 
is very useful in determining structure heights and 
insulator offsets. J — JI, is useful to determine the 
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spacer length between the supporting structure and the 
top of the insulator when the same height structure is 
maintained with inclined construction as on tangent 
construction. Fig. 47 shows such curves. 
Determination of Insulator Attachment Offsets form 
Track Centerline. The super-elevation of the outer 
rail will cause an offset z of the pantograph centerline 
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Fig. 51—INcCLINED CATENARY 


Maximum departure of U-shape of contact wire from shape of track 
at center of span on circular curves for radius of contact wire equal to 
radius of track curve under support; for various spans and curves 


from the track centerline, as in tangent-chord construc- 
tion, towards the inside of the curve. A small amount, 
generally about three in., is also allowed for the yielding 
toward the outside of the curve of pantograph and 
locomotive springs, due to centrifugal action at running 
speeds. 

The messenger has a horizontal separation H from the 
trolley wire, toward the outside of the curve. 
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Fig. 52—Totaut OFFSET OF INSULATOR ATTACHMENT FOR 
INCLINED CATENARY CONSTRUCTION, FOR VARIOUS SPANS AND 
Curves UNDER NorMAL CONDITIONS 


The insulator, if inclined, will increase the offset to 
the outside of the curve by the value of Iu. 

If the curve of the wire is desired to follow the panto- 
graph centerline curve as shown in Fig. 42, an additional 
offset to the outside of the curve of the value of q must 
be made. 
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Adding all these elements, the total offset from the 

track centerline is 
O=lIun+H+q+38"-2 (44) 

diagrammatically shown in Fig. 48, which is typical of 
inclined catenary pole and bracket construction on 
curves. | 

It is very useful to have these various elements 
plotted for standard conditions on various curves. 
Fig. 49 shows values of z plotted for wire 22 ft. above 
rail, from known super-elevations for different degrees 
of curvature, and compensated for the allowance 
assumed for pantograph and spring yielding. 

Values of H for standard spans for various curves are 
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shown graphically in Fig. 50 and the values of q under 
similar conditions are shown in Fig. 51. 

All of these elements may then be combined and 
shown graphically as in Fig. 52. 

Fig. 53 shows the details of the inclined construction 
used on the Danbury Branch. A comparison with 
Fig. 12 will show the similarity to the construction on 
tangents, except for the inclination of the catenary and 
the insulator. 


Advantages of Inclined Catenary Construction. It 
is readily seen from Fig. 46- that longer spans are 
permissible on all curves with inclined construction than 
with tangent-chord construction. This decreases the 
cost of supporting structures. 
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The necessity for pull-offs is largely eliminated, none 
generally being required for curves up tofourdeg. This 
means fewer insulators, an important point where high 
voltage is used on the contact system. 

Sharp deflections in the contact wire, which tend to 
cause sparking and ultimate wear and injury to the 
wire, are avoided. 

The contact system has greater flexibility than with 
tangent-chord construction, and hard spots are practi- 
cally eliminated. 

The variation in tension in the trolley wires due to 
temperature changes will, in general, be less than on 
tangent-chord construction, since there are no fixed 
points and the wire can move in and out on the curve 
as the tensions tend to vary, by swinging about the 
insulator support. This is a possible disadvantage, 
as will be mentioned below. i 

A closer approximation to the track centerline may be 
made with this type of construction, decreasing the 
chances of the pantograph leaving the wire under 
abnormal conditions, 

The appearance of this type of construction is very 
pleasing to the eye and harmonizes very well in perspec- 
tive with the track curve. This is not of especial value, 
but is in keeping with the desire, especially in highly 
improved suburban residential territory, to have the 
railroad property present an appearance in keeping 
with its surroundings. 

Disadvantages of Inclined Catenary Construction. One 
of the greatest disadvantages of the inclined construc- 
tion is its tendency for the contact wire to move about 
the attachment to supporting structures due to changes 
of tensions with temperatures. At low temperatures, 
this causes the wire to rise and to move in towards the 
center of the curve. For this reason, the insulators 
should be attached to a fixed point and not to a member 
which through its own motion, may augment this 
tendency. - If pull-offs are used, as on sharper curves, 
it is better to apply them so that they fix the lower end 
of the catenary suspension insulator as well as hold the 
contact wire in position. 

On the short, sharp curves generally found in termi- 
nals, yards and sidings, and cross-overs, the inclined 
catenary is difficult to design, install, and maintain on 
account of the deflector and sectionalizing details, and 
should not be applied to such track. 

The complexity of design is possibly another dis- 
advantage, but this is largely academic. The fact 
remains, however, that this type of construction does 
require more time for study of conditions and for the 
proper design than does tangent-chord construction. 

The cost of installation is possibly higher than the 
cost of tangent-chord construction, but this is usually 
compensated for by a saving in the cost of supporting 
structures. 

Although on heavy curves, longer spans may be used 
than with tangent-chord construction, the extreme 
flatness of the inclined construction in such cases 1s 


` struction. 
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generally a greater disadvantage from construction, 
operation, and maintenance points of view than the 
additional pull-offs required with tangent-chord con- 
As an illustration, the offsets under such 
conditions may be so great that on multiple track 
construction, to replace a faulty insulator on one track, 
it might be necessary to de-energize an adjacent track 
before the work could be done with safety. 

Although it is very desirable to have a flexible con- 
tact system, when the construction is flat, as on heavy 
curves, there is very little reaction against the panto- 
graph pressure, and if there are several pantographs 
acting in unison, as on multiple-unit trains, the contact 
wire may rise and still further reduce the clearance 
between the hangers and the pantographs. 

Installation Methods. The same methods of instal- 
lation may be used as for tangent-chord construction, 
although it is obvious that until loaded, the messenger 
will present greater problems of unbalanced stresses 
between tangents and curves with the inclined con- 
struction. For this reason, the writer prefers the 
method of installation which allows the tensioning of the 
messenger with the trolley wires approximately in 
position and in tension, held to the messenger by a 
few temporary ties per span. This saves further 
lengthy calculations for unloaded messenger sags under 
no-load stress conditions which will vary considerably 
on various curves from the stress on tangent. 

In this analysis certain assumptions may have been 
made which may not be strictly true; as, for instance, 
the rods are in reality radial to the curve, instead of 
being parallel to each other. The errors due to such 
assumptions are, for the most part, very slight; or if 
important, the limits beyond which the assumptions 
do not hold are clearly established. There are possible 
short cuts to some of the formulas set forth which could 
be made by the use of exponential functions and the 
calculus, but it has been the intention to keep the 
mathematics as simple as possible. 


Different design details may require different graphi- 
cal exposition. The curves shown are merely to illus- 
trate methods which the writer has found to be of great 
value in the design of various types of catenary con- 
struction for overhead contact systems. 
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SYMBOLS USED 


a area cross-section, wire or strand, 
d deflection or sag of wire or strand, 
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f function f of x, 

h horizontal projection of hanger rod length, 

l distance between supports; span length, 

le | equipoise span, 

-5 equipoise half-span, 

m horizontal distance from messenger to axis, 

p unit curve pull, 

q allowable departure from pantograph centerline, 

s hanger spacing, 

t distance (horizontal) from trolley to axis; 
temperature in deg. fahr., 

v vertical projection of hanger rod length, 

zx distance along system axis from low point of span, 

z Offset of trolley from track centerline due to 
super-elevation of outer rail, 

A the “multiplier” of the shape factor U, 

B the “multiplier” of the shape factor S, 

C height of contact wire above top of rail, 

D degree of curvature, 

E Young’s modulus of elasticity, . 

F function r ofz, 

H horizontal distance between messenger and trolley 
at support, 

I length of insulator assembly, 

I, projection on vertical plane of inclined insulator 
assembly. 

Iu projection on horizontal plane of inclined insulator 


assembly, 
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the value of the ratio R,/R: of the S curve, 
the value of the ratio R,/Rr of the U curve, 
length of messenger for span length J, 


. horizontal component of messenger tension, 


M O middle ordinate of a circular curve fora given span, 
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offset of insulator attachment from track center- 
line at support, 

curve pull; horizontal force, 

the sum of a series, 

the radius of a curve, 

the function F’ (x); the shape of the reverse or S 
curve, 

the horizontal component of trolley tension, 

the function F (x); the shape of the continuous or 
U curve, 

height of supporting structure, 

vertical force due to weight, 

the system axis, 

the axis of F (x), perpendicular to the system axis 
through the low-point, 


coefficient of linear expansion, 


angular inclination of hanger rods from the 
horizontal, 


unit weight (per unit length), 

linear displacement, 

a change in value; increment or decrement, 
angular displacement. 


Discussion 


For discussion of this paper see page 1133. 


Catenary Construction for Chicago Terminal 


Electrification of Illinois Central Railroad 
BY J. S. THORP: 


Non-Member 


Synopsis.—The object of this paper is to give briefly the pro- 
cedure followed by the Illinois Central engineers in the layout, 
design, and erection of the catenary system. Brief reference also 


HE Illinois Central decided upon the 1500-volt 
d-c. system of electrification with catenary con- 
struction for pantograph operation. 

The electrified suburban trackage includes about: 
4 route mi. of single main line track, 
20 route mi. of double main line track, 
11% route mi. of 3 main line tracks, 
8 route mi. of 4 main line tracks, 
5 route mi. of 6 main line tracks, and about 
20 track mi. of yards and sidings. 


0.30% GRADIENT — -——_ 


rc 


hiv. oO 


4 220°94 (BR. N? 4-4) 


PARK 


Fig. 1—TypicaAL Track PLAN 


PLANS 


Track plans were prepared showing the existing tracks 
and the proposed track arrangement to ultimately 
1. Distribution Engineer, Illinois Central Railroad. 


Presented at the Summer Convention of the A. I. E. E., 
Detroit, Mich., June 20-24, 1927. 


1s made to the principal items of material entering into the 
construction and to methods of maintenance. 
*. & & $ & 


develop the right-of-way. Fig. 1 shows a typical section 
of the track plan in the vicinity of 36th Street. 

The catenary structures were located tentatively on 
the track plans, adhering to the normal tangent spacing 
of 300 ft. as far as possible and reducing the spacing 
according to Fig. 2, where the span is wholly or partly on 
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DISTANCE FROM STRUCTURE TO POINT OF CURVE OR TANGENT _ 


Fic. 2—Spacine CHART FoR STRUCTURES ON CURVES 


a curve, or the normal spacing maintained and pull-off- 
poles interposed as found desirable. These locations 
were given to the field engineer who first made a check 
to see if any shifting would be necessary due to physical 
obstructions not shown on the plans, and then when the 
structures were definitely located, made cross- 


Truss 


VARIES 


Fic. 3—Typicat EREcTION DIAGRAM 


sections of the entire right-of-way at each location. 
From the track plans and cross-sections, erection dia- 
grams as shown in Fig. 3 were prepared and the catenary 
structures designed. The height of the structure is 
determined by the catenary profile which is drawn on 
the track plans. 
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CATENARY STRUCTURE FOUNDATIONS 


The foundations of all permanent structures were 
concrete. Where the space between the ties was less 
than the across-track dimension of the foundation, 
“‘side-bearing’”’ footings were used. ‘These ‘“‘side- 
bearing” footings were designed in accordance with the 
chart shown in Fig. 4. 

Gravity type footings were installed where track 
shoreing was not necessary, and this type was designed 


VALUES OF P IN THOUSAND POUNDS 
12 10 
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VALUES OF A; IN FEET 
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2 3 4 5 
VALUES OF MOMENT PC IN HUNDRED THOUSAND FT.-LBS 


Fic. 4—Cuart USED IN THE Desian or SIDE-BEARING 
FOUNDATIONS 


3 P 12 PC 3 P 12PC 
bd +pfPPE oar tan Ae ôd Ar = A/ EE 


Earth pressure ô = 5000 lb./sq. ft. 


4 Point of © 
Rotation 7 È 


NOMENCLATURE 


u = distance from point of rotation to surface of ground. 

b = distance from point of rotation to bottom of pier. 

c = distance from surface of ground to point of application of over- 
turning force. 

P = overturning force on pier, or horizontal shear at surface of ground. 

D = resisting force of earth above point of rotation 

Z = resisting force of earth below point of rotation. 

A = total depth of pier below surface of ground. 

z = distance between centers of gravity of earth pressures above and 
below point of rotation. 

8° = maximum unit earth pressure above point of rotation. 

6 = maximum unit earth pressure below point of rotation. 

f = deflection of pier at surface of ground. 

fi = detlection of pier at center of gravity of earth pressure above point 
Of rotation. 

J: = deflection of pier at bottom. 

e = passive earth resistance at bottom of pier. 

e’ = passive carth resistance at center of gravity of earth pressure above 
point of rotation. 

d = width or diameter of pier. 


by reference to the chart shown in Fig. 5. In addition 
to the determination of the bearing pressure under the 
footing, these foundations were checked against over- 
turning, using a factor of 11%. 
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In staking out the foundations for construction, two 
stakes were set on each center line and grade was 
referenced from the top of an adjacent tie. The 
concrete was poured from a mixing plant mounted on 
flat cars and handled in a work train. An inspector 
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Fic. 5—Cuart USED IN THE DesIGn or Graviry FouNDATIONS 


CURVES GIVE VALUES OF MULTIPLIER Ker 
Reduce moments to equivalent moments at base of pier. 


Ma = moment due to force Pg, ft Ibs. 
Mp = moment due to force Pp». ft lbs. 
W = total vertical load at base of pier, Ib. 
b = width of pier. ft. 
d = length of pier. ft. 
Moments in Two Directions.—Read Kr at intersection of Ky and Kg 
Moments in One Direction.— Read Kr in the same manner as described 
above except that either Ky or K,» is zero. 


Ww 
Maximum Toe Pressure = bd Kr lb. per sq. ft. 


Fic. 6—Beccs’ APPARATUS AS APPLIED TO THE MODEL OF A 


5-COLUMN STRUCTURE 


STRESS IN MESSENGER IN LBS. PER SO. IN. 


10 15 20 25 30 35 40 45 50 
RATIO OF TOTAL LOAD PER FT. OF CATENARY 


SYSTEM TO WEIGHT OF MESSENGER PER FT. 
Fig. 7—Main MESSENGER DEFLECTION CURVE 


supervised all operations of the concrete pouring outfit 
which placed as much as 140 cu. yd. per eight-hr. day 
where traffic conditions were favorable to the use of the 
track. 
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TABLE I 
LOADING OF CATENARY SYSTEM 


Loadings of each Catenary System are shown in the following table: 


Hori- 
Equiv. Tension Tension Hori- zontal 
Conduc- still air at 0 deg. Factor Dead zontal wind| wind load 
tivity at 60 fahr. Ice of Dead weight jload. Noice| with ice 
Suburban catenary system 70th St.-North cir. mils | deg. fahr and wind safety weight with ice |20 lb. wind) 8 lb. wind 
0.81-in. diameter composite messenger................ 370,000 7,750 lb. | 12,350¢ Ib. 2.55 1.61 2.32 1.35 1.21 
0.512-in. diameter. Copper aux. messenger............ 200,000 800 1,555 | 5.82 0.61 1.25 0.85 1.01 
Two 3/0, 80 per cent conductivity. Bronze trolley wire} 268,900 4000 7,020 2.85 1.02 2.20 1.08* 1.43* 
Hagës Gc o55 eed be ie see aS eo ee aes Caw Ses 28 <a as a 0.11 0.22 0.14 0.13 
POUR bse dh oie sa wee Bae EE ETET 838,900 | 12,550 20,925 3.25 5.99 3.42 | 3.78 
Suburban catenary system 70th St.-South, So. Chicago | 
and B. I. R. Rs. 
0.81-in. diameter composite messenger...............2. 370,000 7,720 lb. | 12,325 lb.t 2.55 1.51 2.32 1.35 1.21 
0.375-in. diameter aux. messenger..............-.000:5 105,500 800 Ib. | 1,555 Ib. 3.55 0.32 0.87 0.63 0.92 
Two 4/0 hard-drawn copper grooved trolley wires..... 423,200 4,000 lb. | 7,020 lb. 2.2 1.28 2.51 1.217 1.48* 
Hangers iio 6 oe FO OR Ae ee ESAS ee sts aa eh 0.15 0.27 0.18 0.15 
aa REA Ren en Oe oe DO ge ener 898,700 | 12,520 lb. | 20,900 Ib 3.26 5.97 3.37 | 3.76 
Nore. *Wind on double trolley wires figures at one and one-half times the wind on one wire. 


tWind on measenger and one-half wind on hangers assumed as acting at point of support of messenger, remaining wind on catenary system assumed 


as acting at steady wire. 


C.L. 
70th St. North | Structure 
70th St. South, C.L. 
S.C.R.R. & Structure "| & 
B. I. R. R. 


Attachment to Truss 


Main Messenger 
0.81 in. Dia. 


Auxiliary Messenger 
0.512 in. Dia. 


300 ft. 
an Sie had i 


Aft. 9in. Normal Sag 


Fie. 8—Main LINE CATENARY SYSTEM 


CATENARY STRUCTURES 

The catenary structures for the suburban electri- 
fication were designed so as to permit extensions to 
include the remainder of the right-of-way. In some 
instances this means an ultimate structure of 200 ft. 
or more in length, made up of several spans. A refer- 
ence to Fig. 1 will show the suburban catenary struc- 
tures in heavy line, proposed extension to the east for 


through passenger and freight tracks, and further 
extensions to the east and west, shown in dotted lines, 
to include the entire right-of-way which at this point has 
a width of 250 ft. This provision necessitated calcula- 
tions of the stresses in the complete structure and a 
check of the stresses in the initial structure. To reduce 
the labor and time required for such troublesome cal- 
culations, it was decided to adopt the Beggs method for 
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the mechanical determination of statically indeter- 
minate stresses. This-method proved very satisfactory 
and greatly facilitated the work. Fig. 6 shows an ap- 


plication of the Beggs apparatus to a five column 
structure. i 


The structures were erected, painted, and the base 


plates grouted by the railroad forces, very expedi- 
tiously and with little interruption to the regular traffic. 


CATENARY SYSTEM 
Table I shows the loadings of the catenary systemand 
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Fic. 9—CaTENARY HANGER CHART 


Fig. 7 shows a very convenient and easily workable 
chart for a determination of the tensions and sags in the 
messenger for any assumed condition of temperature or 
loading. The curves shown on Fig. 12 were prepared 
from this chart.’ 

About the time when the make-up of the catenary 
system was being considered, the General Electric 
Company was carrying out some tests of double trolley 
wire construction at Erie, Pennsylvania. Illinois 
Central representatives were invited to witness some of 
these tests and were favorably impressed with the 
practically arcless collection of heavy current at high 


Bronze Mess. 


eS. Gaps, 
3/0 80 % Cond. Cadmiu 
Bronze Contact Wire 


Top of Rail 
jin. Hi Strenth Photo Electric 
Bronze Mess. 
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speed, and shortly the decision was reached to adopt the 
double trolley system. At the same time it was decided 
not to use parallel feeders but to equip each track with a 
catenary system of sufficient current-carrying capacity 


to keep the voltage drop within the prescribed limit, 


when normally in parallel with other tracks at sub- and 
tie-stations. 

After these decisions were made it was a simple matter 
to select the main and auxiliary messengers to make up 
an adequate catenary system. Fig. 8 shows the main 
line catenary assembly. On the main line 4/0 copper 
trolley wires were used south of 70th Street and on the 
South Chicago Railroad and the Blue Island Railroad. 
Bronze trolley wires were selected for use north of 70th 
Street where the traffic is most.dense. To compensate 
for the lower conductivity of the 3/0 bronze as com- 


Fig. 10—TRroLLEY WIRE CLIP 


pared with the 4/0 copper trolley wires, the auxiliary - 
messenger was increased in size. A 0.375-in. auxiliary 
was used with the 4/0 trolley and a 0.512-in. auxiliary 
with the 3/0 trolley. 

The main messenger cable is of composite construc- 
tion made up of seven Copperweld wires forming the 
core around which are stranded 12 hard-drawn copper 
wires. This cable is 0.81 in. in diameter and has an 
ultimate strength of 31,500 lb., which allows a sag of 
4 ft., 9 in. in a 300-ft. span at 60 deg. fahr., giving a 
factor of safety of 214 under the maximum assumed 
loading of the system. 

The auxiliary messenger is made up of 19 strands of 
hard-drawn copper and has a normal tension of 800 lb. 
which gives a little sag between hangersand increases the 
flexibility of the trolley wire supporting structure. 

The catenary hangers are simple, consisting of bronze 


Yard Hanger Clip for 
3/0 or 4/0 Contact Wire 


Fic. 11—CATENARY CONSTRUCTION FOR YARDS AND SIDINGS 
2. The method of constructing this chart was published in the A. E. R. A. Proceedings for 1925. 
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clamps for main and auxiliary messenger connected with in the field, a diagram was prepared to divide the span 


a 5/16-in. diameter hard-drawn copper rod with an eye 


180 


140 | 160 
| SPAN LENGTH IN FEET 


5000 7 
POUNDS TENSION iN UNLOADED MESSENGER 
Fic. 12—TeEMPERATURE—SaG CURVE 


Fic. 13—HaNGER Boarp WITH HALF SPAN or HANGERS CUT TO 
LENGTH 


Fic. 14—COMPLETE SPAN or HANGERS ASSEMBLED ON PIPE 


in each end. To simplify the determination of the 
hanger lengths and to aid in the spacing of the hangers 


lengths into four series. Fig. 9 shows the arrangement 
for the system having a normal hanger spacing of 15 ft. 
This diagram was laid out ona table-top to full vertical 
scale and to 14 in. equaling one foot horizontal scale. 
The eye-to-eye lengths of the hangers were measured 
from points on the curve to a line representing the 
normal position of the eye of the hangers. In cases 
where the position, with reference to the messenger, of 
the trolley wires is other than normal, a straight edge 
was adjusted to represent this change and the hanger 
lengths measured to it. The clips between the auxiliary 
messenger and the trolley wire are unique in that they 
are formed of one piece of stock as shown in Fig. 10. 
The manufacturer delivered these clips with the T-head 
bolts and nuts assembled as shown. 

Double insulation to ground was used throughout, 
the standard suspension unit being two seven-in-disk, 
8000-lb., M. & E., cap and pin insulators attached to the 


Fig. 15—TypicaL 2-Track BRACKET CONSTRUCTION 
structure by means of either a galvanized eye-bolt-and- 
clevis or a double-link, depending upon the type of 
structure to which the attachment was made. 

The suspension or saddle clamp is U-shaped to which 
the messenger is clamped by means of one J-bolt and 
keeper. Tests made on this clamp showed that the 
messenger would slip at an unbalanced tension of about 
1000 lb. In the structure design, a broken wire load of 
1000 lb. was allowed for. This broken wire load was 
figured for only one track per structure. 

The fittings used for splicing and terminating the 
main messenger were developed after considerable 
experimenting and testing. These fittings consist ofa 
combined chuck and poured socket so arranged that the 
the poured zine button will follow against and keep tight 
the cone-shaped chuck. These fittings will develop the 
full rated strength of the composite messenger cable. 

The seven-in-disk insulators used for suspension were 
also used in steady- and pull-off-strand construction to 
insulate from structure and to insulate separate sections. 
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For terminating the main line catenary system a very 
sturdy type of double strain insulator was used, one set 
for the main messenger and one set for the two trolley 
wires and auxiliary messenger combined. 

The yard construction is shown on Fig. 11. Only a 
single trolley wire of either 3/0 or 4/0 gage was used. 
All yard catenary was supported from steel structures 
except Weldon Yard where some cross-span construc- 
tion was used. 


ee 
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Fig. 16—Typica, 4-Track CONSTRUCTION 


CATENARY CONSTRUCTION 


All of the wires were strung and the remainder of the 
main line work practically completed from work trains. 
The yard work, except wire stringing, was completed 
from push-tower-car and ladders. The heavy equip- 
ment for construction consisted of reel cars with special 
shafts and brake rigging, tower cars with winch operated 
platforms adjustable from 15 ft., 6 in. to 19 ft., 6 in. 
above top of rail, and box cars fitted with work benches, 
shelves, and bins for tool cars. 

The typical train for wire stringing consisted of a 
locomotive, reel car, tool car, and one or more tower 
cars. Only one main messenger was strung at a time, 
but the auxiliary messenger and the two trolley wires 
were strung together. The main messenger was ten- 
sioned by means of a sight rod and surveyor’s level. 
‘The auxiliary messenger and trolley wires were ten- 
sioned with a dynamometer. These wires were all 
erected and tensioned in roller bearing rollers, the 
proper sag for the main messenger being determined 
from curves shown in Fig. 12. 

The hanger chart described above was used in the 
material depot to check the length of the hangers as 
they were assembled on a piece of 14-in. pipe, three ft. 
long. After the hangers were assembled on the pipe, 

a linen tag was attached showing the location of the 
span and the series number of the hanger. See Figs. 
13 and 14. 

In erecting the hangers, the contractor used a steel 
tape, one side of which was marked in span lengths and 
the other marked with the recurring figures 1 to 4 inclu- 
sive, representing the four series of spacings. These 
figures were spaced as on the hanger board, but to full 
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scale. This tape was stretched alongside the mes- 
senger, adjusted to the span, and the hangers were 
placed opposite the series figure. i 


MAINTENANCE 


The maintenance of the catenary system is handled 
by the Maintenance of Way Department, using one 
l-ton and one 114-ton motor trucks equipped with 
special bodies for hand tools, supplies, and ladders. 
These trucks are used for all light repair work as it is 
possible to approach the right-of-way in the electrified 
zone on paved or hard surface streets or roads. For 
heavy repair work two construction trains, each con- 
sisting of reel, tool, and tower car, are located at points 
on the terminal where a steam locomotive is readily 
available. 

Soon after the start of the electric operation, trouble 
was experienced due to the pantographs striking the 
insulators which form part of the air-gap construction 
and either damaging the gap or so damaging the 
pantograph as to result in line trouble elsewhere. 
During the severe cold weather, some trouble was 
caused by failure of faulty fittings or by poor workman- 
ship and to pantographs fouling the steady arms. 
The latter trouble was due to the fact that the trolley 
wires, at very low temperatures, lifted higher at the 
structures than was anticipated. 

Main line construction was sectionalized by means 
of air-gaps, but wood section insulators were used in 
cross-overs where high speed is not attained. These 
insulators were originally equipped with two bronze 
gliders to give continuous feed. It was later found 
desirable, however, to install four gliders, two on each 
side of the wood stick to prevent the insulator rocking 
when the pantograph passed. 


Fia. 17—TyPIicaL 6-TRAck CONSTRUCTION 


Occasionally the gliders of a wood section insulator 
will burn in two when a pantograph bridges a live and a 
grounded section, and on two occasions a trolley wire 
has burned in two at an air-gap due to the same cause. 

The chief troubles were mentioned above and there 
have been minor failures but on the whole the operation 
has been highly satisfactory. 


Discussion 


For discussion of this paper see page 1133. 


The Collection of Current From Overhead 
Contact Wires 


BY R. E. WADE! 


Non-Member 


Synopsis.—Up to a few years ago, the generally accepted 
limitations for the amount of current which could be collected from 
an overhead distribution system were from 800 to 800 amperes 
in heavy interurban service and between 800 and 1000 amperes, 
with a maximum of 1500 in the case of the Chicago, Milwaukee, & 
St. Paul. 

It is not possible to determine the limits of current collection by 
theoretical calculations nor by the experience on any particular 
installation. The tests described and analyzed in this paper were 
demonstrated on a four-mile track using special overhead construc- 


INTRODUCTION . 
HE problem of transferring current from overhead 
contact wires to moving cars and locomotives is 
= one which cannot be solved by mathematics or 
laboratory tests. Neither can conclusions as to the 


limits of current collection be reached by experience on 


any particular installation. 

There has been considerable discussion as to the 
amount of current that can be successfully collected 
from an overhead contact system. Except for standard 
railways, operating experience has been confined to the 
heavier types of interurban service, with current values 
of from 300 to 800 amperes, and heavy traction work 
such as the Chicago, Milwaukee, & St. Paul Railway, 
where normal current collected with single pantograph 
varies between 800 and 1000 amperes, with a maximum 
of about 1500. 

Those who have made a study of thesubject know that 
there is a large number of factors to be taken into 
account and that each of these factors is subject to 
considerable variation due to design, maintenance 
methods, or both; also that certain factors are essential 
for successful current collection on any given 
installation. 

In view of the nature of the problem, as mentioned 
above, and the general interest in probable future 
requirements, a series of tests was conducted with the 
object of securing information as to the maximum 
amount of current that could be successfully collected 
from overhead contact wires with the conditions which 
are described later. These tests were made at Erie, 
Pennsylvania, on a section of track owned by the East 
Erie Commercial Railroad, and used by the General 
Electric Company for testing locomotives and cars. 
Following reconstruction of overhead contact system 
and completion of test runs, demonstrations of heavy 
current collection were given to engineers and railroad 
men on July 16, 17, and 18, and other dates, 1923. 

1. Both of the General Electric Co., Secheneetady, N. Y. 
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tion of the twin trolley type with observation towers at several points 
to enable observers to carefully inspect commutation between the 
collector and the trolley wire. 

Tests were also made to determine the temperature rise which 
would be obtained as a result of delivering, for a period of five 
minutes, a current of 5200 amperes to a standing locomotive. 
Further tests were made to determine what damage would result, 
if any, should a pantograph leave the wire while delivering currents 
as high as 4000 or 5000 amperes. Test data are included and 
description of the several types of overhead construction used. £ 


These tests were planned and conducted in corijunc- 
tion with the New York Central Railroad and the 
Cleveland Union Terminals Company. 

It is thought that the importance of this subject, in 
connection with railway electrification work, justifies 
the compilation of a record covering the details of 
preliminary tests and investigations and the results as 
finally demonstrated. 


(] 
NATURE OF TESTS 


Due to the fact that the capacity of the substation 
supplying power was limited to 6000 kw., tests were 
made at 850 and 1500 volts, using the lower voltage for 
the higher currents. Comparative collection tests 
were made at 850 and 1500 volts under identical con- 
ditions which clearly indicated that the voltage of 
contact line makes no difference in the collection of 
current so long as the voltage is more than adequate to 
maintain any arc that might occur between contact 
wire and pantograph. 

Tests were also made to approximate conditions 
existing under prolonged acceleration periods, and to 
determine the temperature rise in various members of 
the contact system and in the collector. 

With each change in contact wire arrangement and 


suspension, tests were started with low current values . 


and at low speed and gradually worked up to maximum 
allowable values. A number of duplicate runs was 
made at maximum values to check the final results. 


TESTING EQUIPMENT 


A. General. In order to make the tests contem- 
plated, it was necessary to make certain changes in 
existing equipment and provide other equipment. 

An attempt is made under the following headings to 
describe the various items of equipment provided and 
tried out, methods of making tests, the final type of 
overhead contact system selected for demonstration 
purposes, and the general conclusions reached following 
the tests and demonstrations. 

B. Power Supply. Current was obtained from the 
substation used to supply power to the test track. 
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Fig. 1—SectTion or Track USED For TESTS AND FINAL DATA ON CONSTRUCTION 


The equipment consists of two synchronous motor- 
_ generator sets with switching arranged so that the 
" generators could be used to supply any trolley potential 
from 600 to 8000 volts. One set with rating of 1000 
_ kw. consists of two 500-kw., 1500/3000-volt generators 
direct-connected to a synchronous motor. The second 
unit is of similar construction consisting of two 750-kw., 
- 1500,3000-volt generators. Full capacity could be 
- obtained with series : nd parallel connections and lower 
_ voltages by adjusting the generator field rheostats. 


CONSISTING OF Locomotive No. 
GONDOLA 
With loading rheostats and observation car 


Fig. 2—Test TRAIN 18, 


Both sets are designed to carry three times. normal 


load for five min. or a total of 6000 kw. This substation . 


_ 1s located approximately 0.9 mi. from the west end and 

' four mi. from east end of the track. Power was 

supplied to the overhead line through a 1,000,000-cir. 

* mil feeder shown in Fig. 15. 

© C. Test Train. A special test train was assembled 

- consisting of a 110-ton gearless locomotive capable of 
operating at speeds up to 70 mi. per hr. with either 
600 or 1500 volts. This locomotive was coupled to a 
special gondola car followed by a standard passenger 
` car used as an observation car equipped with ammeter, 
- speedometer, and telephone, Figs. 2 and 3. These 


cars were furnished by the New York Central Railroad. 
As the weight of this train was not sufficient to give the 
current desired, a sufficient number of iron grid rheo- 
stats with contactors and switches arranged to give the 
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Showing method of controlling current on test train consisting of 
Locomotive No. 18 and Gondola 
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additional current required for the tests was assembled 
in the gondola car. By means of this equipment, 
it was possible to obtain any load up to 6000 amperes 
at 850 volts and 4500 amperes at 1500 volts. It was 
also possible to obtain load at 3000 volts although only 
a few runs were made at this voltage. The two panto- 
graphs were installed 57 ft. apart which was considered 
representative spacing for a two-unit locomotive. 

D. Track. The track used for general testing is 
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unusual provision of observation towers in addition 
to the observation car referred to elsewhere. 

There were five towers, located as shown on Fig. 1. 
The platform, capable of accommodating 12 to 15 
people, is located at a height which places the eyes of 
the average observer slightly higher than contact wires 
and collector shoes, and provides an unobstructed view 
of all the parts entering into current collection, when 
approaching, passing, and leaving. Towers were located 
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4.15 mi. in length and is laid with 100-lb. rail in slag 
ballast. 

Of this total length, about two mi. were used for high 
speed running, while testing and demonstrating. The 
remainder was used for acceleration and retardation. 


CONTACT 


Fic. 5—Loorp-HAaNGER SUSPENSION With 2-4/0 
WIRES 
Fig. 1 shows section of track used for high speed 


running and current collection. 
E. Observation Towers. It was decided to make the 


200 FT-o" 


4—Loop-HaNGER SUSPENSION 


as close to track as permitted by clearance requirements. 

An added feature in this connection was that studies 
were made at night when the slightest spark between 
wire and shoe could be detected from these points of 
vantage. 

F. Overhead Contact System. The existing contact 
system, within the limits selected for high speed and 
current collection, was not suitable for the purpose. 
This was constructed with more or less antiquated 
fittings and was not in first-class condition. 

In order to supply current for contemplated tests, a 


.1,000,000-cir. mil feeder was installed from a point 


about 620 ft. west of substation tap to a point about 
3580 ft. east of tap. The old 750,000-cir. mil feeder 
was used for extension from the latter point to the east 
end of high speed territory, a distance of 5400 ft. 


1. General Design of Contact System. On account of 
the heavy current values contemplated, it was thought 
advisable to shorten and simplify the taps between 
feeder and contact wires as much as possible, and to 
reconstruct with compound catenary, suspending the 
feeder from the messenger and the contact wires from 
this feeder messenger. With the length of span 
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adopted, 300 ft., 5-in. high-strength steel cable was 
selected for the messenger. 

The feeder messenger was suspended from the mes- 
senger by means of hangers made of No. 2 A. W.G. 


>- . 


7—LaceED SUSPENSION (OuTSIDE RaIL For TESTING WIDE 
GAUGE LOCOMOTIVES) 
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solid, hard-drawn copper, with bronze clamps for 
attachment to messenger and feeder messenger. 

2. Contact Wire Arrangements and Suspension. The 
first installation included several arrangements of 
contact wires and methods of suspension as described 
below, and referred to on Fig. 1. The table on this 
drawing gives the final arrangement. 

a. Between points 1 and 2, 3600 ft. Two 4/0 wires, 
loop-hanger, suspension, (A), Fig. 4. Also Fig. 5. 

b. Between points 2 and 3, 600 ft. Two 4/0 wires, 
laced suspension, (A) and (B), Fig. 6. Also Fig. 7. 

c. Between points 3 and 4, 1200 ft. Two 6/0 wires, 
loop-hanger suspension, (B), Fig. 4. 

d. Between points 4 and 5, 1200 ft. Three 4/0 
wires, loop-hanger suspension, (C), Fig. 4. Also Fig. 8. 


6—Lacep SUSPENSION 


e. Between points 5 and 6, clamp suspension, 600 ft., 
(A) and (B), Fig. 9. Also Fig. 10. 

f. Between points 6 and 7, 2400 ft. Two 4/0 wires, 
loop-hanger suspension, (A), Fig. 4. Also Fig. 5. 

Short sections of two additional types of contact 
wire suspension were installed during preliminary tests. 

g. Cable-hanger suspension, reproduction of photo- 
graph, Fig. 11. 

h. Twin laced suspension with which the two contact 


Fiag. 8—Loop-HAaNGER SUSPENSION WITH 


WIRES 


2-4/0 CONTACT 


wires were suspended by independent lacings, from 
symmetrical yokes, attached. to feeder messenger, 
locating them about 314 in. apart and in the same hori- 
zontal plane. | 

3. Feed Taps. Loop-hanger suspension, (a) and (f), 
required feed tap connections, Fig. 12, which were in- 
stalled at the center of each span or 300 ft. apart. 
Feed tap cable was 4/0 copper with 19 wires. 


4. Reasons for Several Contact Wire Arrangements. 
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The selection of two contact wires, in the same hori- 
zontal plane, was due to previous experiments and 
actual experience on the Chicago, Milwaukee, & St. 
Paul Railway and other lines where current collected 
was of considerable value. The main virtue of this 
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Fig. 10—CLAMP SUSPENSION 
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arrangement, in addition to the increased contact 
surface, is that with alternate or staggered suspension 
of the two wires, the collector shoe is always in contact 
with two wires, and one wire is always without any 
additional weight, due to hangers or other fittings. 


— c 300 FT-e*- 
A 


messencen-f sree CABLE (N.$.) 


ELSEN Oo BN OO ZSA eA” 


p e ——- 


B 
9—CLAMP SUSPENSION 


WADE AND LINEBAUGH: CURRENT FROM OVERHEAD CONTACT WIRES Transactions A. I. E. E. 


The installation of two 6/0 wires was made to get 
information as to the handling and performance of this 
size wire as a contact member: first, on account of its 
having been proposed by several foreign engineers; 
second, to try out this method of increasing cross-section 


TEDER RESSENGER CLAMP 


—— e 


ee 


should the two 4/0 wires show undesirable temperature 

rise; third, to study the effect of the additional weight in 

contact wires. 
The installation of three 4/0 wires was made in line 


Fig. 12—Frep Tap Wira Loor-HANGER SUSPENSION 
with possible need for more cross-section and more 
contact and to get experience in connection with their 
use, including the additional weight. 


METHODS OF MAKING TESTS AND BASIS FOR 
CONCLUSIONS 


With the several types of contact wire arrangement 
and suspension in place, for any given set of test runs, 
the remaining fixed factor was line voltage. Those 
subject to change were speed, amount of current col- 
lected, number of pantographs, and pantograph 
pressure. 

Observation tower construction and location per- 
mitted direct comparison between the performance of 
the several types of overhead construction with a 
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certain line voltage and any desired combination of the 
variables. l 

Independent and simultaneous observations were 
made by four or five individuals from the same tower, 
and such observations made from several towers for each 
principal condition, so as to cover different types of 
construction and track alinement. 

Satisfactory collection was fixed upon as being practi- 
cally sparkless collection when so observed at night and 
when looking down on top of collector shoes. 


RESULTS OF EXPERIMENTS WITH CONTACT WIRE 
SUSPENSION 


General. The original layout contemplated the 
general use of loop hanger suspension (a), (c), (d), and 
(f), and the short section of clamp suspension (e). 
During the early stages of the test runs, short sections 
of laced suspension (b) and cable hanger suspension 
(g) were installed and compared with loop hanger and 
clamp suspension, with the results given below. 

1. Loop Hangers (a) and (f). This type of suspen- 
sion was selected for the larger portion of the work on 
account of flexibility and because it was being success- 
fully used when currents of considerable magnitude were 
encountered, in regular service, though smaller in value 
than the heavy currents contemplated in this case. 

With the general construction used for these tests, 
loop hangers, with feed taps spaced 300 ft. apart, 
provided the necessary conductivity between feeder 
messenger and contact wires for current values not in 
excess of 2500 amperes. 


The Chicago, Milwaukee, & St. Paul Railway, using 
simple catenary construction, with loop hangers, steel 
messenger, and two 4/0 A. W. G. copper contact wires 
in the same horizontal plane, during an operating period 
of 11 years, and a total of 650 route mi., has had about 
three interruptions on account of messenger being 
burned at loop hangers. 


These cases were all due to defective feed tap clamps 
at contact wire shunting the current through the steel 
messenger. General replacement of these clamps was 
made with an improved design and no further trouble of 
this kind has been experienced. Other roads equipped 
with the improved clamp have not experienced this 
trouble. 


2. Laced Suspension (b). This method of suspension 
offered flexibility in line with that of loop hangers and 
the added feature of very frequent taps to feeder 
messenger and cross taps between contact wires. The 
first trial was made with two feeder hanger spacings, 
30 ft. and 15 ft., with a minimum distance of six in. 
between top of contact wires and under side of feeder 
messenger. A few test runs indicated that the section 
with shorter hanger spacing gave better collection. 
Comparison with other types of suspension tested 
brought about the conclusion that the laced suspension 
provided the best conductivity hetween feeder and con- 
tact wires for the collection of the amount of current 
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contemplated, and it was therefore adopted for further 
test runs and demonstrations. 

3. Clamp Suspension (e). This design possessed the 
following features: Direct connection between contact 
wires and feeder messenger, the use of clamps instead 
of more expensive hangers or clamps and lacing, and the 
possibility of operating contact wires at comparatively 
low tension. After a few test runs this design was 
dismissed from further consideration for the purpose in 
hand. With two contact wires the lift was such that 
pantograph shoes struck feeder messenger clamps. 
While an increase in number of wires would tend to 
reduce the lift, the complication accompanying addi- 
tional wires and the fact that one shoe would, with any 
number of wires, make contact with one wire only, 
throughout a great part of the line, did not encourage 
further investigation at that time. 

4. Cable Hanger Suspension (g). About 150 ft. of 
line was equipped with these hangers, spaced 15 ft. 
apart, or 30 ft. on each contact wire. For test purposes, 
hangers were made of 1/0 B & S flexible copper strand, 
and the contact wire clamps used with laced suspension. 
Attachment to feeder messenger was made by copper 
wire wrapping. 

This suspension approached laced construction in 
general principle and provided a manufactured unit, 
permitting attachment of clamps to strand by welding 
or other means supposedly preferable to clamped con- 
nection. This suspension showed no improvement over 
the simpler laced construction and the design was there- 
fore eliminated. 

5. Twin Laced Suspension (h). The trial of this 
suspension, incidental to collection trouble with laced 
suspension on a one-deg. curve, was made during the 
early stages of the tests. The design was never given 
serious consideration on account of inherent faults, 
including expense of two lacings, the special yokes for 
attachment to feeder messenger which would be ex- 
pensive and difficult to maintain in any desired plane. 


RESULTS OF EXPERIMENTS WITH CONTACT WIRE 
ARRANGEMENTS 


Shortly before the completion of test runs and the | 
demonstrations of current collection, it was decided that 
two 4/0 contact wires in the same horizontal plane with 
proper suspension and tension provided the necessary 
cross-section, contact surface, and weight for current 
collection covered by the tests. 

While the experience gained with 6/0 contact wire was 
limited to a very small quantity, the condition of the 
wire, as installed, was never satisfactory owing to long 
kinks, presumably due to winding on reel. While 
this trouble may be avoided by using a reel with proper 
drum diameter, the general impression was that wire 
of this size should be passed through a wire straightener, 
mounted on tower car, as it is strung. As stated above, 
there seems to be no reason for adopting this special and 
undesirable size of wire. 
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While no particular trouble was encountered in con- 
nection with the three 4/0 contact wires, there was no 
indication of the additional wire being required, and its 
use would certainly complicate the contact system and 
introduce the undesirable requirement of maintaining 
approximately even tension in three wires instead of 
two in order to get the best results. 

The following data apply to contact system finally 
used for tests and demonstrations: 


LACING 


CONTACT WIRE CLEARANCE > > DISTANCE 
FROM UNOER SIOE OF FEEDER MESSENGER 
TO TOP OF CONTACT WARE) 
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messenger gave the same results. No further studies 
were made with inclined hangers but contact system 
was trimmed in chords with pull-offs located 150 ft. 
apart, as shown in Fig. 15. 

The final combination of laced and chord construction 
gave practically sparkless current collection. 


CONTACT WIRE TENSION 
As originally installed, contact wires had a tension 


SINGLE CONTACT WIRE 


20707 


CONTACT WIRE CLAMP SPACING 


LACING r 
AV CACH WIRE 


DOUBLE CONTACT WIRES 


Fic. 
Wt. lin. ft 

Member Material Size pounds 
Messenger............... H. S. Steel 8% in. 0.8 
Feeder Messenger........ Copper 1,000,000 cir. mils 3.1 
Feeder Messenger........ Copper 750,000 “ “ 2.325 
LOCING 665i eae dees eed Copper 105,000 “ “ 0.322 
Contact wire 1........... Copper 211,600 “ . 0.64 
Contact wire 2........... Copper 211,600 * g 0.64 


After completion of tests it was decided that the 
arrangement with laced suspension for single and double 
contact wires should be as shown on Fig. 13. 


CONTACT SYSTEM ON CURVES 


All curve work in the original installation was fitted 
with loop hanger suspension for contact wires, and both 
feeder and contact wire hangers were inclined, as shown 
in Fig. 14. This illustration also shows feeder connec- 
tion at substation, consisting of one 1,000,000-cir. mil. 
cable, which supplied current to line for all tests includ- 
ing heat runs. 


Current collection on this curve construction, as 
experimentally installed, in combination with other 
factors affecting current collection, was not satisfactory 
on account of arcing. Laced suspension with inclined 
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Loor Wane SUSPENSION ON C CURVE 


Showing inclincd messenger construction 


of 1000 lb. at 70 deg. fahr. Before tests were com- 
pleted, this tension was considerably below that value 
due to seasonal increase in temperature and many 
changes made in line construction. When curve work 
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was finally adjusted, late in June, tension was increased 
to from 1300 Ib. to 1400 Ib. at 70 deg. fahr. and with 
improved collection throughout. 
COLLECTORS 
The collector used throughout for test runs and 
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Showing chord construction and feeder connection 


15—LAcED-TYPE SUSPENSION ON CURVE 


demonstrations was the S-501-A slider trolley, with 
certain modifications mentioned later, Fig. 16. | 

The collector consists of two flexibly mounted, con- 
tact shoes on top of a jointed diamond or pantograph 
frame,{the diamond or pantograph frame being con- 
structed of Shelby tubing with malleable iron joint 
castings so hinged together that it can readily expand or 
contract to suit variations in height of contact wires. 

The collector is expanded or raised to its operating 


Fic. 16—S-501-A PantocrapH Usep For CurRENT CoL- 


LECTION TESTS 


As mounted on wooden structure in the Gondola carrying the grids 


position by means of four large coil springs attached to 
cams mounted on the same hinge shaft as the bottom 
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part of the diamond frame. Two of the large springs 
are energized and permanently attached to the base of 
the collector for balancing approximately the dead 
load of the moving parts. The other two large springs 
are connected to air cylinders by means of which they 
can be energized or de-energized at will. 


The small irregularities in the overhead are taken 
care of by the flexibility of the contact shoes. Each shoe 
is independently hinged on two spring supported cams 
which allow it to rise and lower two in. independent of 
the main or diamond frame. The contact shoes are com- 
posed of sheet steel pans with sheet steel hornsattached 
to each end for picking up the siding wires. The 
wearing strips are of hard drawn copper, 3/16 in. 
thick and 1-3/16 in. wide, having one edge bent over 
slightly to prevent fouling, leaving approximately 
34 in. of width, flat surface. On each side of each pan 
is one long, renewable, wearing strip, and in themiddle of 
each pan where most of thewearisconcentrated between _ 
the outside strips, two short, renewable, wearing strips. 
This gives at the middle section of each shoe a line 
contact with the contact wires of approximately three 
in. or a total for both shoes of six in. The space be- 
tween the renewable, wearing strips is filled with a 
lubricant for preventing a rapid deterioration of both 
strips and contact wire. Shoes are shown in plan in 
Fig. 17. 


The standard collector has a rated continuous capac- 
ity of 1000 amperes, or 2000 amperes for two min., and 
is suitable for speeds up to 60 mi. per hr. 


In order to bring the capacity up to the heavy current 
requirements, the collectors were fitted with additional 
shunts around each bearing and a flat copper strip 
along one side of both top and bottom framearms. The 
additional weight imposed by this copper necessitated 
increasing capacity of balancing springs. 

As far as principle of design goes, a standard collector 
was used and the only special precaution taken was to 
surface the wearing strips on an emery-covered face 
plate after assembly, which should be done in regular 
practise regardless of current values. 


COLLECTOR PRESSURE 

During testing period, collector pressures varying 
between 19 and 43 lb. were used. Reference to list 
of test runs shows that the pressure finally used for the 
collector and contact system dealt with was about 40 
Ib. This pressure was necessary on account of the 
Increased moving weight due to copper shunts and 
strips. | 


CURRENT COLLECTION TESTS 


The following list gives data on a group of representa- 
tive test runs with both 850 and 1500 volts, using the 
type of contact system finally adopted. More than 
350 test runs were made and records kept in connection 
with all runs. 
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TESTS AT 850 AND 1500 VOLTS 


No. of 
Test Speed collectors; Pressure 
no. Amps. |mi.perhr.| Volts used Ibs. Date 
125 5000 50 850 1 32.5 6-15-23 
150 5000 50 850 1 30 6-19-23 
160 6000 50 850 2 35 33 6-23-23 
161 6000 50 850 2 35 33 6-23-23 
162 6000 50 850 2 35 33 6-23-23 
164 5100 50 850 2 35 33 6-23-23 
172 5200 54 850 2 35 37 6-24-23 
173 5200 54 850 2 35 37 6-24-23 
224 5100 65 850 1 37.5 6-28-23 
225 5000 60 850 1 37.5 86-28-23 
227 5100 60 850 1 37.5 6-28-23 
232 5200 50 850 2 39 40.5! 7-10-23 
240 5000 50 850 1 40.5 7-11-23 
244 5000 55 850 1 40.5 7-12-23 
249 5300 57 850 1 40.5 7-13-23 
250 5400 56 850 2 40.5 42 7-13-23 
254 5300 57 850 1 39.5 7-13-23 
255 5300 58 850 1 39.5 7-13-23 
256 5800 53 850 2 39.5 42 7-13-23 
257 5800 55 850 2 39.5 42 7-13-23 
278 5500 58 850 2 34.5 7-16-23 
280 5400 58 850 1 34.5 7-16-23 
96 4300 32 1500 2 32.5 34.5 6- 4-23 
110 4000 52 1500 2 32.5 34.5| 6-15-23 
191 4200 48 1500 2 39 40.5| 6-26-23 
192 4000 48 1500 2 39 40.5 6-26-23 
198 4500 40 1500 1 39 6-26-23 
200 3000 60 1500 1 39 26-23 
259 4500 46 1500 1 39.5 7-14-23 
261 4150 48 1500 1 39.5 7-14-23 
281 4500 50 1500 1 39.5 7-17-23 
282 4600 52 1500 1 39.5 7-17-23 


TEMPERATURE TESTS 


Temperature tests were made to determine heating 
of the contact wire, feeder, messenger, pantograph 
shoe, etc., in order to definitely establish that it is 
possible to conduct heavy currents to a locomotive. 
These tests were made on the laced overhead trolley 
construction as shown in Fig. 7. The feeder in this 
section is a 1,000,000-cir. mil copper conductor acting 
as a messenger. : 


The general arrangement of the test train, location of 
pantographs, and overhead construction is shown in 
Fig. 18. The thermometers were placed on the contact 
wire, feeder, lacing, and messenger near lacings, 1, 4, 10, 
13, 23, 30, and 32. 


Test No. 1: This test was made with both pantographs 
raised and current maintained at approximately 5200 
amperes for five min. Nine readings were taken at one- 
min. intervals, the first five being taken while current 
was flowing and the last four after the circuit was 
interrupted. A maximum temperature rise of 67 deg. 
cent. was obtained on the contact wire near panto- 
graph 2, lacing 23. 

Test No. 2: This test was made with one pantograph 
located near lacing 23 with approximately 5200 amperes 
for five min. Ten readings were taken, five while 
current was flowing and five after interruption of the 
circuit. A maximum temperature rise of 101 deg. 
cent. was obtained on the contact wire near the 
pantograph. 
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TEST NO.1 


5200 Amperes for Approximately Five Minutes, Two Pantographs. 
Maximum Temperature Rise, Deg. Cent. 


at Pantograph Distance from Pantograph No. 1 


Thermometer |——,—-——_ |__| -m m] 
location No. 1 | No. 2 |127.5ft.| 150 ft. | 195 ft. (2174 ft.| 15 ft.* 
Feeder......... 4 28 27.2 30 27.5 27 1.0 
Lacing......... 12 33 13.5 13.5 14.5 13 He 
Contact wire...| 35 67 31.0 28.4 29.0 21 4.2 
Shoes.......... 10 17 ing a ; ee 


Temperature of air, 25 deg. cent. 


TEST NO. 2 
5200 Amperes for Approximately Five Minutes, One Pantograph. 
Maximum Temperature Rise, Deg. Cent. 


at Pantograph Distance from Pantograph No. 1 


Thermometer |——— ———| ————  —ų— mų] | 
location No. 1 | No. 2 |127.5ft.| 150 ft. | 195 ft. |217 4% ft.i 15 ft.* 
Feeder......... 29 40.5 | 31 30 28.5 28.0 115 
Lacing......... 55 18.0 16.0 15.6 16.0 14 és 
Contact wire 101 36.0 | 28 29.2 30.5 23.5 27 
Shoes.......... 53 is í ze 


Temperature of air, 25 deg. cent. 
*Thermomoter location on opposite side from source of power. 


These tests do not reproduce exact operating con- 
ditions after a train has started but might apply while 
locomotive is standing still, attempting to start a train. 
The temperatures obtained are so low and the current 
and time used in the tests so high that they clearly 
indicate that no trouble would be experienced due to 
overheating of the distributing, contact, or collecting 
equipment. 


BURN-OFF TESTS 


These tests were made to determine the amount of 
burning which would be obtained if a pantograph should 
start to drop while carrying heavy currents and for some 
reason was checked and held in position a few inches 
from the contact wire. These tests were made with the 
locomotive standing still. While different amounts of 
current were passing through the contact wire and 
pantograph, the pantograph was released, stopped, and 
held. Potential of 1500 volts was held on the contact 
wire throughout the tests. Twenty tests of this kind 
were made, with current reaching a maximum of 4400 
amperes, the maximum drop of the pantograph being 
17 in. and the minimum one in. In no case was the 
contact wire or pantograph seriously damaged. A 
pantograph was also dropped without checking, with 
5000 amperes, at 850 volts, without serious damage. 

Several tests were made interrupting 4000 amperes at 
1500 volts with locomotive control arranged so that if 
the pantograph should begin to drop due to low-air 
pressure, a pressure relay on the locomotive would open 
the main breaker and interrupt the circuit. With this 
system of control, there was no sparking at pantographs. 


CONCLUSIONS 


Contact System Design. Contact systems, in actual 
use, for heavy traction, vary in principle of design 
between direct suspension, with considerable weight 
concentrated at points of contact wire support, and 
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catenary suspension, with practically no change in 
contact wire weight and freedom of vertical movement 
throughout. There is a corresponding variation in 
current transfer capacity. 

It is desirable to provide a contact member of uniform 
flexibility and, as far as possible, of uniform weight 
throughout. The necessity for flexibility and uniform- 
ity in weight increases as current values increase. 


It is important to avoid the use of fittings which ob- 
struct in any way the contact between contact wire and 
pantograph shoes. 

Contact Wire Lubrication. Experience gained by 
these tests and on lines equipped with the same or 
similar type of pantograph shows that a very thin 
film of lubricant should be maintained on under side 
of contact wire and that there is no difficulty in this 
connection provided pantograph shoes are properly 
lubricated. 

It is interesting to note that contact resistance 
between wire and shoe is decreased when lubricant is 
used. This is probably due to elimination of chattering 
and actual glazing of contact wire and wearing strips of 
pantograph shoes. 

Contact Wire Tension. Contact wire tension should 
be maintained at the highest value consistent with 
temperature conditions and other limiting features. 


Current Collector Design. The efficiency of this device - 


is affected by the following details: 

Weight of moving parts and friction in bearings 
and joints which may interfere with its response to 
any change in contact wire height, 

Design of contact. shoe, including number and 
assembly of wearing strips, lubrication, and facilities 
for lubrication, 

When two shoes are used, the degree of O aaa 
of movement and spring control, 

The rigidity of pantograph frame in connection with 
side sway, 

It is to be noted that a collector of standard design, 
with slight modifications to increase current carrying 
capacity, was used throughout these tests. 

Shoe Pressure. The word “pressure” is intended to 
mean the pressure exerted at standard contact wire 
height with pantograph in motion or with friction 
practically eliminated. This value can be obtained by 
tying pantograph with shoe at standard contact wire 
height and reading pressure with spring balance while 
pantograph is shaken, thus approximating the condi- 
tion while collecting. 

It is desirable to emphasize the importance of pressure 
in connection with current collection, and, when more 
than one collector is used, the equalization of pressure. 

Shoe pressure must be adapted to the overhead con- 
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tact system design and should be maintained at the 

minimum value found practicable in each case. 
Number of Collectors Used and their Spacing. These 

items determine the total upward pressure on contact 


wires and distribution of pressure, and certain com- 


binations may disqualify a contact system suitable for 
use with a single collector or other combinations. 

The number of collectors used must be determined 
by their design, current to be collected, and their 
minimum spacing, by overhead contact system design 
outside of locomotive design, and other considerations. 
It is desirable to make this distance a maximum. 

Speed. The speed at which a collector is moved 
introduces the effects of wind pressure on pantograph 
frame and certain parts, such as shoe horns, the inertia 
of pantograph frame and shoes, and side whipping 
with bad track surface. It also places limits on grades 
in contact wire and changes in weight and flexibility 
of contact wire. 

Effect of Voltage on Current Collection. Test runs 
were made with 750, 850, and 1500 volts. With all 
other conditions the same, no difference could be 
detected in quality of current collection with the three 
voltages mentioned. 

General. Conservative evaluation of these tests 
and experience gained from operated lines indicate that 
2000 amperes or more can be successfully collected, at 
any speed up to 60 or 70 mi. per hour, with one panto- 
graph, and 4000 amperes with two pantographs. 

These tests also demonstrate that it is practicable to 
design and construct an overhead contact and distribu- 
tion system capable of delivering more than the amount 
of current required for train propulsion, with line 
potentials used to date for trunk line electrification. 

The type of suspension, connecting messenger or 
feeder messenger and contact wire or wires, and its 
conductivity must be governed by the maximum 
current to be collected. 

These tests and experience lead to the following 
approximate ratings for the types of construction given: 

a. Steel messenger, two 4/0 copper contact wires, 
loop hangers, feed taps spaced 1000 ft., as used on 
Chicago, Milwaukee, & St. Paul Railway: 

Normal current, 1000 amperes with a maximum of 
1500. 

b. Compound catenary with auxiliary feeder, mes- 
senger, loop hangers, and feed taps spaced 300 ft. 

Normal current 2000 amperes with a maximum 
of 2700. 

c. For higher current value, the frequencies of feeder 
taps must be increased in proportion to the current 
demand. 


Discussion 


For discussion of this paper see page 1133. 
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Railway Inclined Catenary Standardized Design 


BY O. M. JORSTAD! 


Associate, A. 1. E. E. 


Synopsis.—A description is given of a new method of overhead 
contact design, the ‘‘ideal inclined catenary.”’ This is based on an 
originally discovered tension and weight relation formula. A 
proof of the formula is given and other characteristics of the design 
are mathematically analyzed. 

A number of railroads now using inclined catenary is listed and 


RAILROAD track alinement is made up of a suc- 

cession of tangents and curves. The overhead 

contact system in an: electrification must be 
designed to follow the alinement so that the current 
collector of the car or locomotive will always make 
contact in a satisfactory manner. 

Many types of overhead contact systems have 
been designed and applied on the many electrified 
railroads throughout the world. On tangent sections 
they are practically all similar in one respect, 1. e., their 
catenary hangers are vertical. 
tions, however, generally speaking, may be divided 
into two classes, one with hangers vertical as on tan- 
gent and the other with hangers inclined across the 
track. The vertical hanger type is called, by some, 
the polyhedral type and by others the chord type, as 
the catenary construction is pulled into a series of 
straight lines or chords over the track by pull-offs 
from a back-bone or pull-off posts. The inclined 
hanger type pulls the contact wire into a position over 
the curved track by inclining the hangers and thus 
causing them to function as combined pull-offs and 
hangers. Back-bones and pull-offs, except on the 
sharper curves, are usually omitted in the inclined 
catenary construction. 

Chord construction is an adaptation of tangent 
construction to curves. Likewise, the more usual 
inclined construction has heretofore been the result of 
displacing the messenger of the correlated tangent con- 
struction laterally. In the United States, both types 
are in general use with inclined catenary the most com- 
mon on main line electrifications. In other countries, 
however, the chord type has been the most favored. 
The following is a partial list of users of inclined cate- 
nary in this and other countries: 

The New York, New Haven, and Hartford Railroad 
Co. 


New York, Westchester, and Boston Ry., 

Boston and Maine Railroad. 

Pennsylvania Railroad, 

Norfolk and Western Ry., 

Virginian Ry., 

Detroit, Toledo, and Ironton Railroad. 

l. General Engineering Dept., Westinghouse Elec. & Mfg. 
Company, East Pittsburgh, Pa. 


Presented at the Summer Convention of the A. I. E. E., Detroit, 
Mich., June 20-24, 1927. 


The curve construc- 


data on the weights and tensions of their overhead constructions are 
given for comparison pur poses with the ‘‘ideal.”’ 

The necessity of making a definite selection of a proper contact 
wire tension in any inclined catenary design is indicated and that 
this, together with the use of the design formula, leads to standardiza- 
tion of overhead systems is pointed out. i 


Chicago, North Shore, and Milwaukee Railroad Co., 

Canadian National Rys., 

Lancaster, Morecambe, and Heysham Railroad in 
England, 

Midi Railroad in France. 


This list indicates that the inclined catenary is a 
practicable construction and that in every electrifica- 
tion of the immediate future it will in all probability 
come up for consideration. It also strongly indicates 
that an inclined catenary of some description will be a 
future standard overhead. 


The good qualities of the inclined construction may 
be partially summarized as follows: It is artistic and 
makes a strong appeal to the esthetic sense. It is 
economical of material in that it employs two wire 
members to do the work of the usual three or four in 
the chord type. It has inherent automatic tension 
characteristics and above all it supplies a contact: line 
that approaches most closely the ideal desired, 7. e., 
uniform flexibility. The greatest obstacle in the way 
of its more general use has been the comparative com- 
plexity of methods of design. 


As stated above, the present forms of inclined 
catenary curve construction were developed from the 
correlated tangent construction and consequently 
acquired similar tensions and sags for similar lengths | 
of spans. In the design of the tangent construction, 
there has been no fixed rule for determining the relative 
values of the various factors of design, tension, weight, 
sag, etc., of messenger and contact. The object sought 
was a maximum span with sags selected to keep the 
contact wire from being displaced by wind and leaving 
the collector. Such requirements resulted in a great 
variety of tangent catenary designs, each one depending 
on local and special conditions. The resulting related 
inclined catenary curve constructions were not entirely 
satisfactory from the designer’s standpoint as there was 
difficulty in securing proper alinements but they were 
made operative and were usually a great improvement 
over previous chord constructions, particularly on multi- 
track sections. 


There is now available, however, the discovered 
formula, 


T/T. = Wn/W. (1) 


which provides a basis for a simplified and precise 
design of inclined catenary. In the formula, W, = 
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weight of contact wire in lb. (kg.) per linear ft., T. = 
tension of contact wire in lb., Wm = weight of messen- 
ger wire in lb. (kg.) per linear ft., and Tm = tension of 
messenger wire in lb. In this design, the contact wire 
is practically parallel to the center line of track and all 
hangers in any given curve are parallel, 2. e., they make 
the same angle with the vertical. Also it must be noted 
that it is the combination of the weight and tension 
relation indicated by the formula and the approximate 
parallelism of contact wire with center line of the 
curved track that provides what may be called an ideal 
inclined catenary. With one of the two conditions 
` absent, an ideal inclined catenary is not secured. 


It should also be noted that this ideal combination 
of conditions can be secured only at some one selected 
design temperature. A change in temperature tends 
to modify both of the combination factors in a con- 
struction, as T./Tm does not usually stay constant 
over:a range of temperature and the contact wire dis- 
torts either vertically or horizontally with the least 


Fig. 1—SHOWING INCLINED CATENARY IN PERSPECTIVE 


change in temperature. This variation of tension with 
temperature is, however, a characteristic of all non- 
automatic catenary constructions. 


Also, any loss in weight of the contact wire after 
construction due to wear by collector causes a departure 
from the ideal design conditions. The loss in weight 
of contact is accompanied by a corresponding loss in 
tension and thus the formula is apparently satisfied. 
The loss in weight of contact wire, however, causes the 
tension of messenger to decrease due to its decreased 
load. This causes the messenger to rise, pulling up 
the contact wire at the middle of span with consequent 
distortion from its original position of parallelism to 
center line of track. Distortion due to loss of weight 
with wear, however, is common to all contact systems. 


A demonstration of the truth of the formula may be 
made as follows. Fig. 1 isa sketch in perspective of the 
usual inclined catenary. Herea is the contact wire, bthe 
messenger, andc, c, the inclined hangers. Fig. 2 is a 
plan view of an ideal inclined catenary span with zero 
length of shortest hangers. The contact wire a is a 
parabola and the curve f, the projection of the messen- 


JORSTAD: NEW METHOD OF OVERHEAD CONTACT DESIGN 


Transactions A. I. E. E. 


ger on the horizontal plane of contact wire, is also a 
parabola.? The two parabolas are tangent at their 
vertices. 

The ideal contact line or wire is defined as the wire 
under tension which lies in a horizontal plane and has 
the form of a parabola whose horizontal sag for a given 
span and curve is equal to the middle ordinate of the 
circular arc of the same span. For the usual spans and 
usual degrees of curvature there is practically no differ- 
ence in the tensions or positions of the wire in the form 
of a parabola or an arc of a circle’. 


q` X 
Y 
Fig, 2—PranNn VIEW or [IDEAL INCLINED CATENARY 
CONSTRUCTION 


A,— A: Fig.-2 is a vertical plane through the mes- 
senger and contact parallel to the principal axis B, B. 
of the contact parabola. In Fig. 3 the triangle g h i is 
a projection horizontally on the vertical plane A, — A; 
of Fig. 2 of the inclined catenary construction. 

In Fig. 3: 

g h = horizontal sag of contact parabola, 

gı = hanger in the plane of projection, 

hi = sag of messenger. 


I 4 


Fig. 3—Prosection Hortoxtatty or [IDEAL INCLINED 
CATENARY CONSTRUCTION ON VERTICAL PLANE A, Ay oP 
Fia. 2 


Fig. 4 is a projection similar to Fig. 3 but with the 
following additional construction: 

g h is extended horizontally to o, 

t o is dropped vertically from 2 to o0, 

a vertical is constructed through g, 

i m is extended horizontally from 7 to meet vertical 

at m, 

the diagonal 7h is extended to meet vertical at ķ. 

In the triangle mig of Fig. 4, ig has the slope of 
the hanger and if its length is assumed to represent the 


2. See Appendix I. 
3. See Appendix IV. 
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7. force on the hanger due to the dead load of contact 


` wire and horizontal load caused by tension in contact 


wire then the latter two forces are represented respec- 


. tively by the other two sides of the force triangle m g 


and m i. 
Likewise in triangle m i k of Fig. 4, 7 k has the slope 
of the messenger and as m i represents the horizontal 


~ load on the messenger due to tension in contact, the 


t t 


other two sides of the triangle will represent the other 


m c 


Fic. 4—ProvJectTion or Fic. 3 Wits ADDITIONAL CONSTRUCTION 
LINES 


two forces on the messenger, mk the total dead load 

acting vertically and t k the resultant load on messenger 

acting in the direction of slope of messenger. | 
Therefore 

mk =W.+W,, weight of contact plus weight of 
messenger, and since mg = W, = weight of contact 


(2) 

then 
gk = W,, = weight of messenger (3) 

and 
gk/mg = W,./W. (4) 


The two triangles in the Fig. 4, ghk and k oi, are 
similar since their corresponding angles are equal. 
Therefore 


gh/ho=gk/r0 (5) 
But 
10 = mg, by construction ’ (6) 
Therefore 
gh ho = g k/m g from 5 and 6 (7) 
Also 
gh/ho = Tm/T. see Appendix III (8) 
Therefore 


T m/l: = Wm/W, (axiomatic from (4), (7), and (8)) (9) 

It has thus been demonstrated that the ideal inclined 
eatenary construction with zero length of shortest 
hanger is a true construction and that the relation of 
weights and tensions of members is as given in the 
formula. 

The usual inclined catenary, however, has a shortest 
hanger of some length. If the contact line of such usual 
catenary is ideals,‘ it also has parallel hangers and the 
formula will also show the relation of its weights and 
tensions. 


4. See previous definition. 


This can be demonstrated by considering Fig. 5. 
On Fig. 5,92 is the g h i of Fig. 3; g s p h is another 
figure showing the projection of the more usual inclined 
catenary with shortest hanger hp of some length. 
The only difference between the ideal inclined catenary 
g h i and the usual inclined catenary illustrated is in the 
length of hangers. The other factors in the two are 
identical, weight of contact, tension of contact, weight 
of messenger, and tension of messenger. Consequently, 
the usual inclined catenary with ideal contact line and 
parallel hangers will be in agreement with the formula. 
And conversely, if weights and tension are chosen in 
accordance with the formula, an ideal inclined catenary 
results if the contact line is made ideal. 

In demonstrating the formula it has been assumed 
that the hangers were without weight. Practically, 
they will have some weight, this usually approximating 
five per cent of contact and messenger weight. This 
weight will have an effect on the actual slope and sag in 
practical construction and must be provided for. If 
the hanger weight is included by prorating it and in- 
cluding with contact and messenger weights, the ratio 
of weights and consequently of tensions in the formula 
is not changed so that if a basic contact tension is 
selected, the messenger tension will be fixed regardless 
of whether hanger weights are considered or not. 
Therefore, in preliminary determination or selection of 
messenger tension, hanger weights can be safely 
ignored. 

In determining slopes of hangers and slopes of messen- 
ger and sag of messenger, however, the weights of hang- 
ers must be taken into consideration. Such considera- 
tion, however, will not destroy the value of the formula 
in practical applications as the distortion due to the 
hanger weights in the extreme case, t. e., the case where 
the shortest hanger is assumed to have zero length, is 
practically negligible. 


im 


I 4 


Fic. 5—Proyection oF Fic. 3 WITH PROJECTION oF INCLINED 
CATENARY WITH LENGTHENED HANGERS 


To assist in applying the formula in design work the 
nomogram in Fig. 6 is given. By its use the tensions 
for various messengers of different weights can be 
quickly and accurately determined. Likewise, the 
effect on messenger tension of changes in contact 
characteristics in the preliminary design can be readily 
determined. The index lines show that a four naught 
(106-sq. mm.) copper contact wire weighing 0.641 lb. 
per ft. (0.956 kg. per m.) tensioned to 2500 Ib. (1135 kg.) 
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requires that a messenger weighing 2.37 lb. per ft. 
(3.54 kg. per m.) have a tension of 9240 lb. (4200 kg.) 
in order to satisfy the design conditions for ideal 
inclined catenary. 

On the assumption that tangent construction con- 
ditions are also satisfied by the indicated curve messen- 
ger tension—1.e., that a practical spanand sag results— 
the next step in the order of design is to find the length 
of hangers in the tangent span selected. Fig. 7 is a 
diagram method based on the formula and the supple- 
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mentary truth that for every tangent hanger, a corre- 
sponding inclined hanger for each degree of curve can 
be selected. 

The basic formula (9) is independent of span length 
or degree of curvature. Furthermore, the quantities 
in the formula are kept constant in all spans and curves 
in the usual practical alinement. Hence, any tangent 
span length may be selected as a basis for a group of 
curves of same span length. With the hangers of the 
basic tangent span selected, the corresponding hangers 
of any of the related curve spans can be found by simple 
mathematical operations. The operations are per- 
formed graphically in Fig. 7. 

Fig. 7 is constructed by laying off the tangent half- 
span with the customary assumption that it is a para- 
bola and that the contact line is horizontal. The 
tangent hangers of the half-span are drawn in to scale 
at desired hanger positions with the contact line shown 
the proper distance below the messenger. The slope 
lines of the inclined hangers for the various degrees of 
curvature are determined by laying off W., the unit 
weight of contact with prorated hanger weight verti- 
cally and the radial load per unit of contact hori- 
zontally and drawing in the straight lines through zero 
and such points. The radial load per foot of contact 


o>. See Appendix IV. 
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is T./R, where R is the radius in feet of the curve.* 
The length of the inclined hanger is found by projecting 
horizontally from the corresponding tangent hanger 
length to the proper slope line. The angle with the 
vertical is found with a protractor. A tabulation of 
corresponding hanger and angles is shown in Table I. 


TABLE I 
LENGTH AND ANGLE OF HANGERS 


Tangent 
Alinement length 
hanger no.| in inches 


Oa mh G OQ = 


Both length and angle values in Fig. 7 can be readily 
checked if desired by the use of appropriate formulas. 
The formula for determining the length of tangent 
hangers is based on commonly known characteristics 
of the parabola: 
© hk =et+ (427 8/L?) (10) 
where 
h = hanger length, 
e = length of shortest hanger at lowest point of sag, 
x = horizontal distance of hanger from lowest point 
of sag, 
sag of the half-span considered, 
length of the half-span considered. 
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Fic. 7—DIAGRAM FOR GRAPHICALLY DETERMINING HANGER 
LENGTHS AND ANGLES 


The corresponding inclined hanger length is deter- 


mined by multiplying the tangent hanger length by 
multiplier as found in the following formula: 


(T2/R? + Wer?) */Wea (11) 
The angle of hanger with vertical is 
Tan"! T./R Wen (12) 


The practically standard method of designating 


6. See ‘Notes on Catenary Construction” by Sidney Withing- 
ton, Franklin Institute Journal, Dee., 1914, p. 720. 


TARRE] 


aT 


June 1927 


_hangers is to give their angle of inclination from the 
` vertical and their length from center line of messenger 
` to center line of contact. Also, the practically standard 
7 term for designating the horizontal distance between 
` certer lines of contact and messenger is “the 
* displacement.” | 
The length of the shortest hanger is usually taken as 
6 [in. This length selection, however, depends on 
-= various conditions and the hanger may be made shorter 
- or longer as circumstances may require. In Fig. 7 the 
- shortest hanger is 9 in. 
With the design following the formula, it can be 
- demonstrated that the inclination of the suspension 
© string is the same as that of the hangers in all cases, 
2. e., with any length of shortest hanger. 
The basic formula can be put into the form 
z T/W er = (Tm + T .)/ (Wr + War), a continued 
proportion (13) 
- Therefore 
© Te/Wea R = (Tm + T)/ (Wnr + War) R, multiplying 
:. both sides of (13) by 1/R (14) 
* The formula for angle which the hanger makes with 
the vertical is previously given as 
tan~! T./Wer R (12) 
The angle with vertical made by the suspension 
. string is 
tan" (Tma + T.)/(Wmn + Wer) R (15) 
This is so since the suspension string takes a position 
in the direction of the resultant of the two forces acting 
on it, the vertical force due to dead load of span 
(Wan + Wen) Land the horizontal force (Tm + T.) L/R. 


` 
as 
a. 


And hence the tangent of the vertical angle is. 


((Tm + Te) L/R)/(Wur + Wer) L (16) 
“: which upon simplification becomes 
t (Tm + T) (W ma ZA Wen) R (17) 


_ Therefore the two angles are equal since their tan- 
i gents are equal. (From (12), (17), and (14).) 

, Consequently, the total displacement of the insulator 
support from center line of contact wire may be found 
by considering the suspension string as an extension of 
the theoretically longest hanger at the point of support; 
see Fig. 7. This is true only of the ideal inclined 
catenary. 

With a theoretical “zero” length of shortest hanger, 
=" the displacement d of the messenger for a given 
«contact and messenger and a given curve and span is a 

constant quantity and does not change with variation 
in the design contact tension and messenger tension. 
= Let 
£ d = the displacement. 
b W., = unit weight of contact with hanger weight 
prorated 
Wama = unit weight of messenger with hanger weight 
prorated 
Since W., and W ma are assumed constant, 


W.n/Wma is a constant 


r 
p 
b 
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(18) 
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Since the design formula W../Wa, = T/T m iS as- 
sumed to be followed, then 


T:/T m is also a constant (19) 


Likewise the various forms of the formula obtained 
by composition are constants. 
(W ma + Wera)/Wer (20) 
and 
(Tma + T/T.: (21) 
are constants. With zero length of shortest hanger the 
length of longest hanger at support in tangent spans 
is the same as the vertical sag, 2. e., 
S = (Waa + Wma) 17/8 T. (22) 
The angle which the inclined hanger at support makes 
with the vertical will depend on the tension in the con- 
tact wire. The tangent of this angle is, 
8T.d/(W., + Wma) L? (displacement d over sag (22)) 
(23) 
It is a variable. 
Another expression for the value of tangent of hanger 
angle is 


(Ta + T)/R (Wen + W mn) 


(24) 


Fia. 8—DIAGRAM FOR TANGENT HANGER LENGTH FORMULA 


which gives the slope of the supporting insulator string. 
As the two angles are equal, their tangents are equal. 


8 I: d/ (Wer + W ma) L? = (Tn + T.)/R (Wer + W mn) 


(25) 

and 
8T.Rd = (Tn + T.) L, simplifying (25) (26) 

and 
d = L/8 R X (Ta + T.)/T. (27) 


L?/8 R = middle ordinate of curve for span of length 
L and radius R and is a constant for a given curve 
and span’ (28) 
Since (Tm + T.)/T. is also a constant as per pre- 

ceding (21), then d is a constant as it is the product 

of two constants. If the shortest hanger is given some 
length, however, the displacement does not remain 
constant. Another disturbing factor in the total 
displacement is also introduced by the use of a sus- 
pension string of insulators for supporting the catenary. 

Probably the most complicated part of the design 


of an inclined catenary is that covering the transition 


7. See Allen, R. R., ‘Curves and Earthwork,” 1903 edition, 
p. 42. 
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from the tangent to the body of the curve. This section 
of the overhead is somewhat similar to a spiraled section 
of the running track. With an inclined catenary 
designed according to formula, transition design is 
greatly simplified as the selection of hangers of suitably 
varying angle and length becomes a relatively simple 
process by means of the diagram of Fig. 7. 

Usually a simple design is economical and results in 
lowest cost for the duty performed. It is not proposed 
to demonstrate with mathematical exactness that the 
formula design of inclined catenary results in lowest 
over-all construction costs. The following analysis 
would indicate, however, that this is practically true. 

Assuming equally good design of supporting struc- 
tures, the combination of minimum loads consistent 
with minimum dimensions of catenary structure, both 
vertical and horizontal, should result in minimum sup- 
porting structures. If a messenger tension greater 
than that demanded by formula is selected by the 


designer, there will of course be a greater side load on 


the structures than if the formula were followed, since 
the side load varies directly as total wire tension. The 
_ dimensions may be reduced vertically somewhat but 
probably will not be reduced horizontally because of the 
distortion of the contact wire from the position parallel 
to center line of track. 

If a messenger tension less than that of formula is 
selected in order to diminish the side load, the vertical 
and horizontal dimensions of catenary and of support- 
ing structure will be increased as the sag is increased 
and although there may be a smaller effective side load, 
overcoming the distortion of the contact and messenger 
will require additional pull-offs and other changes 
such as auxiliary back-bones or more frequent supports 
with the probable net result of increased cost. 

One of the greatest economic advantages of designing 
according to the formula is the resultant easy erection 
of the wires. All parts fit together naturally and there 
are minimum secondary stresses. The construction 
can be handled like a truss with members designed and 
connected properly, as compared to a truss in which 
members are not of proper length and in which the loads 
are carried eccentrically by the members. Cables are 
of course much more flexible than truss members and 
hence can be more easily pulled into connection with 
other members but nevertheless secondary stresses and 
distortion result with inexact design and must be pro- 
vided for in the original design or as later experience 
dictates. With the inclined designed as per formula, 
the parts fit and come together easily so that the time 
and labor of erection and later maintenance become a 
minimum. 

Design based on the formula also makes variations of 
the simple inclined catenary relatively easy. Double 
catenary, either with double contact or messenger or 
both, and staggered catenary on curve and tangent are 
examples of such variations. Furthermore, as is often 
desirable, if a stretch of chord construction is required, 
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it can be readily introduced without complications 
between sections of inclined catenary. 

The formula would appear to handicap design in that 
it selects but one messenger tension value and thus 
fixes the dimensions of the catenary on tangent as well 
as on curve after the other three factors, contact 
weight, contact tension, and messenger weight, are 
settled upon. There should be no objection to the 
limitations imposed if a reasonable construction results. 
If the resulting construction is not considered reason- 
ble, it is still possible to change the other factors of 
design such as contact material and tension as well as 
messenger material and resulting tension in order to 
better satisfy tangent conditions. 

The result of following this method of design will 
be the eventual selection of several contact weight and 
tension conditions as standards so that for similar 
service on comparable lines there will be available a 
suitable standard. Such a condition should enable 
sound comparisons to be readily made of operating 
conditions on such lines. 

Assuming that a contact wire of a given weight and 
tension relation is installed as tentative standard prac- 
tise, the inclined catenary construction has an inherent 
tendency to maintain this relation of weight and tension 
constant for a given temperature over a period of years, 
as the operating slope of hangers and position of contact 


-wire over track depend on such relation being kept 


constant. The tension of the contact wire is a much 
more important design factor in any inclined catenary 
than in chord construction. It is in fact the basic or 
starting factor. In the chord type of construction the 
tension of the contact wire may vary over a wide range 


and not produce any noticeable effect on the shape of 


the construction. Two lines or sections of chord con- 
struction may appear exactly alike and yet have very 
different contact tensions and hence different collecting 
characteristics. This is not so of inclined catenary 
constructions. If they are otherwise alike, their contact 
tensions are also alike and consequently their collecting 
characteristics will be alike and they will stay alike with 
similar temperatures. True operating comparisons 
can then be made of such overheads under the same 
or differing services with the gradual result of con- 
tinually improving the standards. The economic 
result of such a condition should be very satisfactory. 
It would only be a matter of time before the most 
economically designed and operated line or lines for 
certain conditions would be found. 

It is interesting and valuable to use the formula 
as a check on already existing and operating inclined 
catenaries. Investigation shows that practically all 
lines heretofore installed depart more or less from this 
criterion, some more than fifty per cent. This might 
indicate one of two conditions. Either the formula 
application is not practically necessary and inclined 
catenary is very adaptable or present inclined catenary 
construction designs are subject to refinement. 
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Data showing the departure from the formula on 
certain important lines already installed are as follows: 

Canadian National Railways. From data which 
appeared in the Railway Age, May 2, 1925, in article, 
“New Catenary Construction on the Canadian 
National,” and elsewhere, the following values were 
secured: 


Wn = 0.7465 1b., 
W. = 0.641 lb., 
T. = 2400 lb., 
Tm = 3600 Ib. 


Tm as per formula should be 2790 lb. Hence, tension 
used is 30 per cent higher. 

Pennsylvania Railroad. Philadelphia to Paoli Elec- 
trification. From data in The Electric Journal, Febru- 
ary, 1916: 

Wm = 0.510 lb., 

W. = 0.509 + 0.320 = 0.829 1b., 
T. = 3000 + 1000 = 4000 lb., 
Tn = 3500 lb. 

T m, according to formula, should be 2470 lb. Hence, 
tension used is 42 per cent higher. 

New York, Westchester, and Boston Railway. Data in 
Sidney Withington’s article, Journal of Franklin Insti- 
tute, Dec., 1914, are as follows: 

W,, = 0.810 lb., 

W. = 0.641 + 0.558 = 1.199 lb., 
Tm = 4900 lb., 

T. = 3500 lb. 

T m, according to formula, is 2370 lb. Hence, tension 
used is 107 per cent higher. 

N. Y., N. H., & H. R. R. Danbury Branch. From 
page 313 of Electric Railway Journal for August 29, 
1925: 

Wm = 0.668 lb., 

W. = 0.641 + 0.641 = 1.282 lb., 
T. = 1600 + 1815 = 3415 lb., 
Tm = 3900 lb. 

Tm, according to formula, should be 1785 lb. Hence, 
tension used is 118 per cent higher. 

Midi Railway of France. From data on page 175 of 
Le Génie Ciril, August 25, 1923, the following informa- 
tion is obtained: 

Wm = 0.65 kg., 


W. = 0.89 + 0.89 = 1.78 kg., 
Te = T00 kg. + 700 kg. = 1400 kg., 
Tm = 1350 kg. 


According to formula, Tm should be 510 kg. Hence, 
tension used is approximately 164 per cent higher. 

A number of lines has been designed in accordance 
with the formula and several have been constructed and 
are in process of construction. Model spans have also 
been built. The results indicate that the formula is 
a very satisfactory and practical guide. The usual 
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inclined catenary is a practical though somewhat 
empirical design. The design based on the discovered 
formula is proposed as an improvement as it is both 
practical and scientific. 

The formula gives an exact statement of the relations 
of the various design factors involved. It is just as 
true as the equation of the parabola and to question a 
design based on it is comparable to questioning the use 
of the parabola formula in the design of the usual 
catenary. 

The simplicity of the discovered formula indicates 
that the ideal inclined catenary construction with its 
two parabolas and connecting parallel hangers is a 
special shape which is closely allied to other geometrical 
shapes, the cone, the cylinder, and the sphere. And 
just as these are inherently best suited for certain 
mechanical purposes, the ideal inclined catenary shape 


Fia. 9—SKETCh USED IN PROOF THAT TRACE OF ELEMENTARY 
HANGERS IS A PARABOLA 


is especially adapted for railway overhead construction 
on curves. It fits the track alinement perfectly. 


Appendix 1l 


Demonstration of proof that curve U V isa parabola. 

RV = parabola of contact wire, by construction and 
definition, 
ab, a;b, = parallel elementary hangers supporting 
contact wire, 

W V = intersection of horizontal plane of contact 
wire with inclined plane of messenger slope, 

U V = curve formed by elementary hangers a b, 
a, bı, etc., piercing plane of messenger slope at points 
b, by, ete. | 

To prove curve U V isa parabola: 

Pass vertical planes through elementary hangers 
a b, and a, b, parallel to principal axis of parabola. 

Triangles a bc and a, b, c; are formed by the inter- 
sections of such parallel planes with horizontal plane of 
contact wire and inclined plane of messenger slope. 
Triangles abc and a,6,c, are similar since their 

corresponding sides are parallel (29) 
a bis parallel. to a, bı, by construction (30) 
bc is parallel to b,c,, intersections of two parallel 


planes by a third plane | (31) 
ac parallel to a, c), same reason as (31) (32) 
aca,c; = bc bic (33) 


but 


ac/a;c, = x°,2x,*, ordinate of parabola R V (34) 
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Therefore, 
bc/bic, = 2?/x,°, axiomatic (33) and (34) (35) 

Therefore curve U V is a parabola, since it has the 
properties of a parabola. 

Therefore, the curve which the assumed elements 
trace in their intersection of the inclined plane of 
messenger slope is a parabola. 

Likewise, the projection of the messenger on the 
horizontal plane of the contact wire is demonstrated to 
be a parabola. 


Appendix II 


- Proof that U V represents the true position of the 
inclined messenger. 

Assume a b isthe position of longest hanger of some 
given span and that b is the point of attachment of 
hanger to messenger. The messenger with the calcu- 
lated resultant load can be so tensioned as to pass 
through b and V and it will take the shape of a parabola. 

Only one parabola can be constructed with vertex at 
V and passing through b. Hence, the messenger will 
take the shape of the parabola U V. Hence, the 
elementary hangers will intersect the plane in the 
parabola U V formed by messenger and therefore the 
assumed construction 1s demonstrated to be a true 
construction. 


Appendix ITT 


Proof that tensions of contact and messenger vary 
inversely as their horizontal sags. 
In Fig. 10, 
ab = length representing the sag of the inclined 
messenger in feet (36) 
ac = length representing the horizontal sag of pro- 
jection of messenger on horizontal plane in feet (37) 
ea = length representing resultant load on messenger 
in pounds (38) 
de = length representing dead load on messenger in 
pounds (39) 
da = length representing horizontal load on messen- 
ger and also on contact wire in pounds (40) 
fa = length representing middle ordinate or horizontal 


sag of the contact parabola in feet (41) 
Tr = (ea) L?, 8 (a b) parabola formula (42) 
T = (da) L?,8 (f a) parabola formula (43) 
Tma T. = (ea) (fa),(ab) (da), dividing (42) by (43) 

(44) 
(Ča); (ea) = (a c)/(a b), similar triangles (45) 
and 
(da (ac) = (ea) (ab), from (45) (46) 

Therefore 
Ta T. = (da) (ac) X (fa) (da), substituting in (44) 

(47) 

Therefore 

T, T. = (fœ, (ac), simplifying (47) (48) 


Therefore the tensions are in inverse proportion to the 
horizontal sags. 
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Appendix IV 


Proof that the radial load caused by a contact wire 
of a given tension and circular curve is practically the 
equivalent of the uniform horizontal load of a parabola 
with same tension at the middle of span and with sag 
equal to middle ordinate of arc of circular curve. 


T R = P = unit radial curve load’ (49) 
mo = middle ordinate? = L2/8 R (28) 
The sag S = m o by assumption (50) 
T =wMIL?/8mo = parabolic catenary formula 
(51) 
where w = unit load on horizontal parabolic catenary. 
Prove P =u (52) 
R = L?/8mo, from (28) (53) 
8 Tmo/L? = P, substituting (53) in (49) (54) 
and 
8T mo/L? = w, from (51) (55) 


g | 
Fig. 10—Sxetcu SHowING PROJECTION OF LDEAL INCLINED 
CaTenary Wits Forces Actinc On It 


Therefore 


P = w axiomatic, from (54) and (55) (56: 


TABLE OF LETTERS OR SYMBOLS 


= weight of contact wire in pounds per linear foot, 

tension of contact wire in pounds, 

= weight of messenger wire in pounds per linear 

foot, 

= tension of messenger wire in pounds, 

= contact wire in Fig. 1, 

messenger wire in Fig. 1, 

= inclined hangers in Fig. 1, 

= displacement of messenger, 

= projection of messenger on horizontal plane. 
Fig. 2, 

unit weight of contact wire with prorated 
hanger weight in pounds per linear foot, 

= radius of curvature in feet, 

hanger length, 

= length of shortest hanger at lowest point of sag. 

= horizontal distance of hanger from lowest point 

of sag, 
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8. Withington, Franklin Institute Journal, Dec., 1914, p. 73V. 
9. Close approximate formula, Allen, ‘‘Railroad Curves and 
Earthwork,’’ 1903 edition, p. 42. : 
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s = sag of half-span considered, 
L = length of span, 
Wma = unit weight of messenger wire with prorated 
hanger weight in pounds per linear foot. 
Discussion 
PAPERS ON OVERHEAD CONTACT SYSTEMS 


(VIELE, Brown, THorRp, WADE AND LINEBAUGH, AND JORSTAD) 
Detroit, Micu., JUNE 24, 1927 

H. F. Brown: Mr. Viele’s paper emphasizes many points 
which are in line with similar experience on the New Haven 
system such as 

1. The advantage of the auxiliary wire above the working 
conductor. 

2. The necessity for proper steadying devices for the trolley, 
on both tangent and curve construction, especially against 
transverse wind loads. 

3. The avoidance of long spans in exposed locations. 

4. The advantage of locating sectionalizing and splicing 
devices at or near the supports. 

5. The avoidance of hanger members which do not make a 
positive contact with both the messenger and the contact. 

6. The importance of correlating the pantograph design with 
that of the overhead contact system, and the possibility and 
desirability of further refinement in the pantograph design. 

In connection with the tests described, it would be of interest 
to know what effect the tensions of the auxiliary and the contact 
have on the amplitude of movement at the support point. Lower 
tensions, especially of the auxiliary, might offer an improvement. 
It would also be of interest to know the effect of the contact-wire 
tension on the speed at which the oscillations travel along the 
wire; also a comparison of the effect of the very light rods now 
being used on the newer installations, as compared with the 
columnar effects of the older, heavier types. 

M. W. Manz: The amount of rise of the pantograph wire 
in any catenary span would be in proportion to the unloading or 
in proportion to the pantograph pressure. That can he laid out 
rather accurately with the force polygon, and if one follows the 
movement of the pantograph through a number of locations one 
gets an unloading diagram similar to the curve Mr. Viele has 
presented. 

There is a rather peculiar thing about that type of diagram; 
the movement of the system is the largest at the center of the 
span. Has any thought been given to the possibility of increas- 
ing the weight of the system at the center of the span as opposed 
to increasing it near the supports which now happens due to 
the longer hangers? In other words, if you take the diagram and 
unload it at various points, vou will find that an unloading at the 
support has much less effeet on the system than at the center of 
the span. Has any consideration been given to the possibility 
of some correction, perhaps. for the unloading at the center as 
opposed to more unloading at the supports? 

In connection with the long wave motion, which you have 
with a number of pantographs in a span, with a number of spans 
there is a rather interesting combination. Has any observation 
been made as to the extent of movement of the suspension 
insulator? When you unload a span, you reduce the tension. 
When you do that, the insulator will swing, giving an effect of 
balancing the tension back through the system. There might 
be another interesting point to consider for future investigations; 
can the loadings of the messenger be decreased as you approach 
the supports in such a way that the lift of the system is uniform? 

G. I. Wright: We on the Illinois Central are considering 
the application of roller bearings to our pantographs—something 
that has not been done generally in this country, but I believe 
has been done abroad. 

In both Mr. Viele’s and Mr. Brown’s papers, they mentioned 
a provision that they thought necessary to make for flashover of 
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insulators—burning the construction and so on. I might say 
that due to the system we use and the design of it, we have had 
no flashover of insulators and practically no burning of wires. 
The only burning of wires we have had, except that caused by 
a direct stroke of lightning, has been the burning of the contact 
wire where the pantograph ran from a live section to a dead 
section on which there were a large number of trains standing. 
In leaving the gap, this caused an are which was maintained, 
and burned the wires. 

I might state that in order to prevent this burning we are 
installing dead-section signals which will stop a train from pass- 
ing from a live to a dead section. 

The fine results due to the elimination of burning and arcing 
are also largely due to the high-speed breaker protection we have 
on all feeders energizing the catenary. 

In Mr. Jorstad’s article, I thought possibly he gave a wrong 
picture of the popularity of the inclined catenary. I believe that 
both types have their use and their field, and that certainly the 
chord construction is better for a great many installations, 
particularly where there are few curves and considerable copper 
is required. 

Mr. Jorstad listed eleven railroads which use inclined catenary, 
and stated that this indicated that this would be a future 
standard overhead. There are very many important railroads 
which use the chord construction. 

Mr. Jorstad also said that in using inclined catenary only two 
wires were necessary whereas with chord construction three or 
four are used. I believe that is limited to short-span lifting- 
hanger construction, while two wires would not be feasible for 
long-span construction generally used for heavy electrifications. 

Apparently, Mr. Jorstad’s method of design greatly simplifies 
something that in the past has generally been considered very 
complicated, and such a simplification should be weleomed by all. 

Norman Litchfield: As consulting engineers for a number 
of railroads, we have been closely connected with the develop- 


ment of the modern catenary, and a short review may therefore 
be of interest. 


The first major installation of high-voltage catenary was on 
the N. Y., N. H. & H. R. R., in 1906, between Woodlawn, N. Y. 
and Stamford, Conn., the main line construction using two 
messengers with diagonal hangers forming a B with the trolley. 

On the electrification of the Elkhorn grade of the 
N. & W. R. R., in 1912 we employed a single catenary for both 
main line and yards, the necessary stability of the trolley wire 
being obtained by a cross-span wire installed only at points 
exposed to winds. The catenary was supported by suspension 
insulators hung below the body strand, thus eliminating insu- 
lation in the latter between tracks. The same construction was 
used by us on the Paoli electrification of the P. R. R. and has 
since become practically a standard. 

The original New Haven construction used a square, latticed 
eolumn, bolted to a concrete foundation. To provide a lighter 
appearing structure, and to reduce first cost and maintenance, 
the N. & W. R. R. and the P. R. R. adopted tubular poles set 
in cored holes in concrete foundations, the poles being guyed to 
concrete anchors at points of curve pull. 

On a further extension of the N. & W. R. R., rolled-steel H- 
columns were used for the first time, with structural bases bolted 
to the foundations. 


For the Virginian Railway electrification in 1923, we used H- 
columns with a pre-cast concrete base, cast on the pole at a 
central manufacturing yard. These were set in holes sheathed 
with a section of corrugated steel culvert pipe, then wedged in 
place, and backfilled. 


During the past year we have been engaged in the electrifica- 
tion of the Bay Ridge freight line owned by the New York Con- 
necting and the Long Island Railroads, and have used plain 
H-columns set in culvert pipe, then wedged in place and the 
pipe filled with concrete. 
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, To obtain a very light appearance and a clear view of signals, 
on the Paoli electrification, a cross catenarv was used for the sup- 
port of the messenger and trolley, this being its first general 
application to main-line work, although it had been used pre- 
viously in the East Port Chester yard of the N. Y., N. H., & 
H. R. R. 

Prior to the Virginian electrification, we had utilized galvanized 
steel wire and galvanized castings for the support of the messen- 
ger and trolley wire. On the Virginian, non-corrosive materials 
were used for the messenger and the trolley hangers (the two 
live elements above the trolley). For the Bay Ridge electri- 
fication, a further advance was made by the employment of 
non-corrosive hangers and wires throughout, including the cross- 
catenary. 

Electrification is now under way of the P. R. R. Company’s 
suburban service between Philadelphia and Wilmington which 
uses all non-corrosive materials. It is on a portion of this line 
that the interesting type of steady which is deseribed in Mr. 
Viele’s paper will be used. 

At the time we undertook the Elkhorn grade electrification, 
we found the mathematics of the catenary system in an unde- 
veloped state, the practise being to calculate the hangers only 
for those spans which followed around a uniform track curve, 
it being left to the construction forces to cut and fit the irregular 
spans at transitions, ete. On this line it became imperative to 
find some method of calculating the irregular spans also, and an 
original theorem was therefore developed by our engineers. 
This has since become generally used, and is deseribed in Mr. 
Brown’s paper. It should be remembered that while discussion 
of the mathematies is of value, nevertheless ecatenary design is 
largely empirical, requiring judgment and experience to produce 
an economical and smooth-running line. 

H. S. Richmond: In abolishing the trolley pull-offs on 
high-grade and high-speed systems, by experience it was found 
necessary to meet the condition which demands that the trolley 
curve of one span shall be tangent to that of the adjacent span 
opposite the point of support. The trolley curve is not a true 
circle, but if the above condition is met, it forms a continuous 
and graceful curve, lying in a horizontal plane at the temperature 
for which the computations were made. We have deduced 
formulas by which spans are thus matched together or 
“balanced” both on regular curvature and on transitions. 

The formula by which spans are “balanced” on a regular curve 
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and the maximum deviation "A of the form of the trolley curve 
from the true circle is given by the formula: 


ea = _o-1 ] 
` = 45900  11470d /d x 


Here 
S = the span in feet. 
T = the combined trolley and auxiliary tension. 


M = the messenger tension. 

D = the track curvature in degrees. 

U =the horizontal offset between messenger and trolley. 

$ = the ordinate of the fundamental trolley curve referred to 
the system axis. 

and 

d.d zis the derivative of @ with respect to axial dimension, 

the particular values of the curve and its derivative at the point 

of support being used. 

The deviation A, we have found to bea very small quantity and 
not of signifieanee as regards conformity of trolley to pantograph 
center. In this we take exception to Mr. Brown’s citation of this 
point as being an important limitation in the use of the inclined 


JORSTAD: NEW METHOD OF OVERHEAD CONTACT DESIGN 


Transactions A. I. E. ÈE. 


system. On the contrary, we find that the real limitations of 
this system for moderate curvatures lies in the length of the 
horizontal offset between contact wire and messenger at points 
of support and the temperature variation in vert’cal and lateral 
position of the contact wire. 

J. C. Damon: Mr. Jorstad noted that in systems investi- 
gated, the tension used for the primary messenger of the catenarv 
construction was considerably higher than his formula would 
give. 

In the recent past, the tendency for catenary construction 
seems to have been to use very high-strength material for the 
messenger and to keep the sag as low as possible. Under these 
conditions, the stretch of the cable furnishes a large proportion 
of the excess length of the catenary curve over the straight-line 
distance between supports, and with a given uplift from the 
pantograph, the tendency for the catenary system to rise is 
consequently very great. 

When the tension in the messenger per-pound-weight of the 
catenary system is reduced, the sag must be increased; but, in 
turn, there is less tendency for the catenary system to rise because 
of the pantograph uplift. 

With the lower tension in the messenger cable, there is a greater 
variation of the height of contact wire due to temperature varia- 
tion, but less variation due to the uplift of the pantograph. 

Recently, there has been a tendency to put feeder capacity 
into the messenger, which generally increases the weight of the 
messenger and, in consequence, due to the pantograph, reduces 
the upward movement of the contact wire. By using a moderate 
tension and putting the necessary feeder capacity into the 
messenger, some systems get no appreciable wave traveling 
ahead of the pantograph. The Chicago, North Shore, & Mil- 
waukee Railroad, which uses the heavy ty pe of construction with 
feeder capacity in the messenger, is, of course, a low-voltage 
railroad and quite different from the Pennsylvania main line; 
but it has an entirely non-rust construction of very heavy mes- 
senger, which has given satisfaction at fairly high speeds. The 
Illinois Central Railroad is another system in which the feeder 
capacity has been put in the messenger and has operated in a 
very satisfactory manner. 

Mr. Viele contradicted the statement in my verbal discussion 
and stated that the heavier messengers with lower-tension per 
pound did not reduce the wave which went ahead of the panto- 
graph. We are not, however, as far apart as our necessarily 
brief statements in the very limited discussion permitted would 
make it appear. 

If there were absolutely unrestricted longitudinal motion of the 
messenger, Mr. Viele’s statement would be correct and my 
statement would be wrong. On the other hand, if no longitu- 
dinal motion of the messenger from one span to another were 
possible, Mr. Viele’s statement would be wholly wrong and mine, 
correct. 


In actual practise, Mr. Viele has developed an extremely 
flexible catenary support system which approaches somewhat. 
although not entirely, the conditions of his assumption. On the 
other hand, most of the existing catenary systems, and, I venture 
to predict, a great many of the future catenary systems, will 
have bridges with saddle insulators, or short strings of suspension 
insulators, and conditions will be more nearly those of a com- 
pletely restricted than of an entirely unrestricted longitudinal 
motion—in which case my statements, which were relative 
only, will be correct. 


A. G. Oehlers My question is essentially an elaboration of 
what has already been introduced by Mr. Manz. I should 
like to know how much the loop hanger does offset the increased 
rigidity at the points of support? How much is this variation in 
rigidity corrected by the use of a heavy contact wire. and is it 
or is it not desirable to use a flexible hanger to minimize this 
difficulty? Finally, is it necessary to worry about it? 

K. T. Healy: It seems unfortunate that no place has been 
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given in these papers to study the overhead distribution system 
costs. The future extension of electrification depends largely 
upon the abilities of the engineers and manufacturers to reduce 
the initial costs of the improvement, other things remaining 
equal. And a considerable part of this reduction must come in 
the distribution system, as this makes up from 25 to 35 per cent 
of the total cost of the electrification. Therefore, it is essential 
that the design of the overhead distribution svstem should, 
as a means of lowering costs, look not only to satisfactory opera- 
tion but also to economical utilization of material and labor of 
construction. 

As a general rule, economies of design are effected by a close 
study of the conditions and requirements at hand and an ample 
allowance for them, at the same time confining the design to 
these only. The main conditions affecting overhead design are: 
first, amount of conductivity to be provided; second, speed and 
method of collection of the current; and third, climatic conditions. 

The requirements of conductivity immediately make a line of 
demarcation between high- and low-voltage systems, svstems in 
level country and in mountainous country, and multiple-track 
and single-track systems. With the high-voltage systems, under 
all but mountainous conditions, ample conductivity can be 
secured in two conductors, so that there is no reason, so far as 
conductivity is concerned, for going into design with more 
conductors. With the low-voltage systems, more conductors 
are necessary with the consequent heavier loadings on supporting 
structures and greater amounts of steel necessary in the 
structures. 


The second condition affecting overhead design—namely, speed 
of ecollection,—imposes on main-line, high-speed tracks, require- 
ments decidedly different from those on yard and siding tracks. To 
a large degree collection is a function of the ability of the collector 
to keep in physical contact with the overhead in spite of varia- 
tion in height of the overhead or varying hardness of the over- 
head. The ability to follow variations in height is dependent 
upon the velocity and lineal rate of variation in the height of the 
overhead with a given effective inertia of the collector. In yard 
operation the speeds are low and the currents low, so that greater 
lineal rates of variation in height are allowable and consistent 
with good collection and the overhead distribution does not 
necessarily have to be of the full catenary type. In Europe, 
notable strides have been made in decreasing the cost of yard 
electrification by taking advantage of this fact. The Swiss 
have their Renens yard arranged with a modified direct suspen- 
sion, with 116-ft. and 165-ft. spans. This has given very satis- 
factory operating results. 


The Paris and Orleans Railroad, on its 1500-volt electrification, 
has followed the same trend and has wired its yards in the Paris 
area with a direct suspended system with cross-span supports. 
Thus, many economies are possible by designing yard distribu- 
tion systems, not for mainline track requirements, but for yard 
requirements of low-speed and less exacting requirements of 
uniformity in contact wire. 


The second condition also has to do with the method of col- 
lection. Here again it may be well to emphasize Mr. Viele’s 
remarks to the effect that coordinated effort in the design of both 
pantograph and overhead is necessary for satisfactory operation 
and that this coordination may be carried even further to affect 
economies in cost. Certainly one of the most important factors 
in the ability of a collector to work well is the inertia of its moving 
parts. Here, European pantograph design has taken a different 
course from ours on high-voltage systems by introducing a 
secondary bow for the shoe, swinging about its own central axis 
and held in position by small springs. This has reduced the 
effective inertia of the collector many times, because this small 
bow, weighing only a few pounds, is all that has to move to 
follow the small irregularities of the trolley height. It then 
requires much lower pressures to keep continuous contact on the 
trolley wire with consequent reduced wear on both wire and shoe. 
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At the same time, the pantograph itself is made much lighter, 
using wire guys instead of pipe for side bracing and snugger 
joints with less friction at the points of support and other axes. 
This requires less pressure to operate and makes a smaller area 
for wind and ice loads to affeec. The effects of hard spots in the 
contact system are of course grceat'y diminished because of the 
much lighter weight behind the impact of the shoe on the hard 
spot. Experience shows that a single shoe will collect 180 amperes 
perfectly at 55 mi. per hr. and 250 amperes at 27 mi. per hour, 
and that the shoes will run from 5600 mi. in Switzerland to 
15,000 mi. in Germany. The usual practise is to run with two 
pantographs up, which nearly doubles the life of the shoes. The 
greasing of the shoes seems to be a mooted question; the Swiss, 
for instance, are in favor of it and the Germans are not. 

Mention has been made of the need of coordinated effort 
in pantograph and catenary design, but the importance of this 
in relation to reducing both initial and operating costs cannot be 
stressed enough. With the low currents of normal high-voltage 
overhead distribution and the resulting possibilities of reducing 
shoe pressure, the possible simplification in catenary design is 
considerable. 

In all the high-voltage European electrific ations, this coordina- 
tion has resulted in a great saving. Pantograph pressures have 
been kept down to 79 lb., using aluminum shoes with negligible 
wear on contact wires. As a consequence they have been able 
to use a much lighter and simpler catenary system with only a 
messenger and contact wire. In the past, to cut out the hard 
spots of the hangers, they have operated with an auxiliary or 
intermediate wire, but with the flexible hangers they use, they 
have found this wire unnecessary. In some cases the flexible 
hangers are made of strand so as to make a low-resistance, non- 
heating connection between messenger and contact. Particular 
care has been taken to avoid hard spots; splicing is rare, the 
contact wire being in lengths sufficient to reach from anchor 
point to anchor point; push-offs and other devices with com- 
pression members are not used; rigid deflectors are not used; 
and pull-offs are made very light. 

The Swedish State Railroad catenary may be taken as an 
example of this type of catenary designed for weather conditions 
comparable to ours and with a conductivity of about 260,000 
cir. mils. The costs of the materials at our prices would be 
about $528 per mile for 80 sq. mm. copper contact, and $316 
per mile for 50 sq. mm. copper messenger, a total of $844. 


A corresponding example of American practise may be a 
4/0 phono contact, costing $792, a 4/0 copper wire, costing 
$686, auxiliary clips, costing $35, and a 9/16-in. steel messenger, 
costing $316, or a total of $1829 per mile, nearly $1000 more per 
mile than the other for a slightly greater conductivity of 310,000 
cir. mils. The unit weights of the two systems are 0.81 lb. per 
ft., for the first and 1.95 lb. with the American, requiring a pole 
designed for roughly twice the catenary loading. This, of course, 
means an opportunity for the saving of considerable weight in 
the steel structures. The Swedish construction, using two 5-in. 
channels for a self-supporting single-track line, is comparable 
to the 10-in. H-section poles in use in this country for similar 
construction. 


H. F. Brown: Mr. Thorp’s paper among other things brings 
out the importance of the catenary profile in determining the 
structure heights and catenary details, especially where the 
hanger rods depart from standard conditions. This is a very 
valuable check on the calculations. 


The unit weights and required conductivity of the overhead 
system described are impressive, but, of course, are required for 
the low voltage used. This is further reflected in the size of the 
supporting structures. I believe 14-in. H-beams were used for 
the typical two-track bracket poles illustrated in Fig. 15 of 
the paper. For the lighter type of catenary permitted by the 
higher voltage used on the New Haven, a 12-in. section is ample 
for similar two-track spans. 
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While Wade and Linebaugh show the feasibility of designing an 
overhead cuutact system which can transmit and deliver very 
large currents, and also the possibility of collecting large amounts 
by sliding collectors moving at high speeds, one cannot escape 
questioning the economics of a system which requires more than 
seven pounds of copper per foot of track, in the contact system 
alone. 

if electrification is to be economically applied to steam rail- 
roads on any large scale, it must be done on a basis which gives 
the minimum new capital requirements. One of the largest 
items is the cost of the distribution system. The trend should, 
therefore, be towards lighter designs rather than heavier, in- 
dicative of higher voltages. 

It is noted that the test track described contains no turn- 
outs, heavy curves, or low highway bridges. With the high 
pantograph pressures required, the real test of current collection 
will come at points of special construction, such as deflectors, 
pull-offs on heavy curves, and the hard spots under low bridges; 
and while such difficulties might be overcome, they nevertheless 
increase at least in proportion to the catenary weight, and the 
amount of current to be collected. The wear on both the col- 
lector shoe and the contact wire must be greatly increased under 
such conditions, even with lubrication. 

Mention was made of the use of a 6/0 conductor as being un- 
desirable. Our experience seems to indicate that there is a 
real field of use for such a wire on busy yard leads and ladder 
tracks, where traffic is dense, and pantograph passages very 
frequent, and we have installed 6,0 wire in such locations to 
secure longer wear. 

One word about lubrication. This is something to be desired 
but difficult to secure in actual practise, especially on a large 
system. If the lubricant is applied to the pantograph shoe at 
the start of a run, it is soon worn off in the first few miles, and the 
terminal-track trolleys are the chief beneficiaries. Tests made on 
the New Haven seem to indicate that the best shoe mileage and 
least wire wear is secured with a mild-steel shoe, and a panto- 
graph pressure of about 18 Ib. 

Pantograph design is capable of being greatly refined. Lighter 
weights, lighter pressures, and lower inertias, especially of the 
collector shoe itself, seem to be the chief desiderate, all of which 
are inconsistent with heavy current collection. 

Mr. Jorstad, in his paper, limits the shape of the trolley aline- 
ment to that of a true parabola, and shows that his formula, 
which gives the ratio of the weights of the two opposing systems 
(messenger and contact) equal to the ratio of their respective 
tensions, applies to the parabolic shape. 

The use of this formula would therefore limit the designer in 
the choice of sag, or would fix the weights and sizes of the main 
members (messenger and contact) regardless of their economic 
choice. 

As an illustration, assume that a 4,0 copper wire is the required 
contact member, with a normal tension of 2000 Ib. The unit 
weight is 0.641 lb. and from the formula, 

0.641 Tm = 2000 Wm and Tm = 3120 Wm 

If we assume a 7, 16-in. steel messenger, which past experience 
has shown to be of ample strength, properly sagged, for a 4/0 
wire, its unit weight is 0.415 Ib. and the tension, by the above 
formula will be 1300 Ib. 

The resulting eatenary will weight approximately, including 
hangers, 1.15 lb. per ft., whieh would give a sag in a 300-ft. span 
of nearly LOft. This is obviously too great. 

To decrease this sag to an economic value, the tension must be 
increased, which, according to the formula, must be accompanied 
by an increase in weight. To produce a 5-ft. sag, it would be 
necessary to go to a messenger having a unit weight of nearly 
three times the above, since the total weight is rapidly increasing. 
Assuming a unit messenger weight of 1.6 1b., the equivalent 
messenger tension would then be 5000 Ib., and the resulting total 
weight of the catenary would be 2.3 Ib. with a sag of 5.17 ft. 
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This messenger would be approximately 7/s in. in diameter, 
which is obviously not economically applied, as the material is 
not required for the low tension used. 

It is true that the trolley tension may be increased. The 
ultimate strength of the wire assumed is approximately SOOO 
lb. but it should not be stressed much more than ?;;z of this 
amount on account of the low yield point of copper, and the 
danger of permanent stretch. This limits the maximum working 
tension to about 5300 lb., and sets the normal working tension 
at about 3000 lb. 

Then, from the formula, 

0.641 Tm = 3000 W m Or Tm = 4700 Wm 

For a 5-ft. sag, the messenger must weigh approximately 
0.671 lb. per ft. and the tension would then be 3140 lb. 

This indicates a 9/16-in. messenger, which, although more 
nearly the economic size, is nevertheless larger than required, and 
is not working to its full capacity. Further, the horizontal 
loads on the structures on curves, due to the trolley tension, 
have now been increased 50 per cent, requiring this additional 
strength in such structures. 

If, however, the characteristics of the design will permit the 
application of Mr. Jorstad’s formula, it presents a very valuable 
method, and greatly simplifies the calculation, since the shape is 
parabolic. It may be mentioned here that the earlier installa- 
tions on the New Haven, where the spans were short, were 
designed on the theory that the shape was parabolic. 

Sidney Withington: (by letter) The design of pantographs 
in this country just at present, is, I believe, the least developed 
part of any of the electric equipment. We depend upon a collect- 
ing device capable of variation in height up to 10 ft., as mentioned 
by Mr. Viele. The inertia of such apparatus is very great and 
at high speeds, as pointed out by Mr. Viele, this is a serious 
problem and requires a very considerable pressure against the 
wire to avoid arcing. This, in turn, limits the design of the 
catenary system. The standard pantograph used abroad, which 
emploves a trailing bow above the main pantograph, would seem 
to be considerably more logical. The trailing bow, being 
relatively light, follows the wire satisfactorily even at relatively 
low pressures, and the result is a far lighter catenary design with 
consequent economies hoth of construction and maintenance and 
without serious limitation in the amount of current which can 
successfully be collected. The advantages which would accrue 
from an improved design of pantograph in this country would 
repay, I believe, a very considerable amount of study. 

Mr. Viele mentions spans of 325 ft. for the catenary system. 
It has been the experience on the New Haven that unless the 
location is pretty well protected from wind, some form of lateral 
support for long spans is necessary between bents in order to 
prevent trouble due to wind under maximum conditions. These 
supports may be obtained in the form of bridles or additional] 
independent steady spans, or by shortening the main span. 

The form of support suggested by Mr. Viele is of interest. A 
somewhat similar arrangement was installed on the New Haven 
in 1919. Other things being equal, it is of advantage to separate 
mechanically, as far as possible, each track from the others, in 
order that trouble which may oceur may be localized. One 
advantage of the scheme mentioned by Mr. Viele is that the 
insulators are not directly over the track, and where steam 
locomotives are operated along with electric operation this is of 
considerable advantage. 


Mr. Vicle mentions hard spots and their damping affect on the 
oscillation which proceeds ahead of the pantograph. On the 
New Haven electrification, where wood section breaks were used 
at points of high speed an approach was designed consisting of a 
sheet-stee] member of light gage about 6 ft. long, with the idea 
of damping the oscillations before they reached the relatively 
heavy section break. It was, however, found that this was not 
necessary, and its use has been discontinued. It is of course true 
that so far as possible, wood-stick section breaks are not used at 
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points of high speed. Indeed, even splicing sleeves are eliminated 
so far us possible. 

it may be of interest to note that on the New Haven electrifi- 
cation extensions installed in 1912 and 1913, the steel catenary 
supporting structures were designed to be self-supporting as 
units; that is, the corner connections between the truss and the 
posts were arranged to take the stress normal to the track due to 
wind, curve pull, ete., the anchor bolts at the base of the posts 
taking shear only. This is indicated in the shape of the posts, 
which taper down from the truss or corner connections. 

This saved a considerable amount of concrete as compared 
with the original design wherein the posts were self-supporting 
and the concrete bases were obliged to take the entire overturn- 
ing moment. There was some additional weight of steel and 
additional field labor, but the design resulted in considerable 
net saving. 

In some of the supporting structures, especially those for six 
tracks, it was found advantageous to assume a point of contra- 
flexure about 7 ft. ahove the top of the foundation. This 
resulted in some saving of weight. of steel without much increase 
in the size of the foundation. 

The magnitude of current collected from a trolley at 500, 1500, 
or 3000 volts is of course far greater, other things being equal, 
than that collected at 11,000 cr 22,000 volts, and the problems 
are therefore of somewhat different nature when the lower 
voltages are considered, both from the point of view of current- 
carrying capacity in the catenary system itself, and what might 
be called the “commutation” at the point of contact. 

The problem of sparkless collection of current is a function of 
the smoothness of the contact system, which in turn depends 
upon its uniformity of suspension—that is, the contact wire 
should be either free to move in a vertical plane easily at all points 
upon the passage of the pantograph collecting shoe, or should be 
relatively rigid at all points. Any change from soft to hard 
construction means sparking or arcing at high speeds. The real 
test of sparkless collection occurs at turnouts and at low bridges 
and other points where construction is limited by local conditions. 

Mention is made of the freedom from burned messengers on the 
Chicago, Milwaukee, & St. Paul at loop hangers, which are 
employed on that system. The real test of efficiency of loop 
hangers would occur, I believe, only where the individual sub- 
station capacity feeding the system is relatively larger than is 
the case on the Milwaukee. 

The design of pantograph shoe support with 4 in. of play be- 
tween upper and lower position on the top of the pantograph is of 
much interest. It would seem that somewhat delicate adjust- 
ment would be necessary in order to maintain the supporting 
apparatus at the mid-position of its travel under normal con- 
ditions that it might be free to move up or down as roughness 
in the contact system required. Details of design to accomplish 
this would be of interest. Some data also would be of interest as 
to the mileage made by the ‘‘pans.’’ The pressure of 40 lb. seems 
high when compared with that where less current-carrying capac- 
ity is required. <A pressure of 40 lb. also means a necessarily 
heavy contact system, regardless of current-capacity require- 
ments. 


The economie limitations of any contact system, I believe, 
occur in the weight and expense of installation of the conductors 
and supporting structures rather than in the amount of current 
which can he successfully collected under conditions of high 
speed, and this should be considered in the design of an electrifi- 
cation installation. It is possible that the use of higher voltages, 
either alternating or direct current, would be justified in some 
instances by the saving of material in the contact structure. 


S. M. Viele: Mr. Brown asked the effect of tension in the 
contact wire on vertical movement. We have not made any 
experiments on the basis of varying contact-wire tension. My 
opinion is it would not make any material difference. 

Mr. Manz asked about the effects of unloading the span. 
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Mr. Damon’s remarks were along the same line. I do not nter- 
pret upward deflections in the span on the basis of the possible 
impression that some have of that statement. If we assume a 
condition in which the span involved has a unit weight of 3 Ib. 
per ft. and say a 300-ft. span, it means that the messenger is 
carrying roughly 900 lb. If we operate five pantographs on the 
span, it means that instead of carrying 900 1b., it carries 800 lb. 
This means that the sag in the span has to be reduced on account 
of the tension remaining practically constant. Therefore, the 
messenger sag will be decreased; the extra length of messenger 
will run back in the successive spans. 


Now, if you change the contact tension, or if you change the 
loading of the span without change of pantograph pressures, it 
will not make a great deal of difference in the upward deflections 
with passage of the pantographs. 

Mr. Oehler asked the question ‘‘What does it amount to?” 
Deterioration of contact wire has a very material bearing on how 
much it costs to operate such construction. Spliced contact 
wire means a deterioration of roughly five times that without 
splices. Whether we get a life of ten years out of it or 50 years 
is very material. 


The question may also be asked ‘‘What are the relative effects 
of variation in height of contact wire?’’ Such effects are rela- 
tively small as compared with spliced effects. However, all 
variations of whatever nature which take place in the contact- 
wire height involve variations of pressure, both in enlarged and 
decreased pressures. Increased pressures mean increased wear; 
decreased pressures mean burning of the contact wire. Both 
result in increased maintenance cost. It is simply a question 
of the relative reduction of section which is produced by such 
variations in height, with the resulting cost. They have not 
been evaluated in money, though they have been evaluated in 
my mind as being worthy of study and the correction of value. 

H. F. Brown: In answer to Mr. Litchfield I will simply state 
that the method of eliminating the cusp shown in Fig. 41 is 
admittedly an overcorrection. The importance of this correction 
is greater if the trolley tensions are lower. Onthe New Haven 
system, the tensions of the trolley and the auxiliary are lower, 
I think, than on many of the other systems mentioned here 
today. For that reason, the cusp effect is more important in 
their inclined design than it is where the trolley tensions are 
higher, and the method used in the paper is shown instead of the 
one referred to by Mr. Richmond because it was desirable to make 
this correction apply to all conditions involving even high 
temperatures as well as the normal temperatures. It is true that 
if one goes into the mathematics of the paper, the method 
suggested by Mr. Richmond is absolutely correct for normal 
conditions. 


R. E. Wade and J. J. Linebaugh: Mr. Brown, in his 
written discussion with reference to tests on the collection of 
large currents from overhead wires as conducted at Erie, Pa. 
mentions the use of ‘‘more than 7 lb. of copper per ft. of track 
in the contact system alone.”’ 


The actual total weight of copper, installed per ft. of track for 
the tests involving the unusually large current values quoted, and 
‘or both feeder and contact, was 4.7 lb. maximum with 1,000,000 
cir. mil feeder messenger and 3.92 lb. in the section with 750,000 
cir. mil feeder messenger. With multitrack work and automatic 
cross ties, these weights would be reduced even for the lower 
voltages used. 


While it is true that the recorded tests were conducted with- 
out deflectors, hard spots under bridges and pulloffs on heavy 
curves, temporary low bridges were later installed, and satis-. 
factory collection demonstrated with a 1 per cent gradient in 
contact wires. Experience on lines in operation shows that 
with two contact wires, flexibly supported throughout, the 
additional wear at such points is negligible with pantograph 
pressures as high as 35 Ib. 
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As regards lubrication, while it would of course be desirable 
to operate without this feature, experience has shown that even 
with comparatively infrequent service, satisfactory lubrication 
of contact wires can be maintained, although as stated by Mr. 
Brown, the contact wires within and in the vicinity of the large 
yards receive more lubrication, particularly in and near overhead 
switches. This also applies to curves due to wiping action. 

While it is unquestionably true that generally speaking it is 
desirable to make refinements in pantograph designs as regards 
weights, lighter pressures, and lower inertias, it is commonly 
agreed that coordination in the design of both pantograph and 
overhead is necessary, and there is some question as to whether 
such coordination is not approached with the relatively higher 
pantograph pressures in combination with the weight of two 
wires in the same horizontal plane as compared with the very 
light pressures and correspondingly light overhead construction 
as used in some European installations. 

Mr. Withington in his discussion very properly emphasizes 
the desirability of uniformity of suspension for contact wires, that 
is, the freedom of movement in a vertical plane at all points. 
By suggestion this of course includes uniformity in weight, 
which of course cannot be realized on account of the necessity 
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for overhead switches and certain fittings attached to contact 
wires. From our observation, if the contact wires are free to 
move in a vertical plane at all points of suspension, the additional 
wear imposed on contact wire is reduced to a minimum. 

As referred to in our paper, with regards to the freedom from 
burned messengers with loop hangers, we would suggest that in 
the case referred to, the current demand at locomotive rather 
than the substation capacity would be the determining factor. 

As regards the flexibility of the pantograph shoe mounting, 
while this of course does not compare with the commonly used 
European design, either as to delicacy or range, there is no 
question but that the small amount of movement provided is a 
valuable asset, particularly with the flexible contact-wire sus- 
pension referred to elsewhere. 

There is no question but that on some systems contact-w ire 
splicing devices are responsible for considerable trouble in that 
the designs commonly used enclose the contact wire and offer 
an obstruction to the collector shoe, which becomes worse as 
wear on the splicing device increases. A splicing device which 
permits uninterrupted contact with the wire and is of the mini- 
mum weight consistent with the requirements, will do away with 
this trouble to a large extent. Such a device is available. 
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INTRODUCTION 


UITE early in the history of the development of the 
alternating current generator it was recognized 
that there might be losses present under load 

conditions in addition to the no-load losses and the 
armature copper loss due to load current. Because 
no one had a satisfactory means of measuring this loss 
it was not included in the early definitions of conven- 
tional efficiency. As competition increased and as 
economic pressure demanded higher and higher effi- 
ciences the necessity of approximating this loss was 
apparent. Accordingly the A. I. E. E. rules were 
changed to include one-third of the loss under sustained 
polyphase short circuit. 

This rule was short lived for, at the Winter Conven- 
tion of 1913, papers were presented giving the results of 
carefully made input-output tests which tended to show 
that the entire loss on sustained polyphase short circuit 
should be taken as a measure of the stray load loss for 
the salient pole alternator. This rule has remained in 
force and in view of its general acceptance it is to the 
interest of designers of salient pole alternators to be able 
to predetermine this loss. 

It is the purpose of this paper to present some general 
methods of attacking the problem. It is not intended 
that the results should be complete but they are pre- 
sented simply as a starting point for the attack on this 
problem. 

Proceeding on the principle that a formula cannot 
be correct unless it has the dimensions of the quantity 
which it represents or expresses, we may quite readily 
develop some of our familiar relations. As the com- 
plexity of the problems which we treat by this method 
increases, the difficulties encountered in its application 
also increase until a point is reached beyond which we 
cannot go without assistance. 

In the case at hand, the calculation of stray load 
losses, this assistance may come in one of two forms; 

it may be experimental evidence as to the exponents 
of certain of the variables, or it may come in the form 
of assumptions as to the variables involved and the 
manner of their variation. It is evident, therefore, 
that the method is not rigorous but is one which will 
enable us to derive a formula from otherwise incomplete 
data. 

The greatest difficulty encountered in the applica- 
tion of this, or any other, method to the calculation of 
losses in iron is the fact that we know the loss depends 
in some manner upon the flux density. But the flux 
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density for any magnetizing force is a complex function 
of the permeability, a property of the iron which is not 
constant. Because we have no mathematical expres- 
sion for the permeability of iron we must make certain 
assumptions in regard to the behavior of iron under 
strong magnetizing forces, such as are present in elec- 
trical machines. The two most commonly accepted 
assumptions in regard to permeability are those of 
constant permeability, or the “limiting value of the 
density” theory in which it is assumed that there is a 
maximum possible density. Which assumption will 
be the better for any given case depends upon the appli- 
cation, but, in general, the assumption of constant per- 
meability is made. 

The formulas derived in this manner will require 
the inclusion of empirical constants. These constants 
may be determined by statistical methods to be dis- 
cussed later. 

Instead of trying to develop a single formula for the 
short circuit core loss, it is desirable to separate the total 
loss into distinct parts and develop formulas for each 
of these parts separately. 

The parts into which it is most conveniently divided 


are: 
1. An eddy current loss in the armature copper. 
2. A lossin the stator iron. 
3. A pole face loss. 
4. Anend loss. 
5. 


A loss in the amortisseur winding. 
These component parts will be discussed in turn. 


EDDY CURRENT LOSSES IN THE ARMATURE COPPER 


Eddy current losses in the armature copper present 
the source of stray load loss usually recognized in de- 
sign books. The method of calculating them has usually 
been to assume that the ohmic resistance of the arma- 
ture was increased by an amount varying from 10 per 
cent to 50 per cent. The uselessness of such a method 
is evident. 

In the early days of synchronous machine design 
when the existence of these losses was not recognized it 
was not at all uncommon to employ designs such that 
this loss constituted the major part of the total short 
circuit loss. It is only within the last five or six years 
that accurate and easily applicable methods of com- 
puting and minimizing this loss have been available. 
At the present time, however, this loss is rarely over 
25 per cent of the total short circuit loss so we see the 
necessity of obtaining accurate knowledge of the factors 
on which the remainder of the stray load loss depends if 
improvements are to be made in the design of salient 
pole alternators. 

There is extensive literature on the subject of eddy 
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current losses in the armature copper and there will not 
be space here to review it. Reference should be made, 
however, to the work of Prof. W. V. Lyon as given in his 
A. I. E. E. paper in 1921. It might also be stated that 
the method given by Mr. I. H. Summers, and based on 
Prof. Lyon’s work, at the 1927 Winter Convention of 
the A. I. E. E., was used in connection wah the work on 
which this paper was based. 


LOSS IN THE STATOR IRON 


The flux wave form in the air gap of a salient pole 
alternator under load varies with the power factor at 
which the machine is operating. This condition renders 
it extremely difficult to determine the core losses under 
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tioned above must be that of harmonics of the same 
order. 

If we are to be able to calculate the flux wave existing 
in the air gap of a salient pole alternator operated on 
short circuit at such an excitation that rated current 
flows in the armature windings we must make certain 
assumptions. These assumptions are four in number 
and are given below: 

1. That the air gap flux wave consists of four com- 
ponents and four only. 

a. A fundamental due to the main field m. m. f. 

b. A third harmonic due to the main field m. m. f. 

c. A fundamental due to the armature reaction 
m. m. f. 
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TION OF THE ZERO POWER Factor 
SHORT CIRCUIT AIR Gap FLex Wave 
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Tuirbd Harmonic = A xX B 


load. We are seeking, however, to express the core 
losses at a fixed power factor, and the power factor with 
which we are concerned is one which gives rise to very 
special relations between the main field flux and the 
armature reaction flux. The power factor which we 
are to consider is extremely close to zero in a lagging 
direction. 

Since the flux densities under short circuit conditions 
are not ordinarily found in the usual course of design it 
will be necessary to determine them before the loss can 
be computed. It will be convenient to express them 
as a percentage of the open circuit densities. 

If a salient pole alternator operates at zero power 
factor the axes of the main field flux and the armature 
reaction flux will coincide. If the power factor is lead- 
ing the flux waves will add and if the power factor is 
lagging the net flux will be the difference of the two 
waves. The wave form of the two fluxes will not be the 
same, however, so the addition and subtraction men- 


d. A third harmonic due to the armature reaction 
m. m. f. 

2. That the four components of the flux wave are 

determined by the value of the three ratios: 
a. Maximum gap to minimum gap. 
b. Pole arc to pole pitch. 
c. Minimum gap to pole pitch. 

3. That the armature reaction m. m. f. has a sinu- 
soidal space distribution. 

4, That the machine operates at zero power factor 
lagging. 

At the winter convention of the A. I. E. E. in 1927, 
Mr. R. W. Wieseman presented a paper giving curves 
for the determination of the four components of the 
short circuit flux wave mentioned above in terms of the 
three ratios of assumption number two. (See Figs. 1 
and 2.) The accuracy of these curves is discussed in 
the paper and no more need be said about them here. 
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It will be assumed that these curves give the actual 
amplitudes of the flux wave components. 

Figure 3 shows a graphical combination of the four 
components to give the existing air gap flux wave and we 
shall now proceed to develop a method for doing this 
analytically. The upper half of the figure, in full lines, 
represents the flux components of the main field. For 
convenience this has been considered positive and the 
peak of the actual no-load flux wave, or main field flux 
wave, has been taken as unity. Since we have zero 
power factor in a lagging direction the flux armature 
reaction will subtract from that of the main field so the 
two dotted components representing this flux have been 
shown negative. In connection with this plotting it 
must be remembered that for a salient pole machine the 
armature reaction flux at zero power factor is always 
more peaked than a sine wave and so with the conven- 
tion of plotting here adopted the third harmonic com- 
ponent will always be positive with respect to the main 
field. A glance at Fig. 1 will show that the third har- 
monic of main field flux may be either positive or nega- 
tive. The existing flux wave in Fig. 3 is, of course, the 
sum of the four components shown in the figure. 


Before any addition of components can be made we 
must find some common basis for their measurement 
since the curves of Mr. Wieseman’s paper give the four 
components as a per cent of the total wave of either 
armature reaction or main field flux as the case may be. 
This common basis is found by expressing the m. m. f. 
applied under short circuit conditions as a percentage 
of the m. m. f. required for the air gap. This assumes 
that an ampere turn on the field is just as effective in 
producing flux as an ampere turn on the armature. 
We must determine another constant, however, because 
the value of the armature reaction as determined by the 
usual design formula, for three-phase 2.12 N I K, Ka, 1s 
based on a time distribution instead of a space distribu- 
tion. This constant may be found as follows: 

I. Assume a winding having all turns concentrated 

in a single pair of slots. 

II. Assume a full pitch winding. 

III. Winding to have Z inductors ‘pole phase. 

IV. I =r. m. s. current/inductor—strictly sinu- 

soidal. 
Such a winding would give rise to a rectangular m. m. f. 
wave having a value of 
M. M. F. = V2IZ 2. 

The fourier series for such a wave would be 

Y=4 r (4 2IZ_ 2) (sinX +1 3 sin 3X +1/5sin 5X +...) 
We shall now proceed to neglect all terms in this series 
except the first. In a three-phase winding the third 
harmonics will cancel, as will all the triplen harmonics, 
while the fifth, seventh, ete., will move relatively to the 
pole faces and so induce currents in the pole faces which 
tend to damp out the flux produced by these harmonics. 
Our usual formulas give us the height of the rectangular 
wave represented by the above four.er series. The ratio 
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of the height of this wave to the maximum value of the 
fundamental of the series representing it is evidently 
4/m = 1.27 which is the constant we are seeking. 

Making use of this constant the expression for the 
short circuit air gap density in terms of the open circuit 
air gap density becomes (for each component): 


A R 1.27 A R Aa 
By = Bu[ Aun (X + G-) + 
A R 1.27 A R Asa 
B; = Bar [Ain (x + F ) O Poo 


(The addition is algebraic. For nomenclature see 


the table of symbols.) 


These then are the relations for determining the short 
circuit air gap density analytically. Similar relations 
between the amplitudes of the waves made it possible 
to construct Fig. 3. 


The density distribution which has just been described 
will not obtain in the iron portions of the machine. 
We may, however, assume that it will give us an indi- 
cation of the densities in the teeth, especially after 
the considerations which are now to be presented. If 
the armature be supplied with current, the field not 
being excited, the flux due to the armature current 
will follow a path somewhat as indicated in the figure 
below. 


If the machine be short circuited and the field excited, 
so as to cause rated current to flow in the armature, 
there will be set up in the teeth and in the core immedi- 
ately below the slot the same flux as 
before. In addition there will be a fun- 
damental flux due to the main field 
m. m. f. By Lenz’s law these two fluxes 
will be in opposition and, since they must 
be nearly equal, the difference being that 
necessary to compensate for armature IR 
drop and for end leakage drop, their re- 
sultant in the core will be negligible and we may neglect 
the loss in the core due to fundamental flux. 


The fundamental tooth density on short circuit is 
rarely more than 20 per cent of the open circuit tooth 
density and so causes not more than 4 per cent of the 
open circuit tooth loss. As the latter is only about 14 
of the total open circuit core loss we see that the cor- 
responding short circuit core loss is negligible. 


The third harmonic density in the armature core will 
produce a negligible loss, because of the fact that the 
third harmonic in the core has three times as many poles 
as does the fundamental, so we may neglect the loss due 
to this component of flux. 


The only component which we need consider is the 
third harmonic in the teeth. This will be expressed by 
an equation similar to that given on page 2, except that 
B,,, will be replaced by the no-load tooth density. The 
loss will then be: 
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volume of teeth 
1000 


w, = loss per cubic inch in standard material at 
standard triple frequency corresponding to density B3. 

To calculate the triple frequency core loss in the 
armature teeth for the condition of sustained polyphase 
short circuit it is, therefore, necessary to compute the 
third harmonic tooth density as a percentage of the open 
circuit tooth density and to then obtain the loss from the 
usual laboratory loss curves. 


W, = K, K; K; 


W 3. 


SHORT CIRCUIT POLE FACE Loss 


Under sustained polyphase short circuit the current 
carried by each slot will give rise to an m. m. f. which 
will cause flux pulsations in the pole face. The magni- 
tude of the loss produced will be a function of these 
tooth frequency flux pulsations. Since the path of this 
flux is largely in air we may assume, as a first approxi- 
mation, that it is directly proportional to the m. m. f. 
producing it. This m. m. f. will be proportional to the 
current per slot, which, for any given machine, will be 
proportional to the ampere turns per inch of armature 
periphery. It so happens that the ampere conductors 
per -inch of periphery are numerically equal to the 
ampere turns per inch of armature periphery at 77 
per cent pitch. It will thus be convenient, and suffi- 
ciently accurate for any practical value of the pitch, 
to express the flux as proportional to the ampere con- 
ductors per 7-inch of armature periphery. 


To derive a formula for the short circuit pole face loss 
use has been made of a similar study of open circuit 
pole face losses. The method used was that of a dimen- 
sional analysis, starting with experimental evidence as 


to the best values of the exponents for certain of the- 


variables. (See Appendix A.) As regards short circuit 
pole face loss, however, we have no experimental evi- 
dence on which to base a dimensional analysis so the 
following reasoning is proposed. 

Under the assumption of constant permeability the 
exponent of stator slot pitch was found to be unity, a 
value lower than that indicated by the most reliable 
experimental evidence. The limiting value of the den- 
sity theory gave rise to an exponent for the stator slot 
pitch of two, but it also involved the tooth frequency to 
the second power when experimental evidence and the 
conventional theory alike would indicate the one and 
one-half power. In both of these derivations for the 
open circuit condition the same basic assumptions were 
made. It was finally decided to use a form which was 
not dimensionally correct, but which involved the tooth 
frequency to the one and one-half power and the stator 
slot pitch to the second power, the other exponents being 
those in agreement with dimensionally correct formulas. 

In formulating the short circuit pole face loss it seems 
desirable to use the formula developed for open circuit 
core loss, substituting a quantity which shall be propor- 
tional to the short circuit flux producing the pole face 
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loss in place of the air gap density used in the open 
circuit form. It was something of a question as to 
whether or not the ampere conductors per slot should be 
used instead of the ampere turns per inch of periphery 
as outlined above. It will be noticed that the use of the 
ampere conductors per slot would necessitate involving 
the stator slot pitch to the fourth power. This exponent 
is so much higher than any given by experimental work 
or by the dimensional analysis that it seems better to 
use the ampere turns per 7r-inch of periphery as being 
proportional to the flux than to use the ampere con- 
ductors per slot. 

The final form of the short circuit pole face loss 
formula will then be: 
SANE V ) 

100 1000 ( 10 g 


END Loss 


Under sustained polyphase short circuit conditions 
the windings carrying current are linking the end fingers, 
clamping flanges and armature binding bands, thus 
inducing eddy currents in all of these portions of the 
machine. In addition there will be a considerable leak- 
age flux from the end connections of the machine, some 
of which may get into the frame, end shields, and various 
other stationary portions. It is understood, of course, 
that this flux of the armature winding which is produc- 
ing end loss is revolving at synchronous speed, in conse- 
quence of the polyphase nature of the winding which 
produces a revolving field. 

If we are to be able to compute the loss we must first 
compute the leakage flux producing the loss. This may 
be done by multiplying the m. m. f. by the permeance of 
the leakage flux path. The m. m. f. will, of course, be 
the ampere turns of armature reaction, or some fraction 
thereof. In Appendix B is a dimensional derivation of 
a formula for end loss. 

It now remains to find an expression for the per- 
meance of the leakage flux path. If we assume that the 
adjacent masses of iron may be neglected we see, from 
Appendix C, that the permeance is of the form: 

C = u X pole pitch x coil pitch. 
Making the assumption of constant permeability and 


using the formula derived in Appendix B our end loss 
formula becomes: 


W. = K x pole pitch x coil pitch P V sf (A RE. 
But the number of poles times the pole pitch is equal to 
gap diameter times a constant, whence: 


DVvff AR Ņ\ 
vý Cay x coil pitch. 


W, =K: aen ( 


W,. = K3; ———> 
| 1000 
LOSS IN THE AMORTISSEUR WINDINGS 

Thus far we have assumed that the armature reaction 
m. m. f. was sinusoidally distributed about the periph- 
ery. With a finite number of phases this can never 
be exactly true, but for the losses thus far considered the 
approximation has been close. There is, however, a loss 
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_ =r — per LL ig aia p 


May 1927 


due to the fact that the armature reaction m. m. f. is not 
sinusoidal. The wave form of the armature reaction 
m. m. f. will be determined by the pitch of the winding 
and by its arrangement in the slots. For our present 
purpose the effect of pitch alone will be considered. The 
arrangement of the winding will, in many cases, be more 
important but it is the present purpose to produce a 
formula which shall be comparatively simple to apply 
in a specific case rather than to obtain one which gives 
greater accuracy at the cost of greatly increased labor. 

If the pitch is such that the wave form is not sinu- 
soidal there will be certain of the higher harmonics 
which will move relatively to the pole faces. The 
triplen harmonics will cancel in the three-phase machine 
leaving all others to produce loss. Of these the fifth and 
seventh are the most important. 


To determine the loss due to these flux harmonics it 
is necessary to find the current induced in the amor- 
tisseur winding by each of these harmonics and then to 
find the loss due to this current, taking into considera- 
tion the effective resistance of the rotor bars. Such 
a procedure is, of course, far too complicated for the 
case at hand and a simple approximation must be 
sought. 


If we recognize the fact that, as far as this loss is con- 
-2rned, the synchronous machine may be treated by an 
equivalent circuit exactly similar to that for the single- 
phase induction motor we may arrive at the desired 
approximation. By the use of this circuit we may 
deduce an expression for the loss in the bar windings of 
the rotor as some function of the stator coil pitch. (Ap- 
y%2ndix D.) To determine the form which this function 
will take we must remember that the flux harmonics due 
to the arrangement of the winding will also produce a 
leakage reactance drop in the phase belt. This reac- 
tance is easily calculable for the induction motor and we 
may simply use values taken from such a curve for the 
values of this function of coil pitch. This apparent 
mixing of the units of loss and reactance is not real since 
the units are proportional and we shall have to prefix 
this expression for the loss by a constant to be deter- 
mined by statistical methods. 

A dimensional check of the formula was also made 


and it was shown to be dimensionally correct. In its 
final form it is: 

/ ARXP ) L 
Loss in bars = K. ( 100,000 D X Q xX K,. 


Q is the function of coil pitch referred to above and K, 
depends for its value upon the type of amortisseur 
winding. 


DETERMINATION OF THE VALUES OF THE 
PROPORTIONALITY CONSTANTS 


Each of the terms in the formula for short circuit core 
- loss has been preceded by a coefficient. These coeffi- 
‘ cients have been included because the formulas as de- 
~ veloped are not rigorous and they must be determined 
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from considerations derived from the theory of prob- 
ability. In determining their values we seek to find the 
most probable value for each one of the four coefficients. 
Statistical theory indicates that the most probable value 
of any observed quantity is that which makes the sum 
of the squares of the deviations of a set of observations, 
or a group of such sets, a minimum. In accordance with 
this theory the method of least squares may be applied 
for the determination of the values of the co-efficients. 

For the purpose of determining these values the loss 
as given by the formula was computed for some 150 
machines of various types and ratings. The expression 
for the loss including the unknown coefficients was then 
equated to the loss as determined by test and the 
method of least squares applied to find the separate 
values. 

The method of least squares results in a number of 
“normal equations” equal to the number of unknowns. 
These equations are to be regarded as linear simultane- 
ous equations and have to be solved. Unfortunately 
the coefficients of these “normal equations” are usually 
such as to require special methods of solution if proper 
values are to be obtained. Probably the simplest and 
best method for solving them is that due to Gauss and 
known as the method of Gauss. (See Whitaker & 
Robinson, ‘‘The Calculus of Observations.”’) 

In applying the method of least squares in this par- 
ticular investigation the computation of the eddy 
current loss in the armature copper should be assumed 
to be without error. 


ACCURACY OF THE FORMULA 


In using any formula such as this the designer of 
electrical machinery is interested not only in the error 
inherent in the formula but the probable error of the 
result. If the results of using this formula be plotted 
as a frequency distribution, t. e., per cent error in each 
individual case against the number of times it occurs, 
the usual normal distribution or probability curve will 
result. The fact that we have such a frequency dis- 
tribution is the thing of greatest interest to the designer. 
Associated with such a distribution are a number of 
means intended to give a reliable index of the accuracy 
of the result. 

This normal] distribution curve is completely defined 
by certain parameters, one of which is the so-called 
standard deviation, or ø. This value of ø happens to be 
one-half the distance between the points of inflection 
of the normal distribution curve. The standard devia- 
tion may be found from the following relation: 


eR = (x)? 
N 


where zx is any deviation from the average and N is the 
total number of entries. This is, of course, simply the 
root mean square deviation. 


The probable error is defined to be such that the 
chances are even whether the deviation exceeds it in 
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absolute magnitude or is less than it. If this be denoted 
by the symbol Q we have: 


Q = 0.67449 o. 


The computation of the value o requires considerable 
labor. Fortunately there is a constant relation between 
the value of ø and the mean deviation which is obtained 
by considering all deviations as positive and taking their 
average. Thus the probable error and the mean devia- 
tion differ only by a constant and we may use the mean 
deviation as a measure of the accuracy of the formula. 
The relation is, then: 


Q = 0.8345 mean deviation. 


The usual manner of measuring the accuracy of such 
a formula is to form the ratio 


Test core loss 
Calculated core loss 


for each application and to perform the above computa- 
tions with this average. When dealing with stray load 
losses as determined by the sustained polyphase short 
circuit test, however, it is more convenient to express the 
error as a percentage of the copper loss at full load 
current. This is done for several reasons. First, it has 
been experimentally shown that the stray load loss, or 
short circuit loss, varies with the square of the current 
as does the copper loss and so it is natural to treat it 
in the same manner. Secondly, it has been the practise 
of designers from time immemorial to estimate this loss 
by assuming it to be a percentage of the copper loss at 
rated current. We shall, therefore, be measuring the 
accuracy of the formula in a unit which is already under- 
stood by those who are to use the formula. Finally it 
is desirable to minimize the testing errors which are 
greatest where the loss is but a small part of the copper 
loss. 

Measuring the accuracy of the formula for its applica- 
tion to the above mentioned 150 machines the results 
were as follows: 

Mean deviation............. 
Average per cent error....... 
Maximum per cent error 


27.5 per cent 
10.9 per cent 


41.2 per cent 
41.5 per cent 


The above per cent errors are expressed as a per cent 
of the full load copper loss. l 

The sources of error in the formula are chiefly due to 
the effort to apply a single formula, not in itself com- 
plete, to a large number of machines of different con- 
struction. A second source of error which is of 
considerable importance lies in the fact that the effect 
of the coil grouping has been omitted in computing the 
loss in the amortisseur windings. 

Finally it must be pointed out that the accuracy of 
the experimental determination of this loss, thus far 
assumed to be without error, is not all that could be 
desired. In measuring the short circuit loss, as per the 
A. I. E. E. rules, it is necessary to deduct from the 
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measured input not only the friction and windage but 
the armature copper loss as well. The ohmic resistance 
is to be used in this computation but it must, of course, 
be measured at a temperature corresponding to that 
obtaining in the armature windings when the loss was 
measured. This is not always known, so some tempera- 
ture has to be assumed and consequently a quite ap- 
preciable error is introduced. Finally the loss we are 
seeking to determine is not capable of direct measure- 
ment but is a measured loss minus other more or less 
accurately determinable losses. 


In this work the point most worthy of note is the 
recognition of stray load losses other than the armature 
eddy current losses. In recognizing these other losses 
and in formulating an expression for them a method has 
been advanced for determining the tooth densities of 
both fundamental and third harmonic components of 
the flux wave actually existing under zero power factor 
short circuit conditions. 

Emphasis should be laid upon the fact that the di- 
mensional theory and statistical methods have played 
the major role in all the work which has been here pre- 
sented. The results cannot be claimed to be without 
error nor are they entirely novel, but it is believed that 
new light has been thrown on the subject of core losses 
in salient pole alternators and that the formulas of the 
type described here have wide application. 


The writer wishes to express his indebtedness to 
Mr. P. L. Alger, for his constant interest in the work 
and for his many helpful suggestions. 


Appendix A 

The material of this appendix refers primarily to the 
problem of the calculation of open circuit pole face loss, 
the application of this work to the problem of pole face 
loss having been shown in the body of the paper. 

An effort has been made to be guided by the work of 
previous investigators. In 1909, C. A. Adams gave the 
first noteworthy theoretical discussion of the subject 
in thiscountry. He proposed the following: 


33 PA ys 
ka 

10 UP To 

(Bo dependent upon slot width “effective gap) 

which it will be noted, involves tooth frequency and slot 
pitch to the 1.5 power. 

In 1916, F. W. Carter proposed the following theo- 
retical formula: 


W, = 


| 
£ (s g)! SV1!.5B: \ 1 
up 

All other theoretical formulas seem to be special cases 
of one or the other of the above, i. e., applicable to 
special types of machines only. 

Many special formulas based on experimental work 
have been proposed. The first of these was by Wall and 


W, = 


. yin 


‘= aith in 1908. Their work applied only to a single 
- chine and so does not include the lamination thick- 
-3s. They gave: 

= Wp = KPA B-f! (8/g)85. 

7 Zn 1909 Adams gave the following based on experi- 

-əntal work: 


for 0.06” laminations: 
2.4 1.55 


4.62PA/B V 1 
p = — jig (Ga) (=) (s/g)'* ae 
For 0.014’ laminations: 

3.15PA/ B \’° V\" 1 
r= w ( wa) ( o) GR a 


Probably the most reliable experimental work jis that 
Spooner and Kinnard in 1924. They gave a separate 
rmula for each thickness of lamination, but the ex- 
nents were practically the same for all thicknesses. 
Ẹ2eir formula was: 


. W, = K B 6 fe 6 (s ‘g)?? Tol? PA. 
a Laminations 


Value of K 
0.0281” . 56 
0.0625” 1.2 
0.125” 2.6 


~The above table corresponds to including t with an 
: (ponent slightly greater than unity. 

- In this investigation it is proposed to develop a new 
: ` mula by means of a dimensional analysis which shall 
‘jake use of the results just summarized. It seems 
; ighly probable that the exponent of flux density should 
e two, the larger value given by the experimental work 


| 


_robably being due to the unavoidable inclusion of 


sses Other than pole face loss, end loss, and tooth 
- ulsation loss, for example. 


.. Inmaking a dimensional study we are confronted with 
_ he fact that we have no mathematical expression for 
- ermeability as a function of density. We may, how- 
" ver, assume constant permeability, 7. e., a straight line 
- nagnetization curve, or we may make use of the so- 
“valled limiting value of the density theory. This 
. sumes an infinite permeability up to a certain point 
- tnd zero permeability thereafter. A dimensional 
analysis by each method follows. 


B = air gap density. 
fı = tooth frequency. 
To = stator slot pitch. 
t = lamination thickness. 
u = permeability of pole iron. 
: p = resistivity of pole iron. 
B,4. = saturation value of density. 


Constant permeability theory 
l Wattssquare inch = K B'f Tf t uE p>. 
Dimensionally 


M T> =L? M? T u T~ L? L ut L* T- ph 
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Solving for L0 —a/2+d+e+2h 


M1 =a/2 
T—38=-—a-c-—h 
HO =a/2+h+qQ. 
Whence a = 2 and: 
l=d+e+2h 
l=c+h 
—~l=gth 
Taking c = 1.5 from the work of Carter and Spooner 
Using  é = 1from Spooner’s work - 
h=1.5 
g = — 0.5 


' Limiting value of the density theory 


Watts/square inch = KB? fi T.f t° p* BY 
Dimensionally 


Boa 


MT3=L-'M pT? T~ L? L° L?*T-* we? M ? B P-n y 
Solving fr LO =—1+2h-m2+d+e 
Mi =1+m/2 
T—38=—2-c—h-m 
uo =h+m/24+1. 
Whence m = 0 
: =— 1 
= 2 
d +e =3. 
From Spooner and Kinnard’s work: 
e=1 
d = 2. 


The constant permeability theory gives rise to an 
exponent for T» lower than that found by experiment, 
while the saturation value of the density theory gives 
rise to a value a little above the usual experimental 
values and an exponent of frequency which is too high, 
both by theory and experiment, for this relatively high 
frequency loss. It was, therefore, decided to use the 
exponents as given by the constant permeability 
method, except that the exponent of To would be taken 
as 2.0. 

Shape constants such as s/g which enter as ratios 
cannot be handled by this method, so we shall have to 
include them with exponents derived from experimental 
work. The best value for the exponent of s’g seems to 
be 1.5. 

As derived above the formula is in terms of watts per 
square inch of pole face area, so to get it in terms of kilo- 
watts for the machine we must multiply by P A ’1000 
whence our final result will be: 

PA ( V ) i 
1000 \10 g/ ` 


B To ) 
100 
Appendix B 
Assuming that end loss is a function of the ampere 


turns of armature reaction (per pole), the permeance of 
the leakage flux path, the line frequency, the pole pitch, 


W, = K (161) ( 
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the permeability, and resistivity of the stator iron we 
may proceed as follows: 


C = permeance of leakage flux path. 
ampere turns of armature reaction per pole. 
pole pitch. | 
P = number of poles. 
f = line frequency. 
V = peripheral velocity. 
p = resistivity of stator iron 
u = permeability of stator iron 
Watts = KC P f" (A RF p p” w p. 
Dimensionally 
PMT = Lu T”LMT u~ L” w LT p. 
Solving for L 2=1]1+1+m+2s. 
M 1=1 
T -8=-—-n-2-8 
| H 0=1—-1+r+s. 
Assuming s = — 0.5, since for a high frequency loss p 
enters to the minus 1/2 power 
Z2=1+1+m-1 
—-38=—-n-—-24.5 


3 a 
Boy 
Io N 


) 
f assumed constant. 


O=-1-—-1+r-— 6 
whence 
m=1 
n =1.5 
yr = .5. 
But V = 5f (p p). 
So we may write: 
= > CPV Vf oo) 
ne ee 1000 ( 10,000 /° 


Appendix C 


Since we are to neglect the effect of the adjacent 
masses of iron the permeability of the leakage flux paths 
will be that of air. The flux may then be considered as 
that due to an air core solenoid of length equal to the 
“effective length” of the end connections. Below is 
given a development of one end of the armature winding. 
Each turn of such a winding may be represented as 
below, one-half only being considered, since from sym- 
metry we need only multiply by two to obtain final 
results. 

If we consider this figure to represent one-half of a 
single turn we see that there will be four components of 
m. m. f. produced by the current. These components 


are. 
Ar Ar. 
F, =~ > cosa F, = z sine 
, At Ar | 
By =- 7 cos a F, = 4 sin a. 


Evidently F, and F, will cancel at zero pitch, and in all 
cases their resultant will be small at low pitches, so as 
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> COS a. 
2 


If we now have a coil consisting of N turns, each 


an approximation the net m. m. f. = 


carrying a current of J amperes, thenet m. m. f. will be: 


AT 
= —p) N I cosa. 
2 
The flux will be (for both ends): 
E ATNIcosa 
7 R 
L L i 
R = — = z where r = radius of core 
u A UTT 
AuTrNI cosa 
pac 


If we had had a uniformly wound air core solenoid of 


the same diameter, 


A Autre NI 
ay aad 


Fig. 5 


Suppose the two solenoids were of the same length. 
Then L = L’ and ¢/¢’ = cosa, or the effective length 
of the end connections is: | 

Le = Leos a. 


This effective length is, then, a measure of the per- 
meance of the leakage flux path. 

The value of œ will be determined by the spacing 
between coils necessary to give the proper insulation for 
the voltage rating of the machine. Its value does not 
vary greatly, however, so we may assume it constant. 
The permeance may then be expressed as: 


C = u X pole pitch x coil pitch. 
Appendix D 


In, so, far as the loss in the amortisseur windings is 
concerned a synchronous machine may be treated by an 
equivalent circuit exactly similar to that for the single- 
phase induction motor. The secondary circuit will be 
composed of two parts: the usual resistance and re- 
actance where the resistance is expressed by R» s = œ, 
since the machine is operating at synchronous speed, 
and a second portion which involves the reactance for 
the nth harmonic. In parallel with this secondary cir- 
cuit will be the magnetizing ‘circuit, having a reactance 
corresponding to that for the nth harmonic. 

Below is given a diagram of the equivalent >` cuit 
which we are considering. 
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It will be noticed that the total current carried by 
the primary divides, part passing through the magnetiz- 
ing reactance and the remainder through the secondary 
impedance. The division of this current will, of course, 
be inversely proportional to the impedances of the two 
parallel paths, but that current which passes through 
the magnetizing circuit produces no loss. This division 
of current might be expressed by setting the total cur- 
rent equal to 1+ X,,/X.. Xz is the secondary, or 
rotor, reactance, which for open slots is approximately 
10 per cent, for closed slots it may be as high as 40 per 
cent. Consequently this loss will be changed from 
what it would be if all the current passed through X: 
in the ratio of (1 + X,,/X.)?. Putting in the values 
which were given above this is: 

(1/1.1)? for open slots l for important harmonics 
(1/1.4)? for closed slots such as fifth and seventh. 


Or, for our two extreme cases the variation might be 
that from 0.8 to 0.5, a variation which may be neglected. 


Assuming that the loss is wholly an I? R loss in the 
rotor bars we may derive the formula as follows: 
For current of any given harmonic 


kr =k(AR) 
212 NIK,K, 
Ak =- 
P 
_P(ARF_ 
k = (NK, Ky)? Ko): fep). 


The resistance of an induction motor secondary is given 
by: 

Bar length | 
Total section 


NK, Ka ) 
E {i 1000 
(The resistance of the end rings is neglected since the 
number of poles is large for the harmonics.) 

The total section of rotor bars may be replaced by the 
square inches of bar section per inch of periphery times 
the diameter D. The square inches of bar section may 
be taken as constant. In reality it will be slightly 
greater for large machines, due to the increased diameter 
of the bars, but, due to the high frequency of the cur- 
rents, skin effect will increase the resistance of the bars, 
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or tend to give them an apparently smaller section. 
Thus we may write: 


LXP 


R.» T Kor Kir N? cD 


and the loss will be 


W = K (AR) = = f ep) 
or 
ee, L 
W = K. ( Sooo D XXE. 


Following is a dimensional check of the above. 

In the above formula c has the dimensions of length, 
since it represents the square inches of bar section per 
inch of periphery. 

Expressed in dimensional units: 

L MT = LMT pt LLE T u L~ L~. 
Solving for (L) 2=1+1+2-1-1-=2 
Solving for (T) —-3=-2-1=-83 
Solving for (M) Lei 
Solving for (u) 0=-—-1+1=0. 

Hence the formula is dimensionally correct. 


TABLE OF SYMBOLS 


amplitude of fundamental of main field flux wave. 

amplitude of third harmonic of main field flux wave. 

amplitude of fundamental of armature reaction 
flux. 

amplitude of third harmonic of armature reaction 
flux. 

X armature leakage reactance expressed as a decimal. 

B,, no-load air gap flux density. 

B; short circuit third harmonic density. 

A R armature reaction ampere turns per pole. 

F, air gap ampere turns per pole. 

constant dependent upon quality of stator iron. 

constant dependent upon frequency. © 

w, loss per cubic inch in standard iron at standard 
frequency at density B+. 

thickness of pole laminations. 

armature reaction per 7-inch. 

stator slot pitch. 

number of poles. 

area of air gap under one pole. 

peripheral velocity in thousands of feet per minute. 

effective air gap. 

gap diameter in inches. 

length of rotor stacking in inches. 

a factor dependent upon coil pitch. 


ani 
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Proximity Effect in a Seven-Strand Cable 


BY J. E. L. TWEEDDALE! 


Enrolled Student, A. I. E. E.! 


HE calculation of the alternating current resistance 
ratio due to skin effect or proximity effect has been 
worked out for many shapes and combinations of 

conductors but often without recourse to experimental 
results. It is, accordingly, the purpose of this work to 
check calculations with tests for the type of calculation 
recently developed, covering the losses in several round 
wires connected in parallel, of which the arrangement is 
such that unequal currents flow in the different wires. 
The experimental results with which the calculated re- 
sults are to be compared are those presented by A. E. 
Kennelly and H. A. Affel? in 1916 for seven-strand 
cables. Their work covered radio frequencies up to 
100,000 cycles in rather small conductors. The deriva- 
tions as presented here are applicable to all frequencies 
and sizes of conductors. 


The method of attack is the same as that employed by 
Dr. H. B. Dwight of the Massachusetts Institute of 
Technology in the solution of the proximity effect in 
other arrangements of conductors. The writer wishes 
to acknowledge the aid and help of Dr. Dwight in the 
_ solution of this problem. 


In a seven-strand conductor, inequalities of current 
exist in the separate wires of the conductor. If the 
return conductor is assumed to be at a distance such 
that its proximity effect is negligible then we have two 
unknown currents existing in the seven-strand con- 
ductor; 7. e., the outer concentric conductors will all 
carry equal currents J, and the center conductor will 
carry a current J; so that the total current I = 6 I, + I. 

The effect of spiraling of the wires has been neglected 
in this calculation. While the wires of a cable are spi- 
raled, the test with which this calculation is to be com- 
pared, illustrated in Figs. 4 and 5, was made on seven 
straight, unspiraled round wires. 

The method of attack is in the main as follows: The 
current density in a single isolated round wire is given by 
the following expression: 


I, yaa 


Ja (Jar) 
tro = 3 J Eae rT 


ET absamps./sq.cm. (1) 


where r and @ are the polar coordinates of any point in 
the section of the wire, where 


I, = total current in the wire 


1. Enrolled Student, A. I. E. E., Massachusetts Institute of 
Technology, Cambridge, Mass. 

2, “Skin-Effect Resistance Measurements at Radio Fre- 
quencies up to 100,000 Cycles per Second,” by A. E. Kennelly 
and H. A. Affel. Proce. Inst. of Radio Engineers, May, 1916, 
and Research Bulletin No. 13, Mass. Institute of Technology. 

Presented at the Regional Meeting of Dist. No. 1, Pittsfield, 
Mass., May 25-28, 1927. 


jar=b) 


a = radius of the wire 


a = ee 
o 


w = 2m X frequency 
o = resistivity of material of conductor 
and j =vJ-1. 


Absolute electromagnetic units are used throughout. 
The quantity Jo (j œ r) is a Bessel function of the first 
kind, zero order and argument jar. This can be 
expressed as an algebraic series but is readily evaluated 
from tables in which Jo (bj Vj) = wo + J 0, where 


J. The above equation, (1), is based on 
the fact that the impedance drops at every section of 


the wire are equal. 


The next point is to obtain the effect of the current 
in the other wires on the distribution of the current 


in the first wire. It has been shown by Manneback? 
that a current J, flowing in an infinitesimal wire will 


cause a circulating current to flow in a wire of radius a 


Fig. 1—Rounp WIRE AND INFINITESIMAL WIRE 


at an axial distance s whose current density will be 


n= œ 


tre = fs ) aa ` Z 
ra = zal f gr 


n=l 


ee cos n 0 (2) 
J, represents a Bessel function of the first kind of 
order n. 

The effect of the current distribution given by (2) 
is that the impedance drops at every section of the wire 
are equal. The total current in the wire, obtained by 
adding up expression (2) over the entire section of the 
wire, is zero. Since the above two conditions are satis- 
fied, the current density given by (2) can be added to 
that given by (1) without changing the total current I.. 
The necessary condition of equal impedance drops at 
every section of the wire is still met. The sum of (1) 
and (2) therefore gives the current distribution in a wire 
carrying current J,, and with a concentrated current I; 
near it. Other expressions of the same form as (2) may 
be added for all the other concentrated alternating 
currents which may be near the wire. 

Now, returning to the seven-strand cable we see that 

3. Equation (19), “An Integral Equation for Skin Effect in 
Parallel Conductors,” by Charles Manneback. Journal of 


Math. and Physics, April, 1922, and Research Bulletin No. 30, 
Mass. Institute of Technology. 
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3 


a 
—_ 


ing = <4, Anda Gar) + X Ande G ar) cos n 0 (3) 


etc., 


-May 1927 


‘f we are considering wire A, the proximity effect of the 
ther six conductors must be taken into account. The 
irst step is to assume conductors B, C, D, E, F, and G 
as infinitesimal conductors. The resultant current den- 
sity in wire A will be the sum of equation (1) plus the 


O O 


-O O e 


Fig. 2—Seven WIRES ARRANGED IN CABLE Form 


respective terms for the other conductors similar in form 
to equation (2). 
The resultant expressions will be, then, as follows: 


n= © 


n=l 


and 


ai nm œ 


-AMJ (jau) + X Fr Jn (Jau) cosn yY, 


(4) 


where Ao, A,, and F, are coefficients which for this 


` derivation are as follows: 


at ~ 25,09 aa) j 
a a 
A, R a? Tag °” Jı Gaa) 
IL a a euR 
+ Fa 8 Jn-1 (J @Q) H s 


Fie. 3—Two Rounp WIRES 


I, a” jaa 
Ms ma 8 Jı (jaAa) [ cos nx 
2n7 NT 
+ 2 cos 3 +2cos “3 +1 |. (7) 
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The expressions (3) and (4) are, therefore, the current 
densities due to uniform current densities in the others, 
and J, and J; in the wires themselves. 

The next step is to find the current in each wire due 
to the A, and A,, or F,, currents in the others. For 
simplicity, let us consider just two of the wires as in 
Fig. 2, A and G, for the present, to show the method. 

Let there be a current density in A in addition to the 
uniform current density 


in =- te + ES Ane Gar) 
+ > An Jn (jr) cos m 6 (8) 
m=] i 
and likewise for G 
; I I, 
tay = — 2 +r AJo (Gau) 
+ >) FaJm (jot) cos m y. (9) 


mæl 


Each of these integrated over its section will be zero. 
Then, the nth term of i,, due to îuy u du dy in G is as 
follows: 


Ja G ar) 
Jaci (j aa) 


where B and £ are variables given by a series for each 
wire. 


jaa a 
mT a? B” 


fay cos n (0 — 8) u dudy (10) 


cos n _ 
B» 
1 n 
= [1+ Sn k Kan cos k (y ~ 7) | (11) 
k=l wees = 
and 
snng 1 3 /ntk-1 w 
Be -13 “Rate ey): 
=) a 
(12) 


The proof of the two preceding expressions is given by 
H. L. Curtis.‘ 

Substituting expression (9) in (10), expanding the 
difference of the angles, and substituting their respective 
values from (11) and (12), the nth term of t, 


l- + Hh 


7 a 
+ Sr. J G æu) cosm 7 | 


m=] 


AoJo (J au) 


4. H. L. Curtis, Scientific Paper No. 374 of the Bureau of 
Standards, Washington, D. C., 1920. 
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Therefore, 
bc’b,c, = x£? x, axiomatic (33) and (34) (35) 

Therefore curve U V is a parabola, since it has the 
properties of a parabola. 

Therefore, the curve which the assumed elements 
trace in their intersection of the inclined plane of 
messenger slope is a parabola. 

Likewise, the projection of the messenger on the 
horizontal plane of the contact wire is demonstrated to 
be a parabola. 


Appendix II 


Proof that U V represents the true position of the 
inclined messenger. 

Assume a b is the position of longest hanger of some 
given span and that b is the point of attachment of 
hanger to messenger. The messenger with the calcu- 
lated resultant load can be so tensioned as to pass 
through b and V and it will take the shape of a parabola. 

Only one parabola can be constructed with vertex at 
V and passing through b. Hence, the messenger will 
take the shape of the parabola U V. Hence, the 
elementary hangers will intersect the plane in the 
parabola U V formed by messenger and therefore the 
assumed construction is demonstrated to be a true 
construction. 


Appendix III 


Proof that tensions of contact and messenger vary 
inversely as their horizontal sags. 
In Fig. 10, 
ab = length representing the sag of the inclined 
messenger in feet (36) 
ac = length representing the horizontal sag of pro- 
jection of messenger on horizontal plane in feet (37) 
ea = length representing resultant load on messenger 


in pounds (38) 
de = length representing dead load on messenger in 
pounds (39) 


da = length representing horizontal load on messen- 
ger and also on contact wire in pounds (40) 
fa = length representing middle ordinate or horizontal 


sag of the contact parabola in feet (41) 
T = (ea) L*’8 (a b) parabola formula (42) 
T. = (da) L?,8 (f a) parabola formula (43) 
Tm T. = (ea) (fa),(ab) (da), dividing (42) by (43) 
(44) 
(Ca) /(ea) = (ac)/(ab), similar triangles (45) 
and 
(da); (ac) = (ea)/(ab), from (45) (46) 
Therefore 
Ta T. = (da) lac) X (fa) (da), substituting in (44) 
(47) 
Therefore 
Ta T. = (fa), (ac), simplifying (47) (48) 


Therefore the tensions are in inverse proportion to the 
horizontal sags. 
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Appendix IV 


Proof that the radial load caused by a contact wire 
of a given tension and circular curve is practically the 
equivalent of the uniform horizontal load of a parabole 
with same tension at the middle of span and with sag 
equal to middle ordinate of arc of circular curve. 


T R = P = unit radial curve load! (49 
mo = middle ordinate’ = L? ’'8 R (28: 
The sag S = mo by assumption (50 
T =wtL8mo = parabolic catenary formula 
(51 
where w = unit load on horizontal parabolic catenary. 
Prove P = u (52 
R = L?/8mo, from (28) (53: 
ST mo; = P, substituting (53) in (49) (54 
and 
8 Tmo/L? = w, from (51) 55 


9 | 
Fic. 10—SKeEtcH SHOWING PROJECTION OF IDEAL LNCLINF! 
Carenary Wiry Forces Actinc On Ir | 


Therefore 


P = w axiomatic, from (54) and (55) (56 
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= weight of contact wire in pounds per linear foo. 

tension of contact wire in pounds, 

= weight of messenger wire in pounds per linea’ 
foot, 

= tension of messenger wire in pounds, 

= contact wire in Fig. 1, 

messenger wire in Fig. 1, 

= inclined hangers in Fig. 1, 

= displacement of messenger, 

= projection of messenger on horizontal plane. 

Fig. 2, 

= unit weight of contact wire with prorate: 
hanger weight in pounds per linear foot, 

R = radius of curvature in feet, 

h = hanger length, 

e 

x 


235 
Nt | 


ag 


“> Qo ome mS 
ii 


= length of shortest hanger at lowest point of sag. 
= horizontal distance of hanger from lowest poin: 
of sag, 
8. Withington, Franklin Institute Journal, Dee., 1914, p. a 


9. Close approximate formula, Allen, ‘Railroad Curves and 
Earthwork,” 1903 edition, p. 42. 
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sag of half-span considered, 

length of span, 

ma = unit weight of messenger wire with prorated 
hanger weight in pounds per linear foot. 


= 
| 


Discussion 
PAPERS ON OVERHEAD CONTACT SYSTEMS 


(VIELE, Brown, THorpP, WADE AND LINEBAUGH, AND JORSTAD) 
Derroit, Micu., JUNE 24, 1927 

H. F. Brown: Mr. Viele’s paper emphasizes many points 
which are in line with similar experience on the New Haven 
system such as 

1. The advantage of the auxiliary wire above the working 
conductor. 

2. The necessity for proper steadying devices for the trolley, 
on both tangent and curve construction, especially against 
transverse wind loads. 

3. The avoidance of long spans in exposed locations. 

4. The advantage of locating sectionalizing and splicing 
devices at or near the supports. 

5. The avoidance of hanger members which do not make a 
positive contact with both the messenger and the contact. 

6. The importance of correlating the pantograph design with 
that of the overhead contact system, and the possibility and 
desirability of further refinement in the pantograph design. 

In connection with the tests described, it would be of interest 
to know what effect the tensions of the auxiliary and the contact 
have on the amplitude of movement at the support point. Lower 
tensions, especially of the auxiliary, might offer an improvement. 
It would also be of interest to know the effect of the contact-wire 
tension on the speed at which the oscillations travel along the 
wire; also a comparison of the effect of the very light rods now 
being used on the newer installations, as compared with the 
columnar effects of the older, heavier types. 

M. W. Manz: The amount of rise of the pantograph wire 
in any catenary span would be in proportion to the unloading or 
in proportion to the pantograph pressure. That can be laid out 
rather accurately with the force polygon, and if one follows the 
movement of the pantograph through a number of locations one 
gets an unloading diagram similar to the curve Mr. Viele has 
presented. 

There is a rather peculiar thing about that type of diagram; 
the movement of the system is the largest at the center of the 
span. Has any thought heen given to the possibility of increas- 
ing the weight of the system at the center of the span as opposed 
to increasing it near the supports which now happens due to 
the longer hangers? In other words, if you take the diagram and 
unload it at various points, you will find that an unloading at the 
support has much less effect on the system than at the center of 
the span. Has any consideration been given to the possibility 
of some correction, perhaps, for the unloading at the center as 
opposed to more unloading at the supports? 

In connection with the long wave motion, which you have 
with a number of pantographs in a span, with a number of spans 
there is a rather interesting combination. Has any observation 
been made as to the extent of movement of the suspension 
insulator? When you unload a span, vou reduce the tension. 
When you do that, the insulator will swing, giving an effect of 
balancing the tension back through the system. There might 
be another interesting point to consider for future investigations; 
can the loadings of the messenger be decreased as you approach 
the supports in such a way that the lift of the system is uniform? 

G. I. Wright: We on the Illinois Central are considering 
the application of roller bearings to our pantographs—something 
that has not been done generally in this country, but I believe 
has been done abroad. 

In both Mr. Viele’s and Mr. Brown’s papers, they mentioned 
a provision that they thought necessary to make for flashover of 


JORSTAD: NEW METHOD OF OVERHEAD CONTACT DESIGN 


1133 


insulators—burning the construction and so on. I might say 
that due to the system we use and the design of it, we have had 
no flashover of insulators and practically no burning of wires. 
The only burning of wires we have had, except that caused by 
a direct stroke of lightning, has been the burning of the contact 
wire where the pantograph ran from a live section to a dead 
section on which there were a large number of trains standing. 
In leaving the gap, this caused an are which was maintained, 
and burned the wires. 

I might state that in order to prevent this burning we are 
installing dead-section signals which will stop a train from pass- 
ing from a live to a dead section. 

The fine results due to the elimination of burning and arcing 
are also largely due to the high-speed breaker protection we have 
on all feeders energizing the catenary. 

In Mr. Jorstad’s article, I thought possibly he gave a wrong 
picture of the popularity of the inclined catenary. I believe that 
both types have their use and their field, and that certainly the 
chord construction is better for a great many installations, 
particularly where there are few curves and considerable copper 
is required. : 

Mr. Jorstad listed eleven railroads which use inclined catenary, 
and stated that this indicated that this would be a future 
standard overhead. There are very many important railroads 
which use the chord construction. 

Mr. Jorstad also said that in using inclined catenary only two 
wires were necessary whereas with chord construction three or 
four are used. I believe that is limited to short-span lifting- 
hanger construction, while two wires would not be feasible for 
long-span construction generally used for heavy electrifications. 

Apparently, Mr. Jorstad’s method of design greatly simplifies 
something that in the past has generally been considered very 
complicated, and such a simplification should be welcomed by all. 

Norman Litchfield: As consulting engineers for a number 
of railroads, we have been closely connected with the develop- 
ment of the modern catenary, and a short review may therefore 
be of interest. 


The first major installation of high-voltage catenary was on 
the N. Y., N. H. & H. R. R., in 1906, between Woodlawn, N. Y. 
and Stamford, Conn., the main line construction using two 
messengers with diagonal hangers forming a B with the trolley. 

On the electrification of the Elkhorn grade of the 
N. & W. R. R., in 1912 we employed a single catenary for both 
main line and yards, the necessary stability of the trolley wire 
being obtained by a cross-span wire installed only at points 
exposed to winds. The catenary was supported by suspension 
insulators hung below the body strand, thus eliminating insu- 
lation in the latter between tracks. The same construction was 
used by us on the Paoli electrification of the P. R. R. and has 
since become practically a standard. 

The original New Haven construction used a square, latticed 
column, bolted to a concrete foundation. To provide a lighter 
appearing structure, and to reduce first cost and maintenance, 
the N. & W. R. R. and the P. R. R. adopted tubular poles set 
in cored holes in concrete foundations, the poles being guyed to 
concrete anchors at points of curve pull. 

On a further extension of the N. & W. R. R., rolled-steel H- 
columns were used for the first time, with structural bases bolted 
to the foundations. 


For the Virginian Railway electrification in 1923, we used H- 
columns with a pre-cast concrete base, cast on the pole at a 
central manufacturing yard. These were set in holes sheathed 
with a section of corrugated steel culvert pipe, then wedged in 
place, and hackfilled. 


During the past year we have been engaged in the electrifica- 
tion of the Bay Ridge freight line owned by the New York Con- 
necting and the Long island Railroads, and have used plain 
H-columns set in culvert pipe, then wedged in place and the 
pipe filled with concrete. 
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. To obtain a very light appearance and a clear view of signals, 
on the Paoli electrification, a cross catenarv was used for the sup- 
port of the messenger and trolley, this being its first general 
application to main-line work, although it had been used pre- 
viously in the East Port Chester yard of the N. Y., N.H. & 
H. R. R. 

Prior to the Virginian electrification, we had utilized galvanized 
steel wire and galvanized castings for the support of the messen- 
ger and trolley wire. On the Virginian, non-corrosive materials 
were used for the messenger and the trolley hangers (the two 
live elements above the trolley). For the Bay Ridge electri- 
fication, a further advance was made by the employment of 
non-corrosive hangers and wires throughout, including the cross- 
catenary. 

Electrification is now under way of the P. R. R. Company’s 
suburban service between Philadelphia and Wilmington which 
uses all non-corrosive materials. It is on a portion of this line 
that the interesting type of steady which is deseribed in Mr. 
Viele’s paper will be used. 

At the time we undertook the Elkhorn grade electrification, 
we found the mathematics of the catenary system in an unde- 
veloped state, the practise being to caleulate the hangers only 
for those spans which followed around a uniform track curve, 
it being left to the construction forces to cut and fit the irregular 
spans at transitions, ete. On this line it became imperative to 
find some method of calculating the irregular spans also, and an 
original theorem was therefore developed by our engineers. 
This has since become generally used, and is deseribed in Mr. 
Brown’s paper. It should be remembered that while discussion 
of the mathematics is of value, nevertheless eatenary design is 
largely empirical, requiring judgment and experience to produce 
an economical and smooth-running line. 

H. S. Richmond: In abolishing the trolley pull-offs on 
high-grade and high-speed systems, by experience it was found 
necessary to meet the condition which demands that the trolley 
curve of one span shall be tangent to that of the adjacent span 
opposite the point of support. The trolley curve is not a true 
circle, but if the above condition is met, it forms a continuous 
and graceful curve, lying in a horizontal plane at the temperature 
for which the computations were made. We have deduced 
formulas by which spans are thus matehed together or 
“balanced” both on regular curvature and on transitions. 

The formula by which spans are “balanced” on a regular curve 


T 
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and the maximum deviation A of the form of the trolley curve 
from the true circle is given by the formula: 
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Here 
S = the span in feet. 
T = the combined trolley and auxiliary tension. 
M = the messenger tension. 
D = the track curvature in degrees. 
U = the horizontal offset between messenger and trolley. 
@ = the ordinate of the fundamental trolley curve referred to 
the system axis. 
and 


d@/dz is the derivative of @ with respect to axial dimension, 
the particular values of the curve and its derivative at the point 
of support being used. 

The deviation A, we have found to bea very small quantity and 
not of significance as regards conformity of trolley to pantograph 
center. In this we take exception to Mr. Brown’s citation of this 
point as being an important limitation in the use of the inclined 
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system. On the contrary, we find that the real limitations o 
this system for moderate curvatures lies in the length of tb- 
horizontal offset between contact wire and messenger at points 
of support and the temperature variation in vert’cal and latera! 
position of the contact wire. 

J. C. Damon: Mr. Jorstad noted that in systems investi- 
gated, the tension used for the primary messenger of the catenarx 
construction was considerably higher than his formula woul? 
give. 

In the recent past, the tendency for catenary construction 
seems to have been to use very high-strength material for the 
messenger and to keep the sag as low as possible. Under these 
conditions, the stretch of the cable furnishes a large proportiva 
of the excess length of the catenary curve over the straight-line 
distance between supports, and with a given uplift from th: 
pantograph, the tendency for the catenary system to rise is 
consequently very great. 

When the tension in the messenger per-pound-weight of the 
catenary system is reduced, the sag must be increased; but. in 
turn, there is less tendency for the catenary system to rise because 
of the pantograph uplift. 

With the lower tension in the messenger cable, there is a greater 
variation of the height of contact wire due to temperature vara- 
tion, but less variation due to the uplift of the pantograph. 

Recently, there has been a tendency to put feeder capacit, 
into the messenger, which generally increases the weight of the 
messenger and, in consequence, due to the pantograph, reduces 
the upward movement of the contact wire. By using a moderate 
tension and putting the necessary feeder capacity into the 


messenger, some systems get no appreciable wave traveling | 


ahead of the pantograph. The Chicago, North Shure, & M- 
waukee Railroad, which uses the heavy type of construction with 
feeder capacity in the messenger, is, of course, a low-voltaze 


railroad and quite different from the Pennsylvania main line: . 


but it has an entirely non-rust construction of very heavy me+ 
senger, which has given satisfaction at fairly high speeds. The 
Illinois Central Railroad is another system in which the feeder 
capacity has been put in the messenger and has operated in a 
very satisfactory manner. 

Mr. Viele contradicted the statement in my verbal discussict 
and stated that the heavier messengers with lower-tension }*! 
pound did not reduce the wave which went ahead of the pant 
graph. We are not, however, as far apart as our necessarily 
brief statements in the very limited discussion permitted wouic 
make it appear. 

If there were absolutely unrestricted longitudinal motion of the 
messenger, Mr. Viele’s statement would be correct and my 
statement would be wrong. On the other hand, if no longitu- 
dinal motion of the messenger from one span to another were 
possible, Mr. Viele’s statement would be wholly wrong and mine. 
correct. 

In actual practise, Mr. Viele has developed an extremely 
flexible catenary support system which approaches somewhat. 
although not entirely, the conditions of his assumption. On the 
other hand, most of the existing eatenary systems, and, I venture 
to predict, a great many of the future catenary systems, vill 
have bridges with saddle insulators, or short strings of suspension 
insulators, and conditions will be more nearly those of a com- 
pletely restricted than of an entirely unrestricted longitudinal 
motion—in which case my statements, which were relative 
only, will be correct. l 

A. G. Oehler: My question is essentially an elaboration of 
what has already been introduced by Mr. Manz. I should 
like to know how much the loop hanger does offset the increased 
rigidity at the points of support? How much is this variation in 
rigidity corrected by the use of a heavy contact wire, and is ťi 
or is it not desirable to use a flexible hanger to minimize this 
difficulty? Finally, is it necessary to worry about it? 

K. T. Healy: It seems unfortunate that no place has beet 
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_ Costs. 
_ upon the abilities of the engineers and manufacturers to reduce 


given in these papers to study the overhead distribution system 
The future extension of electrification depends largely 


the initial costs of the improvement, other things remaining 
equal. And a considerable part of this reduction must come in 
the distribution system, as this makes up from 25 to 35 per cent 
of the total cost of the electrification. Therefore, it is essential 
that the design of the overhead distribution system should, 
as a means of lowering costs, look not only to satisfactory opera- 


~~ tion but also to economical utilization of material and labor of 


construction. 
As a general rule, economies of design are effected by a close 


' study of the conditions and requirements at hand and an ample 


‘- these only. 


1 


allowance for them, at the same time confining the design to 
The main conditions affecting overhead design are: 
first, amount of conductivity to be provided; second, speed and 
method of collection of the current; and third, climatic conditions. 

The requirements of conductivity immediately make a line of 
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At the same time, the pantograph itself is made much lighter, 
using wire guys instead of pipe for side bracing and snugger 
joints with less friction at the points of support and other axes. 
This requires less pressure to operate and makes a smaller area 
for wind and ice loads to affect. The effects of hard spots in the 
contact system are of course grceat'y diminished because of the 
much lighter weight behind the impact of the shoe on the hard 
spot. Experience shows that a single shoe will collect 180 amperes 
perfectly at 55 mi. per hr. and 250 amperes at 27 mi. per hour, 
and that the shoes will run from 5600 mi. in Switzerland to 
15,000 mi. in Germany. The usual practise is to run with two 
pantographs up, which nearly doubles the life of the shoes. The 
greasing of the shoes seems to be a mooted question; the Swiss, 
for instance, are in favor of it and the Germans are not. 

Mention has been made of the need of coordinated effort 
in pantograph and catenary design, but the importance of this 
in relation to reducing both initial and operating costs cannot be 
stressed enough. With the low currents of normal high-voltage 


overhead distribution and the resulting possibilities of reducing 
shoe pressure, the possible simplification in catenary design is 
considerable. 

In all the high-voltage European electrific ations, this coordina- 
tion has resulted in a great saving. Pantograph pressures have 
been kept down to 79 lb., using aluminum shoes with negligible 
wear on contact wires. As a consequence they have been able 


© demarcation between high- and low-voltage systems, systems in 
* level country and in mountainous country, and multiple-track 

and single-track systems. With the high-voltage systems, under 
- all but mountainous conditions, ample conductivity can be 
> secured in two conductors, so that there is no reason, so far as 
3 conductivity is concerned, for going into design with more 
- conductors. With the low-voltage systems, more conductors 


t are necessary with the consequent heavier loadings on supporting 


£ structures and greater amounts of steel necessary in the 


< structures. 


Thesecond condition affectingoverhead design—namely, speed 


- of collection, —imposes on main-line, high-speed tracks, require- 
` ments decidedly different from those on yard and siding tracks. To 
~ a large degree collection is a function of the ability of the collector 
' to keep in physical contact with the overhead in spite of varia- 
- tion in height of the overhead or varying hardness of the over- 
‘ head. The ability to follow variations in height is dependent 
- upon the velocity and lineal rate of variation in the height of the 


-= overhead with a given effective inertia of the collector. 


In yard 


© operation the speeds are low and the currents low, so that greater 


lineal rates of variation in height are allowable and consistent 


- with good collection and the overhead distribution does not 


= necessarily have to be of the full catenary type. 


electrification by taking advantage of this fact. 
- have their Renens yard arranged with a modified direct suspen- 


In Europe, 
notable strides have been made in decreasing the cost of yard 
The Swiss 


sion, with 116-ft. and 165-ft. spans. This has given very satis- 


_ factory operating results. 


The Paris and Orleans Railroad, on its 1500-volt electrification, 
has followed the same trend and has wired its yards in the Paris 
area with a direct suspended system with cross-span supports. 
Thus, many economies are possible by designing yard distribu- 
tion systems, not for mainline track requirements, but for yard 
requirements of low-speed and less exacting requirements of 
uniformity in contact wire. 

The second condition also has to do with the method of col- 
lection. Here again it may be well to emphasize Mr. Viele’s 
remarks to the effect that coordinated effort in the design of both 
pantograph and overhead is necessary for satisfactory operation 
and that this coordination may be carried even further to affect 
economies in cost. Certainly one of the most important factors 
in the ability of a collector to work well is the inertia of its moving 
parts. Here, European pantograph design has taken a different 
course from ours on high-voltage systems by introducing a 
secondary bow for the shoe, swinging about its own central axis 
and held in position by small springs. This has reduced the 
effective inertia of the collector many times, because this small 
bow, weighing only a few pounds, is all that has to move to 
follow the small irregularities of the trolley height. It then 
requires much lower pressures to keep continuous contact on the 
trolley wire with consequent reduced wear on both wire and shoe. 


to use a much lighter and simpler catenary system with only a 
messenger and contact wire. In the past, to cut out the hard 
spots of the hangers, they have operated with an auxiliary or 
intermediate wire, but with the flexible hangers they use, they 
have found this wire unnecessary. In some cases the flexible 
hangers are made of strand so as to make a low-resistance, non- 
heating connection between messenger and contact. Particular 
care has been taken to avoid hard spots; splicing is rare, the 
contact wire being in lengths sufficient to reach from anchor 
point to anchor point; push-offs and other devices with com- 
pression members are not used; rigid deflectors are not used; 
and pull-offs are made very light. 

The Swedish State Railroad catenary may be taken as an 
example of this type of catenary designed for weather conditions 
comparable to ours and with a conductivity of about 260,000 
cir. mils. The costs of the materials at our prices would be 
about $528 per mile for 80 sq. mm. copper contact, and $316 
per mile for 50 sq. mm. copper messenger, a total of $844. 


A corresponding example of American practise may be a 
4/0 phono contact, costing $792, a 4/0 copper wire, costing 
$686, auxiliary clips, costing $35, and a 9/16-in. steel messenger, 
costing $316, or a total of $1829 per mile, nearly $1000 more per 
mile than the other for a slightly greater conductivity of 310,000 
cir. mils. The unit weights of the two systems are 0.81 lb. per 
ft., for the first and 1.95 lb. with the American, requiring a pole 
designed for roughly twice the catenary loading. This, of course, 
means an opportunity for the saving of considerable weight in 
the steel structures. The Swedish construction, using two 5-in. 
channels for a self-supporting single-track line, is comparable 
to the 10-in. H-section poles in use in this country for similar 
construction. 


H. F. Browns: Mr. Thorp’s paper among other things brings 
out the importance of the catenary profile in determining the 
structure heights and catenary details, especially where the 
hanger rods depart from standard conditions. This is a very 
valuable check on the calculations. 


The unit weights and required conductivity of the overhead 
system described are impressive, but, of course, are required for 
the low voltage used. This is further reflected in the size of the 
supporting structures. I believe 14-in. H-beams were used for 
the typical two-track bracket poles illustrated in Fig. 15 of 
the paper. For the lighter type of catenary permitted by the 
higher voltage used on the New Haven, a 12-in. section is ample 
for similar two-track spans. 
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While Wade and Linebaugh show the feasibility of designing an 
overhead contact system which can transmit and deliver very 
large currents, and also the possibility of collecting large amounts 
by sliding collectors moving at high speeds, one cannot escape 
questioning the economics of a system which requires more than 
seven pounds of copper per foot of track, in the contact system 
alone. 

if electrification is to be economically applied to steam rail- 
roads on any large scale, it must be done on a basis which gives 
the minimum new capital requirements. One of the largest 
items is the cost of the distribution system. The trend should, 
therefore, be towards lighter designs rather than heavier, in- 
dicative of higher voltages. 

It is noted that the test track described contains no turn- 
outs, heavy curves, or low highway bridges. With the high 
pantograph pressures required, the real test of current collection 
will come at points of special construction, such as deflectors, 
pull-offs on heavy curves, and the hard spots under low bridges; 
and while such difficulties might be overcome, they nevertheless 
increase at least in proportion to the catenary weight, and the 
amount of current to be collected. The wear on both the col- 
lector shoe and the contact wire must be greatly increased under 
such conditions, even with lubrication. 

Mention was made of the use of a 6/0 conductor as being un- 
desirable. Our experience seems to indicate that there is a 
real field of use for such a wire on busy yard leads and ladder 
tracks, where traffic is dense, and pantograph passages very 
frequent, and we have installed 6 0 wire in such locations to 
secure longer wear. 

One word about lubrieation. This is something to be desired 
but difficult to secure in actual practise, especially on a large 
system. If the lubricant is applied to the pantograph shoe at 
the start of a run, it is soon worn off in the first few miles, and the 
terminal-track trolleys are the chief beneficiaries. Tests made on 
the New Haven seem to indicate that the best shoe mileage and 
least wire wear is secured with a mild-steel shoe, and a panto- 
graph pressure of about 181b. 

Pantograph design is capable of being greatly refined. Lighter 
weights, lighter pressures, and lower inertias, especially of the 
collector shoe itself, seem to be the chief desiderate, all of which 
are inconsistent with heavy current collection. 

Mr. Jorstad, in his paper, limits the shape of the trolley aline- 
ment to that of a true parabola, and shows that his formula, 
which gives the ratio of the weights of the two opposing systems 
(messenger and contact) equal to the ratio of their respective 
tensions, applies to the parabolic shape. 

The use of this formula would therefore limit the designer in 
the choice of sag, or would fix the weights and sizes of the main 
members (messenger and contact) regardless of their economie 
choice. 

As an illustration, assume that a 4/0 copper wire is the required 
contact member, with a normal tension of 2000 Ib. The unit 
weight is 0.641 lb. and from the formula, 

0.641 Tm = 2000 Wm and Tm = 3120 Wm 

If we assume a 7/16-in. steel messenger, which past experience 
has shown to be of ample strength, properly sagged, for a 4/0 
wire, its unit weight is 0.415 lb. and the tension, by the above 
formula will be 1300 th, 

The resulting catenary will weight approximately, including 
hangers, 1.15 Ib. per ft., whieh would give a sag in a 300-ft. span 
of nearly 10ft. This is obviously too great. 

. To decrease this sag to an economic value, the tension must be 
increased, which, according to the formula, must be accompanied 
by an increase in weight. To produce a 5-ft. sag, it would be 
hecessary to go to a messenger having a unit weight of nearly 
three times the above, since the total weight is rapidly increasing. 
Assuming a unit messenger weight of 1.6 Ib., the equivalent 
Ee Bee tension would then be 5000 Ib., and the resulting total 
weight of the eatenary would be 2.3 Ib. with a sag of 5.17 ft. 
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This messenger would be approximately ‘/s in. in diameter. 
which is obviously not economically applied, as the material is 
not required for the low tension used. 

It is true that the trolley tension may be increased. Tze 
ultimate strength of the wire assumed is approximately Maw 
lb. but it should not be stressed much more than ? ; of this 
amount on account of the low yield point of copper. and the 
danger of permanent stretch. This limits the maximum working 
tension to about 5300 lb., and sets the normal working tension 
at about 3000 Ih. 

Then, from the formula, 


For a 5-ft. sag, the messenger must weigh approximately 
0.671 lh. per ft. and the tension would then be 3140 lb. 

This indicates a 9/16-in. messenger, which, although more 
nearly the economic size, is nevertheless larger than required, and 
is not working to its full capacity. Further, the horizontal 
loads on the structures on curves, due to the trolley tension, 
have now been increased 50 per cent, requiring this additiona! 
strength in such structures. 

If, however, the characteristics of the design will permit the 
application of Mr. Jorstad’s formula, it presents a very valua!te 
method, and greatly simplifies the calculation, since the shape is 
parabolic. It may be mentioned here that the earlier installa- 
tions on the New Haven, where the spans were short, were 
designed on the theory that the shape was parabolic. 

Sidney Withington: (by letter) The design of pantograp hs 
in this country just at present, is, I believe. the least developed 
part of any of the electric equipment. We depend upon a eollec:- 
ing device capable of variation in height up to 10 ft., as mentioned 
by Mr. Viele. The inertia of such apparatus is very great and 
at high speeds, as pointed out by Mr. Viele, this is a serious 
problem and requires a very considerable pressure against the 
wire to avoid arcing. This, in turn, limits the design of the 
catenary system. The standard pantograph used abroad. which 
employes a trailing bow above the main pantograph, would seem 
to be considerably more logical. The trailing bow, being 
relatively light, follows the wire satisfactorily even at relatively 
low pressures, and the result is a far lighter catenary design wit) 
consequent economies hoth of construction and maintenance and 
without serious limitation in the amount of current which can 
successfully be collected. The advantages which would acerue 
from an improved design of pantograph in this country would 
repay, I believe, a very considerable amount of study. 

Mr. Viele mentions spans of 325 ft. for the catenary system. 
It has been the experience on the New Haven that unless the 
location is pretty well protected from wind, some form of latera! 
support for long spans is necessary between bents in order to 
prevent trouble due to wind under maximum conditions. These 
supports may be obtained in the form of bridles or additional 
independent steady spans, or by shortening the main span. 

The form of support suggested by Mr. Viele is of interest. A 
somewhat similar arrangement was installed on the New Haven 
in 1919. Other things being equal, it is of advantage to separate 
mechanically, as far as possible, each track from the others, m 
order that trouble which may occur may be localized. One 
advantage of the scheme mentioned by Mr. Viele is that the 
insulators are not directly over the track, and where steam 
locomotives are operated along with electric operation this ts of 
considerable advantage. 


Mr. Viele mentions hard spots and their damping affect on the 
oscillation which proceeds ahead of the pantograph. On the 
New Ilaven electrification, where wood section breaks were used 
at points of high speed an approach was designed consisting of a 
sheet-steel member of light gage about 6 ft. long, with the ides 
of damping the oscillations before they reached the relatively 
heavy section break. It was, however, found that this was not 
necessary, and its use has been discontinued. It is of course true 
that so far as possible, wood-stick section breaks are not used at 


| 
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< points of high speed. Indeed, even splicing sleeves are eliminated 
` yo far us possible. 

lt may be of interest to note that on the New Haven electrifi- 
` cation extensions installed in 1912 and 1913, the steel catenary 

* supporting structures were designed to be self-supporting as 

` units; that is, the corner connections between the truss and the 
posts were arranged to take the stress normal to the track due to 

~ wind, curve pull, ete., the anchor bolts at the base of the posts 

' taking shear only. This is indicated in the shape of the posts, 
which taper down from the truss or corner connections. 

This saved a considerable amount of concrete as compared 

-~ with the original design wherein the posts were self-supporting 
and the concrete bases were obliged to take the entire overturn- 

_ing moment. There was some additional weight of steel and 
additional field labor, but the design resulted in considerable 
net saving. 

' In some of the supporting structures, especially those for six 

_ tracks, it was found advantageous to assume a point of contra- 

flexure about 7 ft. above the top of the foundation. This 
resulted in some saving of weight. of steel without much increase 
in the size of the foundation. 

The magnitude of current collected from a trolley at 500, 1500, 

_ or 3000 volts is of course far greater, other things being equal, 
i than that collected at 11,000 cr 22,000 volts, and the problems 
' are therefore of somewhat different nature when the lower 
voltages are considered, both from the point of view of current- 
carrying capacity in the catenary system itself, and what might 
_ be called the “commutation” at the point of contact. 
‘ The problem of sparkless collection of current is a function of 
' the smoothness of the contact system, which in turn depends 
' upon its uniformity of suspension—that is, the contact wire 
” should be either free to move in a vertical plane easily at all points 
-upon the passage of the pantograph collecting shoe, or should be 
< relatively rigid at all points. Any change from soft to hard 
= construction means sparking or arcing at high speeds. The real 
test of sparkless collection occurs at turnouts and at low bridges 
and other points where construction is limited by local conditions. 

Mention is made of the freedom from burned messengers on the 
Chicago, Milwaukee, & St. Paul at loop hangers, which are 
employed on that system. The real test of efficiency of loop 
hangers would occur, I believe, only where the individual sub- 
station capacity feeding the system is relatively larger than is 
the ease on the Milwaukee. . 

The design of pantograph shoe support with 4 in. of play be- 
tween upper and lower position on the top of the pantograph is of 
much interest. It would seem that somewhat delicate adjust- 
ment would be necessary in order to maintain the supporting 
apparatus at the mid-position of its travel under normal con- 
ditions that it might be free to move up or down as roughness 
in the contact system required. Details of design to accomplish 
this would be of interest. Some data also would be of interest as 
to the mileage made by the “‘pans.’’ The pressure of 40 lb. seems 
high when compared with that where less current-carrying capac- 
ity is required. A pressure of 40 lb. also means a necessarily 
heavy contact system, regardless of current-capacity require- 
ments. 


The economic limitations of any contact system, I believe, 
occur in the weight and expense of installation of the conductors 
and supporting structures rather than in the amount of current 
which ean be successfully collected under conditions of high 
speed, and this should be considered in the design of an electrifi- 
cation installation. It 1s possible that the use of higher voltages, 
either alternating or direct current, would be justified in some 
instances by the saving of material in the contact structure. 


S. M. Viele: Mr. Brown asked the effect of tension in the 
contact wire on vertical movement. We have not made any 
experiments on the basis of varying contact-wire tension. My 
opinion is it would not make any material difference. 

Mr. Manz asked about the effects of unloading the span. 
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Mr. Damon’s remarks were along the same line. I do not nter- 
pret upward deflections in the span on the basis of the possible 
impression that some have of that statement. If we assume a 
Condition in which the span involved has a unit weight of 3 lb. 
per ft. and say a 300-ft. span, it means that the messenger is 
carrying roughly 900 lb. If we operate five pantographs on the 
span, it means that instead of carrying 900 1b., it carries 800 lb. 
This means that the sag in the span has to be reduced on account 
of the tension remaining practically constant. Therefore, the 
messenger sag will be decreased; the extra length of messenger 
will run back in the successive spans. 


Now, if you change the contact tension, or if you change the 
loading of the span without change of pantograph pressures, it 
will not make a great deal of difference in the upward deflections 
with passage of the pantographs. 

Mr. Oehler asked the question “What does it amount to?” 
Deterioration of contact wire has a very material bearing on how 
much it costs to operate such construction. Spliced contact 
wire means a deterioration of roughly five times that without 
splices. Whether we get a life of ten years out of it or 50 years 
is very material. 


The question may also be asked “What are the relative effects 
of variation in height of contact wire?’’ Such effects are rela- 
tively small as compared with spliced effects. However, all 
variations of whatever nature which take place in the contact- 
wire height involve variations of pressure, both in enlarged and 
decreased pressures. Increased pressures mean increased wear; 
decreased pressures mean burning of the contact wire. Both 
result in increased maintenance cost. It is simply a question 
of the relative reduction of section which is produced by such 
variations in height, with the resulting cost. They have not 
been evaluated in money, though they have been evaluated in 
my mind as being worthy of study and the correction of value. 

H. F. Brown: In answer to Mr. Litchfield I will simply state 
that the method of eliminating the cusp shown in Fig. 41 is 
admittedly an overcorrection. The importance of this correction 
is greater if the trolley tensions are lower. Onthe New Haven 
system, the tensions of the trolley and the auxiliary are lower, 
I think, than on many of the other systems mentioned here 
today. For that reason, the cusp effect is more important in 
their inclined design than it is where the trolley tensions are 
higher, and the method used in the paper is shown instead of the 
one referred to by Mr. Richmond because it was desirable to make 
this correction apply to all conditions involving even high 
temperatures as well as the normal temperatures. It is true that 
if one goes into the mathematics of the paper, the method 
suggested by Mr. Richmond is absolutely correct for normal 
conditions. 


R. E. Wade and J. J. Linebaugh: Mr. Brown, in his 
written discussion with reference to tests on the collection of 
large currents from overhead wires as conducted at Erie, Pa. 
mentions the use of ‘‘more than 7 Ib. of copper per ft. of track 
in the contact system alone.”’ 

The actual total weight of copper, installed per ft. of track for 
the tests involving the unusually large current values quoted, and 
‘or both feeder and contact, was 4.7 Ib. maximum with 1,000,000 
cir. mil feeder messenger and 3.92 lb. in the section with 750,000 
cir. mil feeder messenger. With multitrack work and automatic 
cross ties, these weights would be reduced even for the lower 
voltages used. 

While it is true that the recorded tests were conducted with- 
out deflectors, hard spots under bridges and pulloffs on heavy 
curves, temporary low bridges were later installed, and satis- . 
factory collection demonstrated with a 1 per cent gradient in 
contact wires. Experience on lines in operation shows that 
with two contact wires, flexibly supported throughout, the 
additional wear at such points is negligible with pantograph 
pressures as high as 35 Ib. i 
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As regards lubrication, while it would of course be desirable 
to operate without this feature, experience has shown that even 
with comparatively infrequent service, satisfactory lubrication 
of contact wires can be maintained, although as stated by Mr. 
Brown, the contact wires within and in the vicinity of the large 
yards receive more lubrication, particularly in and near overhead 
switches. This also applies to curves due to wiping action. 

While it is unquestionably true that generally speaking it is 
desirable to make refinements in pantograph designs as regards 
weights, lighter pressures, and lower inertias, it is commonly 
agreed that coordination in the design of both pantograph and 
overhead is necessary, and there is some question as to whether 
such coordination is not approached with the relatively higher 
pantograph pressures in combination with the weight of two 
wires in the same horizontal plane as compared with the very 
light pressures and correspondingly light overhead construction 
as used in some European installations. 

Mr. Withington in his discussion very properly emphasizes 
the desirability of uniformity of suspension for contact wires, that 
is, the freedom of movement in a vertical plane at all points. 
By suggestion this of course includes uniformity in weight, 
which of course cannot be realized on account of the necessity 
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for overhead switches and certain fittings attached to contas: 
wires. 
move in @ Vertical plane at all points of suspension, the additions. 
wear imposed on contact wire is reduced to a minimum. 

As referred to in our paper, with regards to the freedom frer. 
burned messengers with loop hangers, we would suggest that iz 
the case referred to, the current demand at locomotive rat her 
than the substation capacity would be the determining factor. 

As regards the flexibility of the pantograph shoe mountings. 
while this of course does not compare with the commonly use: 
European design, either as to delicacy or range, there is ne 
question but that the small amount of movement provided is a 
valuable asset, particularly with the flexible contact-wire sus- 
pension referred to elsewhere. 

There is no question but that on som» systems contact-w im 
splicing devices are responsible for considerable trouble in tha: 
the designs commonly used enclose the contact wire and offer 
an obstruction to the collector shoe, which becomes worse as 
wear on the splicing device increases. A splicing device whic!. 
permits uninterrupted contact with the wire and is of the mini- 
mum weight consistent with the requirements, will do away wit: 
this trouble to a large extent. Such a device is available. 


From our observation, if the contact wires are free t- 
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Calculation of Stray Load Losses 
BY G. H. ROCKWOOD: 


Enrolled Student, A. I. E. E. 


INTRODUCTION 


UITE early in the history of the development of the 
alternating current generator it was recognized 
that there might be losses present under load 

conditions in addition to the no-load losses and the 
armature copper loss due to load current. Because 
no one had a satisfactory means of measuring this loss 
it was not included in the early definitions of conven- 
tional efficiency. As competition increased and as 
economic pressure demanded higher and higher effi- 
ciences the necessity of approximating this loss was 
apparent. Accordingly the A. I. E. E. rules were 
changed to include one-third of the loss under sustained 
polyphase short circuit. 

This rule was short lived for, at the Winter Conven- 
tion of 1913, papers were presented giving the results of 
carefully made input-output tests which tended to show 
that the entire loss on sustained polyphase short circuit 
should be taken as a measure of the stray load loss for 
the salient pole alternator. This rule has remained in 
force and in view of its general acceptance it is to the 
interest of designers of salient pole alternators to be able 
to predetermine this loss. 

It is the purpose of this paper to present some general 
methods of attacking the problem. It is not intended 
that the results should be complete but they are pre- 
sented simply as a starting point for the attack on this 
problem. 

Proceeding on the principle that a formula cannot 
be correct unless it has the dimensions of the quantity 
which it represents or expresses, we may quite readily 
develop some of our familiar relations. As the com- 
plexity of the problems which we treat by this method 
increases, the difficulties encountered in its application 
also increase until a point is reached beyond which we 
cannot go without assistance. 

In the case at hand, the calculation of stray load 
losses, this assistance may come in one of two forms; 
it may be experimental evidence as to the exponents 
of certain of the variables, or it may come in the form 
of assumptions as to the variables involved and the 
manner of their variation. It is evident, therefore, 
that the method is not rigorous but is one which will 

enable us to derive a formula from otherwise incomplete 
data. 

The greatest difficulty encountered in the applica- 
tion of this, or any other, method to the calculation of 
losses in iron is the fact that we know the loss depends 
in some manner upon the flux density. But the flux 
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density for any magnetizing force is a complex function 
of the permeability, a property of the iron which is not 
constant. Because we have no mathematical expres- 
sion for the permeability of iron we must make certain 
assumptions in regard to the behavior of iron under 
strong magnetizing forces, such as are present in elec- 
trical machines. The two most commonly accepted 
assumptions in regard to permeability are those of 
constant permeability, or the “limiting value of the 
density” theory in which it is assumed that there is a 
maximum possible density. Which assumption will 
be the better for any given case depends upon the appli- 
cation, but, in general, the assumption of constant per- 
meability is made. 

The formulas derived in this manner will require 
the inclusion of empirical constants. These constants 
may be determined by statistical methods to be dis- 
cussed later. 

Instead of trying to develop a single formula for the 
short circuit core loss, it is desirable to separate the total 
loss into distinct parts and develop formulas for each 
of these parts separately. 

The parts into which it is most conveniently divided 
are: 

1. Aneddy current loss in the armature copper. 

2. A lossin the stator iron. 

3. A pole face loss. 

4. Anend loss. 

5. Alossin the amortisseur winding. 

These component parts will be discussed in turn. 


EDDY CURRENT LOSSES IN THE ARMATURE COPPER 


Eddy current losses in the armature copper present 
the source of stray load loss usually recognized in de- 
sign books. The method of calculating them has usually 
been to assume that the ohmic resistance of the arma- 
ture was increased by an amount varying from 10 per 
cent to 50 per cent. The uselessness of such a method 
is evident. 

In the early days of synchronous machine design 
when the existence of these losses was not recognized it 
was not at all uncommon to employ designs such that 
this loss constituted the major part of the total short 
circuit loss. It is only within the last five or six years 
that accurate and easily applicable methods of com- 
puting and minimizing this loss have been available. 
At the present time, however, this loss is rarely over 
25 per cent of the total short circuit loss so we see the 
necessity of obtaining accurate knowledge of the factors 
on which the remainder of the stray load loss depends if 
improvements are to be made in the design of salient 

pole alternators. 

There is extensive literature on the subject of eddy 
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current losses in the armature copper and there will not 
be space here to review it. Reference should be made, 
however, to the work of Prof. W. V. Lyon as given in his 
A. I. E. E. paper in 1921. It might also be stated that 
the method given by Mr. I. H. Summers, and based on 
Prof. Lyon’s work, at the 1927 Winter Convention of 
the A. I. E. E., was used in connection = the work on 
which this paper was based. 


LOSS IN THE STATOR IRON 


The flux wave form in the air gap of a salient pole 
alternator under load varies with the power factor at 
which the machine is operating. This condition renders 
it extremely difficult to determine the core losses under 
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tioned above must be that of harmonics of the sam. 
order. 

If we are to be able to calculate the flux wave existin z 
in the air gap of a salient pole alternator operated on 
short circuit at such an excitation that rated currer.= 


flows in the armature windings we must make certain 
These assumptions are four in number 


assumptions. 
and are given below: 


1. That the air gap flux wave consists of four com- 


ponents and four only. 
a. A fundamental due to the main field m. m. f. 
b. A third harmonic due to the main field m. m. f. 


c. A fundamental due to the armature reaction 


m. m. f. 


Fic. a T RETE OFTHE 
No-Loap FLUX WAVE IN THE AIR 
GAP OF A SALIENT POLE SYNCHRO- 


Fic. 2—TxHirp HarRMONIC OF THE 
AIR Gap Fitx WAVE WHEN A Sa- 
LIENT POLE SYNCHRONOUS MACHINE 
Is EXCITED ONLY BY A SINE WAVE 


3—GRAPHICAL DETERMIN «A 
TION OF THE ZERO POWER Facto 
SHORT CIRCUIT AIR Gap FLUX Was? 


Fic. 


NOUS MACHINE 
Tuird HaRMONIC = A X B-—O0.7 


ARMATURE M. M. F. WHOSE AXIS COIN- 


CIDES WITH THE POLE CENTER 


Tuird HARMONIC = 


load. We are seeking, however, to express the core 
losses at a fixed power factor, and the power factor with 
which we are concerned is one which gives rise to very 
special relations between the main field flux and the 
armature reaction flux. The power factor which we 
are to consider is extremely close to zero in a lagging 
direction. 

Since the flux densities under short circuit conditions 
are not ordinarily found in the usual course of design it 
will be necessary to determine them before the loss can 
be computed. It will be convenient to express them 
as a percentage of the open circuit densities. 

If a salient pole alternator operates at zero power 
factor the axes of the main field flux and the armature 
reaction flux will coincide. If the power factor is lead- 
ing the flux waves will add and if the power factor is 
lagging the net flux will be the difference of the two 
waves. The wave form of the two fluxes will not be the 
same, however, so the addition and subtraction men- 


AXB 


d. A third harmonic due to the armature reaction 
m. m. f. 

2. That the four components of the flux wave are 

determined by the value of the three ratios: 
a. Maximum gap to minimum gap. 
b. Pole arc to pole pitch. 
c. Minimum gap to pole pitch. 

3. That the armature reaction m. m. f. has a sinu- 
soidal space distribution. 

4. That the machine operates at zero power factor 
lagging. 

At the winter convention of the A. I. E. E. in 1927, 
Mr. R. W. Wieseman presented a paper giving curves 
for the determination of the four components of the 
short circuit flux wave mentioned above in terms of the 
three ratios of assumption number two. (See Figs. 1 
and 2.) The accuracy of these curves is discussed in 
the paper and no more need be said about them here. 
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: It will be assumed that these curves give the actual 
amplitudes of the flux wave components. 
t Figure 3 shows a graphical combination of the four 
components to give the existing air gap flux wave and we 
‘ shall now proceed to develop a method for doing this 
analytically. The upper half of the figure, in full lines, 
ı represents the flux components of the main field. For 
convenience this has been considered positive and the 
_ peak of the actual no-load flux wave, or main field flux 
wave, has been taken as unity. Since we have zero 
, power factor in a lagging direction the flux armature 
_reaction will subtract from that of the main field so the 


- two dotted components representing this flux have been 


shown negative. In connection with this plotting it 


_ must be remembered that for a salient pole machine the 


armature reaction flux at zero power factor is always 


` more peaked than a sine wave and so with the conven- 
: tion of plotting here adopted the third harmonic com- 
- ponent will always be positive with respect to the main 
_ field. A glance at Fig. 1 will show that the third har- 


_ tive. 


monic of main field flux may be either positive or nega- 
The existing flux wave in Fig. 3 is, of course, the 


- sum of the four components shown in the figure. 


é 


Before any addition of components can be made we 


* must find some common basis for their measurement 


_ since the curves of Mr. Wieseman’s paper give the four 
_ components as a per cent of the total wave of either 


armature reaction or main field flux as the case may be. 


’ This common basis is found by expressing the m. m. f. 
-applied under short circuit conditions as a percentage 
- of the m. m. f. required for the air gap. This assumes 
_ that an ampere turn on the field is just as effective in 
_ producing flux as an ampere turn on the armature. 
-= We must determine another constant, however, because 


the value of the armature reaction as determined by the 
usual design formula, for three-phase 2.12 N I K, Ka, is 
based on a time distribution instead of a space distribu- 
tion. This constant may be found as follows: 


I. Assume a winding having all turns concentrated 
in a single pair of slots. 
II. Assume a full pitch winding. 
III. Winding to have Z inductors ‘pole ‘phase. 
IV. I r. m. s. current/inductor—strictly sinu- 
soidal. 
Such a winding would give rise to a rectangular m. m. f. 
wave having a value of 
M. M. F. = v2 I Z,2. 
The fourier series for such a wave would be 
Y =4 m (v2IZ, 2) (sinX +1, 3 sin 3X +1,5sin 5X +...) 
We shall now proceed to neglect all terms in this series 
except the first. In a three-phase winding the third 
harmonics will cancel, as will all the triplen harmonics, 
while the fifth, seventh, ete., will move relatively to the 
pole faces and so induce currents in the pole faces which 
tend to damp out the flux produced by these harmonics. 
Our usual formulas give us the height of the rectangular 
wave represented by the above four.er series. The ratio 
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of the height of this wave to the maximum value of the 
fundamental of the series representing it is evidently 
4/m = 1.27 which is the constant we are seeking. 

Making use of this constant the expression for the 
short circuit air gap density in terms of the open circuit 
air gap density becomes (for each component): 


AR 1.27 A R Aia 
B, = Bur [Ain (x F =) O Poo 

A R 1.27 A R Asa 
Bs = Bur [Am (X + E) + Ae] 


(The addition is algebraic. For nomenclature see 
the table of symbols.) 

These then are the relations for determining the short 
circuit air gap density analytically. Similar relations 
between the amplitudes of the waves made it possible 
to construct Fig. 3. 

The density distribution which has just been described 
will not obtain in the iron portions of the machine. 
We may, however, assume that it will give us an indi- 
cation of the densities in the teeth, especially after 
the considerations which are now to be presented. If 
the armature be supplied with current, the field not 
being excited, the flux due to the armature current 
will follow a path somewhat as indicated in the figure 
below. 

If the machine be short circuited and the field excited, 
so as to cause rated current to flow in the armature, 
there will be set up in the teeth and in the core immedi- 
ately below the slot the same flux as 
before. In addition there will be a fun- 
damental flux due to the main field 
m.m.f. By Lenz’s law these two fluxes 
will be in opposition and, since they must 
be nearly equal, the difference being that 
necessary to compensate for armature IR 
drop and for end leakage drop, their re- 
sultant in the core will be negligible and we may neglect 
the loss in the core due to fundamental flux. 

The fundamental tooth density on short circuit is 
rarely more than 20 per cent of the open circuit tooth 
density and so causes not more than 4 per cent of the 
open circuit tooth loss. As the latter is only about !4 
of the total open circuit core loss we see that the cor- 
responding short circuit core loss is negligible. 

The third harmonic density in the armature core will 
produce a negligible loss, because of the fact that the 
third harmonic in the core has three times as many poles 
as does the fundamental, so we may neglect the loss due 
to this component of flux. 

The only component which we need consider is the 
third harmonic in the teeth. This will be expressed by 
an equation similar to that given on page 2, except that 
B, will be replaced by the no-load tooth density. The 


loss will then be: 
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volume of teeth 
1000 


w, = loss per cubic inch in standard material at 
standard triple frequency corresponding to density B3. 

To calculate the triple frequency core loss in the 
armature teeth for the condition of sustained polyphase 
short circuit it is, therefore, necessary to compute the 
third harmonic tooth density as a percentage of the open 
circuit tooth density and to then obtain the loss from the 
usual laboratory loss curves. 


W, = K.K, Ky, 


W3. 


SHORT CIRCUIT POLE FAcE Loss 


Under sustained polyphase short circuit the current 
carried by each slot will give rise to an m. m. f. which 
will cause flux pulsations in the pole face. The magni- 
tude of the loss produced will be a function of these 
tooth frequency flux pulsations. Since the path of this 
flux is largely in air we may assume, as a first approxi- 
mation, that it is directly proportional to the m. m. f. 
producing it. This m. m. f. will be proportional to the 
current per slot, which, for any given machine, will be 
proportional to the ampere turns per inch of armature 
periphery. It so happens that the ampere conductors 
per z-inch of periphery are numerically equal to the 
ampere turns per inch of armature periphery at 77 
per cent pitch. It will thus be convenient, and suff- 
ciently accurate for any practical value of the pitch, 
to express the flux as proportional to the ampere con- 
ductors per 7-inch of armature periphery. 


To derive a formula for the short circuit pole face loss 
use has been made of a similar study of open circuit 
pole face losses. The method used was that of a dimen- 
sional analysis, starting with experimental evidence as 
to the best values of the exponents for certain of the 
variables. (See Appendix A.) As regards short circuit 
pole face loss, however, we have no experimental evi- 
dence on which to base a dimensional analysis so the 
following reasoning is proposed. | 

Under the assumption of constant permeability the 
exponent of stator slot pitch was found to be unity, a 
value lower than that indicated by the most reliable 
experimental evidence. The limiting value of the den- 
sity theory gave rise to an exponent for the stator slot 
pitch of two, but it also involved the tooth frequency to 
the second power when experimental evidence and the 
conventional theory alike would indicate the one and 
one-half power. In both of these derivations for the 
open circuit condition the same basic assumptions were 
made. It was finally decided to use a form which was 
not dimensionally correct, but which involved the tooth 
frequency to the one and one-half power and the stator 
slot pitch to the second power, the other exponents being 

those in agreement with dimensionally correct formulas. 

In formulating the short circuit pole face loss it seems 
desirable to use the formula developed for open circuit 
core loss, substituting a quantity which shall be propor- 
tional to the short circuit flux producing the pole face 
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loss in place of the air gap density used in the oper 
circuit form. It was something of a question as to 
whether or not the ampere conductors per slot should be 
used instead of the ampere turns per inch of periphery 
as outlined above. It will be noticed that the use of the 
ampere conductors per slot would necessitate involving 
the stator slot pitch to the fourth power. This exponent 
is so much higher than any given by experimental work 
or by the dimensional analysis that it seems better to 
use the ampere turns per z-inch of periphery as being 
proportional to the flux than to use the ampere con- 
ductors per slot. 

The final form of the short circuit pole face loss 
formula will then be: 


Hxrm\ PAS V 
W, = Ka (160) ( 100 Fer, 
END Loss 


Under sustained polyphase short circuit conditions 
the windings carrying current are linking the end fingers, 
clamping flanges and armature binding bands, thus 
inducing eddy currents in all of these portions of the 
machine. In addition there will be a considerable leak- 
age flux from the end connections of the machine, some 
of which may get into the frame, end shields, and various 
other stationary portions. It is understood, of course, 
that this flux of the armature winding which is produc- 
ing end loss is revolving at synchronous speed, in conse- 
quence of the polyphase nature of the winding which 
produces a revolving field. 

If we are to be able to compute the loss we must first 
compute the leakage flux producing the loss. This may 
be done by multiplying the m. m. f. by the permeance of 
the leakage flux path. The m. m. f. will, of course, be 
the ampere turns of armature reaction, or some fraction 
thereof. In Appendix B is a dimensional derivation of 
a formula for end loss. 

It now remains to find an expression for the per- 
meance of the leakage flux path. If we assume that the 
adjacent masses of iron may be neglected we see, from 
Appendix C, that the permeance is of the form: 

C = pu X pole pitch x coil pitch. 
Making the assumption of constant permeability and 
using the formula derived in Appendix B our end loss 
formula becomes: 

W, = K x pole pitch x coil pitch P V vf (A RY. 
But the number of poles times the pole pitch is equal to 
gap diameter times a constant, whence: 

DV vf pai aai 

T000 ( 10,000 X coil pitch. 

LOSS IN THE AMORTISSEUR WINDINGS 

Thus far we have assumed that the armature reaction 
m. m. f. was sinusoidally distributed about the periph- 
ery. With a finite number of phases this can never 
be exactly true, but for the losses thus far considered the 
approximation has been close. There is, however, a loss 
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: due to the fact that the armature reaction m. m. f. is not 
“2. gousoidal. The wave form of the armature reaction 
‘+m. m. f. will be determined by the pitch of the winding 
>» and by its arrangement in the slots. For our present 
.-purpose the effect of pitch alone will be considered. The 
, arrangement of the winding will, in many cases, be more 
; important but it is the present purpose to produce a 
- formula which shall be comparatively simple to apply 
_in a specific case rather than to obtain one which gives 
greater accuracy at the cost of greatly increased labor. 
_ If the pitch is such that the wave form is not sinu- 
soidal there will be certain of the higher harmonics 
which will move relatively to the pole faces. The 
triplen harmonics will cancel in the three-phase machine 
leaving all others to produce loss. Of these the fifth and 
seventh are the most important. 


To determine the loss due to these flux harmonics it 
is necessary to find the current induced in the amor- 
tisseur winding by each of these harmonics and then to 
‘find the loss due to this current, taking into considera- 
“tion the effective resistance of the rotor bars. Such 
“a procedure is, of course, far too complicated for the 
case at hand and a simple approximation must be 
“sought. 
<, If we recognize the fact that, as far as this loss is con- 
_ cerned, the synchronous machine may be treated by an 
“equivalent circuit exactly similar to that for the single- 
‘phase induction motor we may arrive at the desired 
“approximation. By the use of this circuit we may 
“* deduce an expression for the loss in the bar windings of 
_ the rotor as some function of the stator coil pitch. (Ap- 
'* yandix D.) To determine the form which this function 
=" will take we must remember that the flux harmonics due 
“to the arrangement of the winding will also produce a 
© leakage reactance drop in the phase belt. This reac- 
““ tance is easily calculable for the induction motor and we 
- may simply use values taken from such a curve for the 
values of this function of coil pitch. This apparent 
“ mixing of the units of loss and reactance is not real since 
:+ the units are proportional and we shall have to prefix 
© this expression for the loss by a constant to be deter- 
‘¢- mined by statistical methods. 
w A dimensional check of the formula was also made 
,, and it was shown to be dimensionally correct. In its 
z. final form it is: 
2 


ARXP ) L 
100,000 / D %® XK. 
` Q is the function of coil pitch referred to above and K, 


depends for its value upon the type of amortisseur 
= winding. 


-Lossin bars = K. ( 


DETERMINATION OF THE VALUES OF THE 
PROPORTIONALITY CONSTANTS 


Each of the terms in the formula for short circuit core 

.. loss has been preceded by a coefficient. These coeffi- 
cients have been included because the formulas as de- 

< veloped are not rigorous and they must be determined 


from considerations derived from the theory of prob- 
ability. In determining their values we seek to find the 
most probable value for each one of the four coefficients. 
Statistical theory indicates that the most probable value 
of any observed quantity is that which makes the sum 
of the squares of the deviations of a set of observations, 
or a group of such sets, a minimum. In accordance with 
this theory the method of least squares may be applied 
for the determination of the values of the co-efficients. 

For the purpose of determining these values the loss 
as given by the formula was computed for some 150 
machines of various types and ratings. The expression 
for the loss including the unknown coefficients was then 
equated to the loss as determined by test and the 
method of least squares applied to find the separate 
values. 

The method of least squares results in a number of 
“normal equations” equal to the number of unknowns. 
These equations are to be regarded as linear simultane- 
ous equations and have to be solved. Unfortunately 
the coefficients of these “normal equations” are usually 
such as to require special methods of solution if proper 
values are to be obtained. Probably the simplest and 
best method for solving them is that due to Gauss and 
known as the method of Gauss. (See Whitaker & 
Robinson, “The Calculus of Observations.’’) 

In applying the method of least squares in this par- 
ticular investigation the computation of the eddy 
current loss in the armature copper should be assumed 
to be without error. 


ACCURACY OF THE FORMULA 


In using any formula such as this the designer of 
electrical machinery is interested not only in the error 
inherent in the formula but the probable error of the 
result. If the results of using this formula be plotted 
as a frequency distribution, 2. e., per cent error in each 
individual case against the number of times it occurs, 
the usual normal distribution or probability curve will 
result. The fact that we have such a frequency dis- 
tribution is the thing of greatest interest to the designer. 
Associated with such a distribution are a number of 
means intended to give a reliable index of the accuracy 
of the result. 

This normal distribution curve is completely defined 
by certain parameters, one of which is the so-called 
standard deviation, org. This value of ø happens to be 
one-half the distance between the points of inflection 
of the normal distribution curve. The standard devia- 
tion may be found from the following relation: 


,- (2 
N 


where zx is any deviation from the average and N is the 
total number of entries. This is, of course, simply the 
root mean square deviation. 


The probable error is defined to be such that the 
chances are even whether the deviation exceeds it in 
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absolute magnitude or is less than it. If this be denoted 


by the symbol Q we have: 
Q = 0.67449 ø. 


The computation of the value ø requires considerable 
labor. Fortunately there is a constant relation between 
the value of o and the mean deviation which is obtained 
by considering all deviations as positive and taking their 
average. Thus the probable error and the mean devia- 
tion differ only by a constant and we may use the mean 
deviation as a measure of the accuracy of the formula. 
The relation is, then: 


Q = 0.8345 mean deviation. 


The usual manner of measuring the accuracy of such 
a formula is to form the ratio 


E Test core loss 
Calculated core loss 


for each application and to perform the above computa- 
tions with this average. When dealing with stray load 
losses as determined by the sustained polyphase short 
circuit test, however, it is more convenient to express the 
error as a percentage of the copper loss at full load 
current. This is done for several reasons. First, it has 
been experimentally shown that the stray load loss, or 
short circuit loss, varies with the square of the current 
as does the copper loss and so it is natural to treat it 
in the same manner. Secondly, it has been the practise 
of designers from time immemorial to estimate this loss 
by assuming it to be a percentage of the copper loss at 
rated current. We shall, therefore, be measuring the 
accuracy of the formula in a unit which is already under- 
stood by those who are to use the formula. Finally it 
is desirable to minimize the testing errors which are 
greatest where the loss is but a small part of the copper 
loss. 

Measuring the accuracy of the formula for its applica- 
tion to the above mentioned 150 machines the results 
were as follows: 


Mean deviation............. 
Average per cent error....... 
Maximum per cent error 


27.0 per cent 
10.9 per cent 


41.2 per cent 
41.5 per cent 


The above per cent errors are expressed as a per cent 
of the full load copper loss. | 

The sources of error in the formula are chiefly due to 
the effort to apply a single formula, not in itself com- 
plete, to a large number of machines of different con- 
struction. A second source of error which is of 
considerable importance lies in the fact that the effect 
of the coil grouping has been omitted in computing the 
loss in the amortisseur windings. 

Finally it must be pointed out that the accuracy of 
the experimental determination of this loss, thus far 
assumed to be without error, is not all that could be 
desired. In measuring the short circuit loss, as per the 
A. I. E. E. rules, it is necessary to deduct from the 
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measured input not only the friction and windage bz: 
the armature copper loss as well. The ohmic resistance 
is to be used in this computation but it must, of cours 
be measured at a temperature corresponding to tha’ 
obtaining in the armature windings when the loss wa 
measured. This is not always known, so some tempera- 
ture has to be assumed and consequently a quite ap- 
preciable error is introduced. Finally the loss we ar: 
seeking to determine is not capable of direct measure 
ment but is a measured loss minus other more or les 
accurately determinable losses. 


In this work the point most worthy of note is the 
recognition of stray load losses other than the armatur 
eddy current losses. In recognizing these other losses 
and in formulating an expression for them a method has 
been advanced for determining the tooth densities o° 
both fundamental and third harmonic components oi 
the flux wave actually existing under zero power factor 
short circuit conditions. 

Emphasis should be laid upon the fact that the di- 
mensional theory and statistical methods have playe: 
the major role in all the work which has been here pre- | 
sented. The results cannot be claimed to be without | 
error nor are they entirely novel, but it is believed tha: 
new light has been thrown on the subject of core losses 
in salient pole alternators and that the formulas of the 
type described here have wide application. 


Mr. P. L. Alger, for his constant interest in the wor: 
and for his many helpful suggestions. 


Appendix A 

The material of this appendix refers primarily to the 
problem of the calculation of open circuit pole face loss. 
the application of this work to the problem of pole face 
loss having been shown in the body of the paper. 

An effort has been made to be guided by the work of | 
previous investigators. In 1909, C. A. Adams gave the © 
first noteworthy theoretical discussion of the subject 
in this country. He proposed the following: 


3.3PA Y3 
W, = Sat Bey] ——_ | 
MP To 


The writer wishes to express his indebtedness tc | 
| 
| 


ee 


10° 
(Bo dependent upon slot width ‘effective gap) 
which it will be noted, involves tooth frequency and slot 
pitch to the 1.5 power. 


In 1916, F. W. Carter proposed the following theo 
retical formula: 


ee 


W, z aa £ (s 9g) 3V 5B? ol 
24 Kp 
All other theoretical formulas seem to be special cases 
of one or the other of the above, i. e., applicable to 
special types of machines only. 
Many special formulas based on experimental work 
have been proposed. The first of these was by Wall and 


Sa a «ie wo 
a Á — 
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nith in 1908. Their work applied only to a single 
achine and so does not include the lamination thick- 
ss. They gave: | 


W, = K P A B fi” (8/g)?5, 


In 1909 Adams gave the following based on experi- 
ental work: 


For 0.06” laminations: 


, 4.62 PA wey fae) ee 
P= to Ngo") Vo) O 


For 0.014” laminations: 
2.3 


, _ 815 PA? B V\ dt 
PT 10 (7 (<5 OS 
VTo 


_ Probably the most reliable experimental work is that 
| Spooner and Kinnard in 1924. They gave a separate 
wmula for each thickness of lamination, but the ex- 
onents were practically the same for all thicknesses. 
heir formula was: 


W, = K Bf; (s’g)?2 73 PA. 


Laminations Value of K 
0.0281” | .56 
0.0625” 1.2 
0.125” 2.6 


“he above table corresponds to including ¢ with an 
: xponent slightly greater than unity. 


-In this investigation it is proposed to develop a new 
- mula by means of a dimensional analysis which shall 
“nake use of the results just summarized. It seems 
ighly probable that the exponent of flux density should 
œ two, the larger value given by the experimental work 
robably being due to the unavoidable inclusion of 
osses Other than pole face loss, end loss, and tooth 
` yulsation loss, for example. 


_ [n making a dimensional study we are confronted with 
the fact that we have no mathematical expression for 
_dermeability as a function of density. We may, how- 
_ ver, assume constant permeability, t. e., a straight line 
_ Magnetization curve, or we may make use of the so- 
‘called limiting value of the density theory. This 
assumes an infinite permeability up to a certain point 
. and zero permeability thereafter. A dimensional 
_ analysis by each method follows. 


B = arr gap density. 

fı = tooth frequency. 

To = Stator slot pitch. 

t = lamination thickness. 

u = permeability of pole iron. 

p = resistivity of pole iron. 
B,,, = saturation value of density. 


: Constant permeability theory 
Watts ‘square inch = K B° f 7,7 t pE p*. 
Dimensionally 


MTL? MP T u TA LAL! yt Lh T ph, 
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Solving for L0 —a/2+d+e+2h 


M1 =a/2 
T—-3=—a—c—h 
O =a/2+h +g. 
Whence a = 2 and: 
=dte+2h 
l=c+h 
a a 
Taking c = 1.5 from the work of Carter and Spooner 
Using é = 1 from Spooner’s work — 
h = 1.5 
g = — 0.5 
d = 1. 


‘ Limiting value of the density theory 


Watts ‘square inch = KB? fi 7.7 t p* B”. 
Dimensionally 


a } 


t 


MT =L- M pT? T~ Lt L L*T-* uL? M ? T- u 
Solving for L 0 


M1 =1+4+m/2 
T—3=-—2-—c—h-—™m 
uO =h+m2+1 
Whence m = 0 
h scl 
c = 2 
d+e =8. 
From Spooner and Kinnard’s work: 
e=1 
d = 2. 


The constant permeability theory gives rise to an 
exponent for 7. lower than that found by experiment, 
while the saturation value of the density theory gives 
rise to a value a little above the usual experimental 
values and an exponent of frequency which is too high, 
both by theory and experiment, for this relatively high 
frequency loss. It was, therefore, decided to use the 
exponents as given by the constant permeability 
method, except that the exponent of To would be taken 
as 2.0. 

Shape constants such as s g which enter as ratios 
cannot be handled by this method, so we shall have to 
include them with exponents derived from experimental 
work. The best value for the exponent of s ‘g seems to 
be 1.5. 

As derived above the formula is in terms of watts per 
square inch of pole face area, so to get it in terms of kilo- 
watts for the machine we must multiply by P A ‘1000 
whence our final result will be: 


Bto yea) 
W, = K (16 t) T 1000 \ 10 g 


Appendix B 
Assuming that end loss is a function of the ampere 
turns of armature reaction (per pole), the permeance of 
the leakage flux path, the line frequency, the pole pitch, 


1146 ROCKWOOD: CALCULATION OF STRAY LOAD LOSSES Transactions A. IL. E- 


the permeability, and resistivity of the stator iron we A 
may proceed as follows: an approximation the net m. m. f. = -z COS a. 


C = permeance of leakage flux path. 


A R = ampere turns of armature reaction per pole. 
pp = pole pitch. 


If we now have a coil consisting of N turns, ea 
carrying a current of J amperes, thenetm. m. f. wil! t 


P = number of poles. At 
f = line frequency. F=— 9 Nicos a. 
V = peripheral velocity. 
p = resistivity of stator iron ` r The flux will be (for both ends): 
u = permeability of stator iron f Auen constants 4AnNIcosa 
Watts = KC P f" (A R} p p” w p. p R 
Dimensionally 
2 =e _n Se ee oe eee L L f 
LMT>=LuT LM T° pt L” w L” T> w. ke Ggs > where r = radius of core 
Solving for L 2=1lil+m++2s. H Mer 
“ E e ja ApumrNicosa 
w O=1-1l4rd¢s. L ) 
Assuming s = — 0.5, since for a high frequency loss p If we had had a uniformly wound air core solenoid @: 
enters to the minus 1. 2 power the same diameter, 
2=1+1+m-1 AurrNl 
—-3=-—n-24+.5 ¢ = a p 
0=1-1+r-.5 
whence 
m= 1 
n =1.5 
r =.5. 
But V = 5f (pp). 
So we may write: i Fic. 
CPVvf (_AR._.\) 
W.=K LTM ( wn) Suppose the two solenoids were of the same length 


Then L = L’' and ¢/q¢’ = cosa, or the effective leng? 
of the end connections is: | 
Less = Leosa. 

Since we are to neglect the effect of the adjacent This effective length is, then, a measure of the per- 
masses of iron the permeability of the leakage flux paths meance of the leakage flux path. 
will be that of air. The flux may then be considered as The value of a@ will be determined by the spacin 
that due to an air core solenoid of length equal to the between coils necessary to give the proper insulation fo 
“effective length” of the end connections. Below is the voltage rating of the machine. Its value does not . 
given a development of one end of the armature winding. vary greatly, however, so we may assume it constant. 
Each turn of such a winding may be represented as The permeance may then be expressed as: 


Appendix C 


below, one-half only being considered, since from sym- C = u X pole pitch X coil pitch. 
metry we need only multiply by two to obtain final , 
results. Appendix D 
If we consider this figure to represent one-half of a In, so, far as the loss in the amortisseur windings is 


single turn we see that there will be four components of concerned a synchronous machine may be treated by ai 
m. m. f. produced by the current. These components equivalent circuit exactly similar to that for the singe 


are. phase induction motor. The secondary circuit will be 
composed of two parts: the usual resistance and re- | 

Ki. = I cosa F= su Sia actance where the resistance is expressed by R: s = o, 

4 4 since the machine is operating at synchronous speed. 
and a second portion which involves the reactance for | 

Pina ee FP. Amr, the nth harmonic. In parallel with this secondary cir- 

i ee = AS cuit will be the magnetizing circuit, having a reactance 

l | corresponding to that for the nth harmonic. 

Evidently F, and F, will cancel at zero pitch, and in all Below is given a diagram of the equivalent <` cuit | 


cases their resultant will be small at low pitches, so as which we are considering. 
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It will be noticed that the total current carried by 


-the primary divides, part passing through the magnetiz- 


ing reactance and the remainder through the secondary 
impedance. The division of this current will, of course, 


be inversely proportional to the impedances of the two 


-in the ratio of (1 + X,,/X2)’. 


parallel paths, but that current which passes through 
the magnetizing circuit produces no loss. This division 
of current might be expressed by setting the total cur- 
rent equal to 1+ X,,/X2. Xz. is the secondary, or 
rotor, reactance, which for open slots is approximately 
10 per cent, for closed slots it may be as high as 40 per 
cent. Consequently this loss will be changed from 
what it would be if all the current passed through X.: 
Putting in the values 
which were given above this is: 

(1/1.1)? for open slots l for important harmonics 
(1/1.4)? for closed slots such as fifth and seventh. 


Or, for our two extreme cases the variation might be 


. that from 0.8 to 0.5, a variation which may be neglected. 


ae 


Assuming that the loss is wholly an J? R loss in the 
rotor bars we may derive the formula as follows: 
For current of any given harmonic 


kP =k(A RF 
2.12 N I K, Kı 
P 


-A 


The resistance of an induction motor secondary is given 


by: 
z ( NK, Ka ) 
da 1000 A 


(The resistance of the end rings is neglected since the 
number of poles is large for the harmonics.) 
The total section of rotor bars may be replaced by the 


Bar length 
Total section 


_ Square inches of bar section per inch of periphery times 


= be taken as constant. 


the diameter D. The square inches of bar section may 
In reality it will be slightly 
greater for large machines, due to the increased diameter 
of the bars, but, due to the high frequency of the cur- 
rents, skin effect will increase the resistance of the bars, 
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or tend to give them an apparently smaller section. 
Thus we may write: 


ai as gab nee ee 
oo o= pn dn cD 
and the loss will be 
W=K 
or 
sins L 
W = Ki (50,000 D X@x&, 


Following is a dimensional check of the above. 


In the above formula c has the dimensions of length, 
since it represents the square inches of bar section per 
inch of periphery. 

Expressed in dimensional units: 


PMT = LMT pu`LE T u L L~. 
Solving for (L) 2=1+1+2-1-1=2 
Solving for (T) —-3=-2-1l1=-3 
Solving for (M) 1=1 


Solving for (u) 0=-1+4+1=0. 
Hence the formula is dimensionally correct. 


TABLE OF SYMBOLS 


amplitude of fundamental of main field flux wave. 

amplitude of third harmonic of main field flux wave. 

amplitude of fundamental of armature reaction 
flux. 

amplitude of third harmonic of armature reaction 
flux. 

X armature leakage reactance expressed as a decimal. 

B,,, no-load air gap flux density. 

B, short circuit third harmonic density. 

A R armature reaction ampere turns per pole. 


lm 


A3m 
Ata 


Asa 


F, air gap ampere turns per pole. 

K: constant dependent upon quality of stator iron. 

K, constant dependent upon frequency. 

w, loss per cubic inch in standard iron at standard 
frequency at density B». 

t thickness of pole laminations. 

H armature reaction per r-inch. 

To stator slot pitch. 


number of poles. 

area of air gap under one pole. 

peripheral velocity in thousands of feet per minute. 
effective air gap. 

gap diameter in inches. 

length of rotor stacking in inches. 

a factor dependent upon coil pitch. 
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Proximity Effect in a Seven- Strand Cable 


BY J. E. L. TWEEDDALE:! 


Enrolled Student, A. I. E. E.! 


HE calculation of the alternating current resistance 
ratio due to skin effect or proximity effect has been 
worked out for many shapes and combinations of 

conductors but often without recourse to experimental 
results. It is, accordingly, the purpose of this work to 
check calculations with tests for the type of calculation 
recently developed, covering the losses in several round 
wires connected in parallel, of which the arrangement is 
such that unequal currents flow in the different wires. 
The experimental results with which the calculated re- 
sults are to be compared are those presented by A. E. 
Kennelly and H. A. Affel? in 1916 for seven-strand 
cables. Their work covered radio frequencies up to 
100,000 cycles in rather small conductors. The deriva- 
tions as presented here are applicable to all frequencies 
and sizes of conductors. 


The method of attack is the same as that employed by 
Dr. H. B. Dwight of the Massachusetts Institute of 
Technology in the solution of the proximity effect in 
other arrangements of conductors. The writer wishes 
to acknowledge the aid and help of Dr. Dwight in the 
solution of this problem. 


In a seven-strand conductor, inequalities of current 
exist in the separate wires of the conductor. If the 
return conductor is assumed to be at a distance such 
that its proximity effect is negligible then we have two 
unknown currents existing in the seven-strand con- 
ductor; i. e., the outer concentric conductors will all 
carry equal currents J, and the center conductor will 
carry a current I, so that the total current J = 6 I, + I. 


The effect of spiraling of the wires has been neglected 
in this calculation. While the wires of a cable are spi- 
raled, the test with which this calculation is to be com- 
pared, illustrated in Figs. 4 and 5, was made on seven 
straight, unspiraled round wires. 


The method of attack is in the main as follows: The 
current density in a single isolated round wire is given by 
the following expression: 


t= - J S SoG A. absamps. /sq. cm. 


TG aa) (1) 


where r and 0 are the polar coordinates of any point in 
the section of the wire, where 


I, = total current in the wire 


1. Enrolled Student, A. I. E. E., Massachusetts Institute of 
Technology, Cambridge, Mass. 

2. “Skin-Effect Resistance Measurements at Radio Fre- 
quencies up to 100,000 Cycles per Second,” by A. E. Kennelly 
and H. A. Affel. Proc. Inst. of Radio Engineers, May, 1916, 
and Research Bulletin No. 13, Mass. Institute of Technology. 


Presented at the Regional Meeting of Dist. No. 1, Pittsfield, 
Mass., May 25-28, 1927. 


jar=bjvVj. 


a = radius of the wire 


a= {28% 
ai 


w = 2m X frequency 
ø = resistivity of material of conductor 
and J} =v-l. 
Absolute electromagnetic units are used throughout 


The quantity Jo (j ar) is a Bessel function of the firs 
kind, zero order and argument jar. This can b 
expressed as an algebraic series but is readily evaluate 
from tables in which Jo (bj VJ) = to + j To, wher 


The above equation, (1), is based or 
the fact hat the impedance drops at every section 


the wire are equal. 
The next point is to obtain the effect of the curren: 
in the other wires on the distribution of the currez: 


in the first wire. It has been shown by Mannebac!: 
that a current J, flowing in an infinitesimal wire wi: 


cause a circulating current to flow in a wire of radius: 


Fic. 1—Rounp WIRE AND INFINITESIMAL WIRE 
at an axial distance s whose current density will be 


= 
a a 
trg = Mja 


n=l 


Ja J Gar) 
Jn-1 (J aa) 


cos n 0 a 


J, represents a Bessel function of the first kind o 
order n. 

The effect of the current distribution given by :2 
is that the impedance drops at every section of the wir 
are equal. The total current in the wire, obtained br 
adding up expression (2) over the entire section of the 
wire, is zero. Since the above two conditions are satis 
fied, the current density given by (2) can be added to 
that given by (1) without changing the total current I.. 
The necessary condition of equal impedance drops at 
every section of the wire is still met. The sum of 1 
and (2) therefore gives the current distribution in a wir 
carrying current I,, and with a concentrated current /: 
near it. Other expressions of the same form as (2) mar 
be added for all the other concentrated alternating 
currents which may be near the wire. 

Now, returning to the seven-strand cable we see that 


3. Equation (19), “An Integral Equation for Skin Effect i 
Parallel Conductors,” by Charles Manneback. Journal d 
Math. and Physics, April, 1922, and Research Bulletin No. 3) 
Mass. Institute of Technology. 
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if we are considering wire A, the proximity effect of the 
other six conductors must be taken into account. The 
first step is to assume conductors B, C, D, E, F, and G 
as infinitesimal conductors. The resultant current den- 
sity in wire A will be the sum of equation (1) plus the 


O O 


„O Oz 
Fie. 2—Seven WIRES ARRANGED IN CABLE FORM 
respective terms for the other conductors similar in form 


to equation (2). 
The resultant expressions will be, then, as follows: 


næ œQ 


E = AJ Gar + > An Jn (j ar) cos n 0 (3) 


nm] 


and 
luy = EOT (Jau) + > Fiadsa(j au) cosn y, 
n=] 
(4) 
etc., 


where Ao, A,, and F, are coefficients which for this 
derivation are as follows: 


B jaa 
ae gaa (5) 
E oe " 1 
a rar 7 Se J, Gaa) 
I, a jaa nT 
trae mo a 


Fic. 3—Two Rounp WIRES 


I, an jaa [ 
F, a a aaa COS N T 
+ 2 cos ena + 2cos =F +1 |. (7) 
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The expressions (3) and (4) are, therefore, the current 
densities due to uniform current densities in the others, 
and J, and J, in the wires themselves. 

The next step is to find the current in each wire due 
to the A» and Am or Fm currents in the others. For 
simplicity, let us consider just two of the wires as in 
Fig. 2, A and G, for the present, to show the method. 

Let there be a current density in A in addition to the 
uniform current density 


in =— — + —— n Aodo (jar) 
+ X An Jn (j a r) cos m 0 (8) 
m=] f 
and likewise for G 
tur = — de + r Aoo (Jau) 
+ > FaJn (jau) cos m y. (9) 


m=) 


Each of these integrated over its section will be zero. 
Then, the nth term of 1,, due to 1,, u du dy in G is as 
follows: 
jaa a Ja (jar) 
“mæ B” Ja-1(9 aa) 
where B and £ are variables given by a series for each 


ty 


cos n (0 — p) u dudy (10) 


cos n 8 
Br 
1 /n+k—-1 
aa hen Tn 1k ean A cos k (y -— 7) | aD 
k=l 
and 
sin n 8 1 Q /n+k-1 m 
B T aa moik ss a 
=] —— 
(12) 


The proof of the two preceding expressions is given by 
H. L. Curtis.‘ 

Substituting expression (9) in (10), expanding the 
difference of the angles, and substituting their respective 
values from (11) and (12), the nth term of 7,, 

[ o h jei I, 


tT a’ TmT 


AoJo (jau) 


m= 6 


+ X Fan Jn (j œ u) cos m v] 


m=] 


4. H. L. Curtis, Scientific Paper No. 374 of the Bureau of 
Standards, Washington, D. C., 1920. 
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k= œ 
/n+k—-1 uk 


+ Feat ae sk (yD | 
k=l T ea 
w /nt+k-1 
x. n — uk 
+sinno| D rr a 


k=! 


sin k (7 — Y | | ududy. (13) 


The above expression is then integrated between the 
limits 0 to 2 r and 0 to a. The sine term will become 
zero upon integration and drop out, and likewise 
I; I, 
f [ -re tre 
0 


Thus there is left the integral of the nth term of the 
terms in m which is 


AJo Gau) [udu = 0. 


mæ œ 


= 


amtn Jari (J Q a) 
gure Jn-1 (J aA) 


Jjn+m-i 
[ /n—1/m 


[F,cosmm]J,(j ar) cosn6. (15) 


Let B, be the coefficient of J. (J ar) cos n @. 

Now let there be an additional current density in A as 
represented by the expression (15). The resulting cur- 
rent in A due to this additional current is given by 

Cid, ar) cosn 60 (16) 
where C, is given by the formula for B, except change 
A to Band F toG. 

This process may be continued indefinitely, approach- 
ing the final limiting condition of the actual current 
density. The final current density in the two wires 
will be as follows: 


ing = 1s Aeds Gar) + > M,J, (jar) cosn 0 
n=l 


(17) 
and for conductor G 


n= œ 


lap = tS AJo G au) + N N, J, Gau) cosn Yy 


T 
n=] 
(18) 
where M,=A,+B,+C,+... (19) 
and Ne, =F,+G,at+Hiat+... (20) 


Thus far, only conductors A and G have been con- 
sidered for simplicity. For the seven-strand problem, 
the effect of conductors B, C, D, E, and F may be de- 
termined by the introduction of their respective terms 
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in the preliminary equations. The introduction of 
these terms will not affect the general form of the final 
equations for the current density as given in (17) and 
(18) but will affect the coefficients A,, Ba, Cn, etc., and 
Fan, Gn, Hn, etc., which are dependent on the unknown 
currents J, and I 2 and on the geometry and dimensions 
of the circuit. 

Thus, for the seven strand problem thecoefficients are 
as follows: 


C, is given by the same expression as B,„ except changt 
A to B and F to G, likewise for any subsequent terms. 


_ jaa , 
ema ACT (21 
A. = I; a jaa 
7" ware 8* Jai. (J aa) 
I, a” jaa NT 
+ Sar O a 
2 NT 1 Eo 
PaE N —— =n |. 2 
+a 8g + ae | 
oN atn J,_:(j aa) /n+m-—l1 
ho Se ae ae A 
m=) iene ys 
[ Fh cos m x + 2 An cos ==) 
2Am t (m— n) Åm ] ke 
+ (/ 3)mtn COs 6 + (2)"t" : 23 
| 


= I, a” jaa [ 
Fa = 7a 8" Js1gGaa)tL 
+ 2 cos one +2eos T +1]. (24. 
amtn see 
Gn = Sa. ~ gmn 


m=] 


| 

(j a a) | 
Jnr Gaa | 
| 

| 

| 


[ cos m x + 2 cos 2 + 200s +1] 
ee, 25) 
fn—1/m 


H, is given by the same expression as G, excep! 
change A to B; likewise for any subsequent terms 
For all terms except the sixth or multiples of the sixth, 
Fn, Gn, etc., will be zero. 

As said before the expressions for the current density 
will be as given in (17) and (18) with the use of the 
above coefficients. The expressions for the current 
density in the other conductors, B, C, D, E, and F, 
will be similar to (17) except for the use of their respe 
tive polar coordinates. 


There are now two unknown currents I, and } 


SS ge ————— a a 
aint — Te “si 


“ay 1927 


eir ratio may be determined, since the conductors of 
że cable are in parallel, by finding the voltage drop 
«> each wire in terms of I, and I}. Then, the voltage 
: ops in any two parallel filaments are equal and can be 
= uated, giving the ratio of I/I. 
-- The simplest expression to derive is that for the drop 
the central filament of the wire. This, then, is equal 
- the drop in any other filament. In wire A the re- 
tance drop in the central filament is to o where ʻio is 
e current density at the center. Using equation (17) 


- 18 1S 
I, _ Iio jaa 
rAoo-— ae Bihgaa O 
ice Jo (0) = 1 and J, (0) = 0 where n = 0. 


_ The reactive drop in the central filament due to the 
--ament of current 7,,rd 0dr is 
j w2i(logh—2-)rdodr (27) 


I, jaado Gar) 


mae 
jol a g J Oaa (loan 7 )rdðdr 
 ju2 X My J, (jar) cosn 6 (logh -2—) rd Odr. 
2 næ] 
(28) 


_ This takes into account the flux up to a certain large 
T stance p. The expression logh denotes the hyperbolic 
zp . Natural logarithm. Equation (28) was obtained by 
ot use of equation (17). To find the reactive drop due 
” the entire current J;, the above expression is inte- 
, ated from 6 = 0to2mandr = Otoa. The integral 


27 


:: the second term of (28) will be zero since f cos n6 dé 


0 


0. That of the first term integrating by parts, 


membering that. a? = Jer is 
io jaa Jo (jaa) ; 
Lea 2 VigGaa) +) #2 fi logh -7 
I o J ad 
aa ZJ], Gaay (29) 


hen the impedance drop at the center of the wire A 
ele to J, is the sum of equations (26) and m and is 
oo HZ AJ (aa) +j w2 I logh 2 


e 


(30) 


„< The reactance drop at the same central filament in A 
a: to currents expressed i in the same form as in equa- 
on (17) and (18) in the other conductors may be added 

-> 5 EEA the impedance drop in the central filament 
‘conductor G carrying current I, may be found. Since 


We 
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the two wires are in parallel, the impedance drops must 
be the same. The two equations may then be equated 
and the ratio of J, to J, determined. 

For the case of the seven strand conductor the im- 
pedance drops in conductors A and G are as follows: 


=e 


E, = AoJo (Jaa) +j w 2 I, logh —— 


+3 w2 I,logh g 3 


n= © 


+502 D N, racon r A Se G0) 


new] 


+jw2rat X M, Tuan a” 


jaa n s” 
n=! 

[ 2cos =F + a cos ZT + | (31) 

3 (V 3)" 6 (2)7 T 

and 

E, = n AJo oa) aT oak oh 
; < a” Jn (J a) 
+) w12 X M, at ~ jaa ` (32) 


n=] 


It is to be noted again that M, and N, are expressions 
involving the unknown currents J, and J, as well as the 
geometry of the circuit. 

For the determination of the watts loss and the re- 
sistance ratio, the process is as follows: 


Let Cra = O tro a (33) 
Then by equation (10) of J. R. Carson’s paper,’ 
; o) 
JMW Hy, = T Cro (34) 


where uis the permeability and, for this case, equal to 1. 
H,» is the tangential component of the magnetic force 
due to the currents in the wires. 

Then 


j w H, = Aoj ado’ (Jar) 


n= © 


+ So Maj ad,’ (j ar) cosn 6. 


n=l 


(35) 


By equation (18) of Carson’s paper, the true energy 


5. “Wave Propagation over Parallel Wires: The Proximity 
Effect,” by J. R. Carson, Philosophical Mag., April, 1921, page 
607. 
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transferred to or from one centimeter of wire through its 
surface, according to Poynting’s theory, is equal to the 
resistance loss and is 


Oun 3 
= real part of 7— ês Hoe d 0. 


This it is noticed involves only values at the surface of 
the wire, so the integration is not complicated. The 


f IR’ (36) 


ad ne 


(KENNELLY AND AFFEL, REFERENCE 1) 


1.00 d. 1.05 d. 1.88 d. 3.85 d. 
Fıa. 4—WIreE SPACING. 
term ĉ,s is the conjugate of ess, taken at the surface, and 


is obtained by replacing j by — j. 
Then the loss in conductor A is 


b T (hy Vo’ — tho’ Vo) 
a lina Seta | 
+ > ae M.M, (Un Vn’ — Un’ Dn) (37) 
n=] 
p the loss in conductor G is 
(Uo Vo’ — Uo’ (Uo Vo’ — Uo! Vo) 
y [t h-ra G (uo? + 09) ] 
+D E N,N (un On! — ten! 09) (38) 
4 Ww n n R n n AR e 
nm] 
It is to be noticed that 


M,M, = |M,|?and 1,1, = | I, |*, ete. 

The loss in any one wire at zero frequency is given 
I o 
49 tæ’ 

Then by determination of the loss by equations 
(37) and (38) and the loss for the same conditions 
at zero frequency by (39) the ratio of losses will give 
the resistance ratio for conductors A and G and thence 
the average resistance ratio of the cable may be 
determined. 


(39) 
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RESULTS 


The expressions having been derived, two calculatis: 
were made using tables of J, (bj v J) as calculated | 
H. B. Dwight. A value of 6b = 2 was chosen which : 
the size of wire corresponds to a frequency of 88,5 
cycles/second. Calculations for two spacings, s/a = 
and s/a = 3.76 corresponding to curves A and C: 
Fig. 5, were made. 

The calculated results as compared with the cor 
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Fig. 5—EFFECT OF STRAND SPACING ON THE SKIN EFFECT 0F! 


STRANDED CONDUCTOR. (KENNBLLY AND AFFEL, REFERENCE: 


sponding results of Fig. 5 for these spacings are <: 
follows: 
s/a = 2 s/a = 36 | 
2.19 1.58 
2.15 1.53 


The resistance ratio for an equivalent single rou’ | 
conductor for the same conditions is 2.1457. | 


6. Proximity Effect in Wires and Thin Tubes, by H. B. Dwigt'- 
Trans. A. I. E. E., 1923, page 858. - 
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A. I. E. E. Outstanding Features of the Past Year 


President's Address 
BY CUMMINGS C. CHESNEY 


HE fact that the provision of the Constitution of 
T the American Institute of Electrical Engineers 
which assigns the address of the President to the 
close rather than to the beginning of his term, seems 
to me to indicate a desire on the part of the Institute 
to have this address include in some measure, the ideas 
of the retiring President, acquired during his term on 
matters of general concern to the Institute, and to 
review those problems of procedure, organization and 
policy, which may assist the Institute to grow and 
develop in a way which is healthy and for the best 
interests of its members, for the engineering profession 
as a whole, for the good of the electrical industry and 
the communities which we represent. It seems fitting 
therefore at this time to bring to your attention several 
outstanding features of the year just past. 

It has been my privilege as your President to have 
visited many of the more remote Sections of the In- 
stitute, for instance Salt Lake City, Los Angeles, San 
Francisco, Portland, Seattle, Spokane, and all of the 
Sections in Canada, together with many of the Sections 
located in the eastern cities and in the central West. 
I had in mind visiting all of those Sections, which, on 
account of their geographical location, have either never 
been visited by a national officer, or have been visited 
very infrequently. I am sure that it will be gratifying 
. to all to learn of the increasing interest and activity 
in Institute affairs all over the country which it was 
my pleasure to find; and also to learn of the greater 
appreciation of the value of the Institute professionally 
and practically; but I have also noted many times in 
meeting with the officers of these Sections and discussing 
their problems, what an important part of our Institute 
activities these Sections constitute and how much of 
the future growth and vitalizing power of the Institute is 
dependent upon their success. 

The Institute and its Sections can well be likened to 
a hydroelectric power system, where the Sections may 
be represented as so many small rivers reaching out in 
all directions, bringing their supply of power through 
the main artery to the central power house which con- 
verts their combined energy into a total useful effort. 


At the regional meetings held by the Institute in 
various Sections of the country, out of a total member- 
ship of 19,000, several hundred national members may 

ctend. For instance, at the regional meeting held at 
iiladison, Wis., 180 were registered; at Niagara Falls 
580 were registered; at New York 700; at Kansas City 
225; at Bethlehem, Pa., 400. On the other hand, at 
the Sections meetings held during the year thousands 
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of members get together and carry on in the many 
sections the real development work of the Institute. 
There are 95 Student Branches, which held 842 meetings 
last year, at which 42,650 members were registered. 
There are 52 of the regular Sections which held 432 
meetings last year, at which 60,708 were registered; 
in other words there were over 100,000 members total 
of local Sections and Branches that attended meetings 
last year. 

It is through the regular meetings of Sections that 
the young engineer makes his first contacts and receives, 
in many instances, the inspiration that influences the 
character of his life’s work. 


What the meetings of the Institute really mean to 
the members has been ably pointed out by President 
Scott in 1902, at the time of his presidency, when the 
Institute was developing at a rapid pace. A committee 
was formed on local Sections at this time with the 
authority to make arrangements for the holding of 
local meetings. There had been a few Sections operat- 
ing at the time but active steps were then taken to 
develop broadly the Section idea. As Professor Scott 
so ably said, “In a profession, whose interests are so 


diversified and extended, workers should be brought 


together; they should have a common meeting place 
where discoveries may be announced, inventions 
discussed, engineering schemes criticized, and new 
undertakings presented and discussed. Here the 
student and professor, the investigator, the manu- 
facturer, the operator and consulting engineer may meet 
upon common ground. The professor who regards 
lightly the work of the designing or construction 
engineer may find that his own cherished formulas 
are derived from rules and contain the constants, which 
the practical man has determined for himself. Asso- 
ciation leads to mutual understanding, it curbs eccen- 
tricity and one-sided development, promoting symmet- 
rical advancement.” 


During the year, I have been especially interested 
in watching the growth and accomplishments of all 
Sections of the Institute, and as might be expected, 
have been particularly interested in the growth and 
development of the Pittsfield Section, my home Section. 
This Section, the largest in the Institute, has a combined 
national and local membership of 1000 members, and 
it is not uncommon to have at the meetings more than 
800 in attendance. This Section is not only a common 
meeting ground for all ambitious young engineers in 
the community, but at the same time it represents a 
definite part of the city and community life. A large 
number of people interested in the general meetings 
purchase a membership ticket and attend the popular 
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meetings at which important investigators, scientists, 
and explorers give talks and demonstrations covering 
their experiences. The Institute Section is the leading 
dignified engineering group in the community and, being 
interested in the community’s growth, all the leading 
citizens feel honor-bound to belong to it. The local 
papers report the meetings in an elaborate way, some- 
times half a page being given to a single meeting. 
This publicity spreads the work of the Institute beyond 
the city limits so that the effectiveness of the Institute 
as an educational and social influence is far-reaching. 
In addition to the large general meetings, discussion 
or round-table technical meetings are held, at which 
the more ambitious young engineer meets on a common 
ground; and can engage in oral discussion, with the 
senior engineers of the community upon subjects of 
vital interest to him. Such discussion develops self- 
confidence, attracts attention to the younger engineer, 
creates the desire on his part to present papers at 
regional meetings, and affords an outlet for his latent 
energy, his enthusiasm, and his creative ability. 
-As he gains in experience he is placed on committees 
and given an opportunity to do organization work. 
After he has served for several years in a minor capacity, 
further responsibilities are added and the extent to 
which he continues his efforts in the interest of his 
Section aids his progress in securing a higher office 


as a reward. Simultaneously with such progress he 


becomes identified with the national organization, 
taking an active part on the main committees. 

This opportunity for self-expression and growth 
afforded the younger engineers through the local Section 
is vital, for here he learns one of the fundamentals of 
life—that progress comes only through constant effort. 
The methods, which have been followed by the Pittsfield 
Section, develop the activities of the Section and have 
resulted directly in the growth and development of the 
individual member; they have been followed to some 
extent by other Sections, and while the Pittsfield idea 
is worth copying there are other similar successful 
experiences in other Sections of the Institute that are 
equally entitled to thorough study and consideration 
by the national officers. ' 

I believe there is need for outlining a more definite 
policy for Section activities based on the opportunities 
for training and growth afforded the younger members. 
Such a policy would include more specific plans for 
lectures and round-table discussions than have hereto- 
fore been the practise, and gives a chance for develop- 
ment of organizing and managerial ability. It should, 
of course, include the opportunity to prepare papers, 
to engage in oral discussions, and to take a more in- 
timate part in community work. 

An engineer, because of his education, is accustomed 
to analyze conditions and arrive at basic truths, and 
if his special abilities which invite confidence could be 
adapted to our community problems it would have 
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a very direct bearing on the future progress and effi- 
ciency of our industry and our country. 


The Speaker Bureau idea came into effect this year, 
in a limited way. Through this bureau it is expected 
the Sections may more readily get talented speakers 
and lecturers. The idea is sound and should become 
more and more valuable each year and should be given 
special consideration in the future. 


The Committee on Public Relations, by formulating a 
definite plan of procedure based, of course, on the ex- 
perience of the older sections, can greatly aid in extend- 
ing more rapidly the influence in their several 
communities of the younger or more newly organized 
sections. 

For the purpose of the study of the section idea and 
the ready exchange of ideas between them, and for the 
purpose of extending the sections’ local and national 
influence, our new Assistant Secretary, Mr. Henline, 
was added to the national executive staff last January, 
and while he has not authorized me to speak for him, 
coming from the Golden West, I know his progressive 
spirit makes him ever ready to render any assistance 
within his power to any section. May I also at this 
point commend the work of Prof. Harold Smith during 
the past several years as Chairman of the Sections 
Committee. The Institute is under a deep debt of 
gratitude to him. We cannot too much emphasize 
the fact that without the help of the Sections, through 
their vigorous and helpful growth the usefulness and 
future stability and the influence of the Institute will 
be seriously handicapped; whereas with the constructive 
and vitalizing work which the Sections are able to 
contribute to the Institute’s affairs there will be every 
reason to expect that the past effectiveness of the 
Institute will continue indefinitely. 

During the past year, your executive officers and your 
Board of Directors have given more than usual attention 
to the subject of Electrical Standardization. It is a 
subject that has had the particular attention of practi- 
cally every Board of Directors since the appointment 
of the first Committee of Standardization by the In- 
stitute in 1898. 

There has been intense interest in standardization 
through the older engineering organizations and also 
through the newer trade associations, both national 
and international, which has brought forth recent state- 
ments from prominent writers, such as, “Standardiza- 
tion is the outstanding note of this present century. 
It ramifies to the remotest details of our industrial 
regime. Its trends are highly significant. They tap 
all sources of scientific knowledge and affect every phase 
of design, production, and utilization.” From another 
author—“‘Standardization is a new and outstanding 
influence in modern industry. It is based on an 
economic conception of utility, and its trends and rami- 
fications affect every aspect of design, production, 
and utilization.” 


June 1927 


These are excellent and general statements of fact, 
but submit no reason for this recent great activity in 
this line, which is now so generally recognized. It is, 
in my opinion, largely the direct outcome of the scarcity 
of labor since the great war and the passage of our new 
immigration law, and the laudible desire to maintain 
and extend the high standard of living which, in this 
country, we have enjoyed for the past quarter of a 
century, and during which tens of millions of people 
have attained standards of comfort and of culture far 
higher than those of any other country in the world, 
and immensely in excess of anything hitherto known in 
the world’s history. 

All this argues for the maintenance and increase of 
the present earnings of the worker and at the same 
time requires the lowering of the cost of production. 
Standardization—which permits more readily repetitive 
methods of production—stimulates the invention of 
machines to do more rapid, more accurate, and more 
skilled work. It stimulates the increased use of con- 
veyors and other mechanical means for reducing the 
amount of labor required for handling and transporta- 
tion, all of which makes for the increase of the 
productivity of the individual and thus directly for the 
increase of the national wealth. 


Standardization and mass production contribute to 


decreased cost, not only through the economies effected 
in the manufacture of the product but also in the 
economies effected— 

1. In calculations and designs. 

2. In the preparation of drawings and specifications. 

3. In making propositions in response to requests 
from customers. 

4. Inselling costs. 

(1) Economies are effected in design largely through 
savings in time of engineers by the elimination of odd 
types and designs, thus freeing the engineers for other 
work. Standardization of circuit voltage and periodic- 
ity and of permissible limits of variation of these in 
service, permit the manufacturer to reduce the number 
of varieties of machines. Furthermore, by standard- 
ized working limits, such as dielectric strength and 
temperature rise and other characteristics such as regu- 
lations, stalling load, starting torque, etc., the engineer 
can more quickly complete the engineering work on a 
given design by reason of his knowledge of the results 
which are usually obtained by working to a single 
standard and by the familiarity and facility he has 
attained through the working out of many similar 
designs. If he has different limits to work to in differ- 
ent cases obviously he must employ more variables in 
his calculations. 

As an example consider that an engineer has been 
accustomed to designing a given kind of electrical 
machine for a high potential insulation test of a given 
severity and that suddenly he must design a similar 
machine of the same rating but for a higher insulation 
test. He must employ more space for insulation 
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(granting that a better kind of insulation cannot be 
obtained) and this will leave him less space for iron and 
copper. Immediately his whole design must be 
changed. 

(2) The standardization of material and parts and 
the reduction of number of varieties, leads to less and 
simpler drawings and specifications so that a given 
staff of engineers and draftsmen can deal with a much 
larger volume of business. 

(3) By the standardization of certain requirements, 
the buyer and seller become accustomed to specifying 
machines on these bases; useless or relatively unim- 
portant tests are less likely to be demanded by the 
buyer; printed specification forms may be provided 
which simplify the labor of making up a specification 
and knowledge and familiarity with similar cases (based 
on the same standards) enable an estimate of cost to 
be made more quickly and easily. These, and many 
other considerations which will suggest themselves to 
any one investigating the matter, serve to reduce the 
cost of the preparation of specifications and making of 
tenders. 

(4) Standardization makes cataloging possible. The 
greater the degree of standardization, the greater is the 
simplicity and the usefulness of the catalogue. In- 
formation which can be brought to thecustomer through 
the medium of the catalogue and handbook requires 
less effort on the part of the sales force; or, conversely, 
a given sales force can deal with a larger volume of 
business. A salesman to be fully informed needs to 
carry less in his head, consequently he can handle 
more work in one special subject or a greater number of 
special subjects than would otherwise be the case. 

With the less variety of sizes of a product, the less is 
the value of the stock which has to be carried by 
various distributors and products. 

Thus, costs, associated with engineers, draftsmen, 
salesmen, and some components of overhead, are, with 
modern mass production, materially decreased by 
standardization. This is in addition to the decrease 
in the strictly production costs. All together these 
combine to increase the growth and influence of the 
electrical industry which is primarily our concern. 

The first standards for electrical machinery generally 
followed by the American electrical industry were those 
prepared by the original Institute committee, and 
adopted by the Institute in June 1899. A review of the 
proceedings of each successive Committee of Standardi- 
zation since that date indicates that all of these com- 
mittees were fully aware of the flux and changes that 
were taking place in industry, and while these com- 
mittees consisted entirely of engineers—who, by nature 
and training, loved law and order and who might be 
supposed, on that account, to be ultra-conservative and 
possibly timid—they were, however, endowed with the 
spirit of progress which collectively turned their hopes 
and aspirations to the future; they saw the world of 
industry not as a still tableau but as a moving picture 
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and in consequence the accomplishments of each year 
were progressively better than the year before. 

They recognized that no standard could be final— 
since science was continually advancing and more 
effective equipment was steadily being introduced 
into industry—but they also recognized that changes 
must not be made so frequently as to unduly disturb the 
industry and only when a serviceable gain justified the 
change. 

These committees to date have taken the initiative 
in the formulation of all electrical standards of America, 
and their work has teen recognized as being authorita- 
tive throughout the entire world. Their procedure 
and their resulting standards during this period of more 
than a quarter of a century have been acceptable to 
the manufacturing and consuming interests, as well as 
to the general public. The industry has learned to 
value and to depend upon the A. I. E. E. Standards 
in commercial transactions covering matters of interest 
to all sections of the electrical industry. There has 
been no attempt to dictate to the industry but standards 
on any particular line have been introduced only when it 
is clear that all interested agree that the step is wise 
and desirable. 

In the Institute Standards Committee, or in its sub- 
committees, the manufacturer and purchaser and the 
general interests came together and developed the 
required standards in a way which has been generally 
satisfactory in the past to all the interested sections of 
the industry. The electrical standards so issued 
always have been identified with the name of the In- 
stitute. It is well known that the Institute as an 
organization has no interest other than one of public 
service, which duty the Institute has always performed 
at its own expense. The Institute in performing this 
service, although voluntary, has assumed obligations 
during the past 28 years to the electrical industry 
and the public which would make it now embarrassing, 
if not impossible, to discontinue the present practise or 
lessen its responsibilities until a more simple and direct 
method has been devised and demonstrated. 

For fear that some who have not had the opportunity 
to study in an intimate way the subject of Standards 
and Standardization, may not understand what the 
terms mean—I quote from my February 7th address: 

“In this country and in Great Britain the term 
‘standardization’ has grown to mean, in the minds of 
engineers, not only a simplification in the number of 
types and sizes and the securing of interchangeability, 
but also the laying down of performance rules or codes 
for all types of apparatus, including measuring instru- 
ments, prime movers, generators, transformers, and 
motors. Thus broadly the term ‘Standard’ in addition 
to being a measure of quality of standards of compari- 
son, means a common unified practise, method, or dimen- 
sion, which it is to the interest of industry and the 

community to adopt Back of any policy of standardi- 
zation is primarily the purpose to furnish the public a 
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better article or to render it a better service at a lower | 
cost.” 

“In 1916 the need for a National Clearing House for | 
engineering standards became apparent, in order to 
prevent duplication in standardization work and in | 
promulgation of conflicting standards. To formulate a 
method of cooperation, a special joint committee— l 
made up of representatives from the American Institute 
of Electrical Engineers, American Institute of Mining 
Engineers, American Society of Civil Engineers, Ameri- 
can Society of Mechanical Engineers, and American 
Society for Testing of Materials—held its first meeting 
January 17, 1917. The result of this meeting and 
subsequent meetings was the organization of the 
American Engineering Standards Committee. This 
Committee initially consisted of representatives of these 
five institutions. Shortly after its organization, govern- 
ment representatives were admitted; and in 1919 the 
Constitution was broadened to permit the representa- | 
tion from other national bodies. The Committee now 
includes representatives from seven departments of the 
Federal Government, nine national engineering socie- 
ties, and nineteen national industrial associations. 

“The American Engineering Standards Committee, as 
Committee has been the actual launching of the work, 
setting up machinery, and securing the official co- 
operation of some three hundred national organizations, 
that is the fundamental job of breaking ground. | 

Ninety-seven standards have been approved for the 
engineering and building trade—ten have to do with the 
electrical industry. In my opinion this is a very excel- 
pay dues, and a special provision is made exempting 
them from such payments. 
“The Secretary also expresses the opinion that inertia, 
lack of interest and understanding of the standardiza- 
tion method as a whole, and of its economic relations 
to their business on the part of executives and in- 
dustrial groups, has been one of the greatest difficulties 


at present organized, is a coordinating committee, 
and not a standards-making body. All standards are 
to be formulated and published by the respective 
societies, making the standard a function of great value 
and scope to industry. This intention is clearly expressed 
in the Constitution, and the American Engineering 
Standards Committee is primarily an administrative 
and policy-forming committee. 

“Asstated by its Secretary, perhaps the most important 
accomplishment of the American Engineering Standards 
lent record of accomplishments to date. The Secretary 
also states that everyone who has examined the work 
before the American Engineering Standards Committee, 
agrees that the whole movement of making American | 
standards is being seriously crippled by the lack of 
adequate financial support. The total annual budget is 
$58,000. The American Institute of Electrical Engi- 
neers as such contributes to the American Engineering 
Standards Committee $1500 annually. Due to legal 
restrictions the government departments are unable to 
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encountered in the successful accomplishment of the 
committee’s work. It is now proposed, by the process 
of amendment, to make a material and fundamental 
change in the Constitution of the American Engineering 
Standards Committee This can only be done by the 
unanimous consent, notwithstanding the general pro- 
vision in the Constitution, providing for its amendment 
by a lesser vote. Such provisions only apply to in- 
cidental amendments made to carry out the purpose of 
the organization, and not to fundamental changes— 
any amendement that aims to convert the American 
Engineering Standards Committee into a standards- 
making body, or into a body that would interfere in the 
autonomy, in standardization work, of the representa- 
tive societies would be unconstitutional. 

“On February 9, 1926, during Dr. Pupin’s administra- 
tion, the Board of Directors authorized a brief state- 
ment of its policy to its representatives on committees, 
or on joint bodies, dealing with the formulation of 
standards; 

1. To continue to develop, publish, and maintain in 
the name of the Institute electrica] standards as it has 
done for the past 25 years. 

2. That in doing this work the Institute will continue 
as it has in the past to avail itself to the fullest degree 
of the assistance of others—both individuals and 
organizations—with a view to serving the interests of 
all who may be properly concerned in the work. 

3. That Standards, after having been developed by 
the Institute in accordance with 1 and 2, and adopted 
by the Board of Directors as Institute Standards, will be 
presented to the American Engineering Standards Com- 
mittee for approval by it as American Standards when, 
in the opinion of the Institute, such a step is proper. 

4. That such presentation to the American Engi- 
neering Standards Committee for their consideration for 
approval as American Standard will be done in full 
conformity with the Constitution, By-laws, and Rules 
of Procedure of the American Engineering Standards 
Committee, which Committee the Institute was instru- 
mental in initiating and has continued to and does 
now endorse and support. | 

5. That when and if Standards of the A. I. E. E. 
have been further advanced to the stage of being 
designated as ‘Approved as American Standard by 
the American Engineering Standards Committee,’ 
they shall continue to be printed as standards of the 
A. I. E. E. with a statement of approval by the 
American Engineering Standards Committee added to 
the title page of each particular standard.” 

This statement I understand to mean that the 
American Institute of Electrical Engineers is in sym- 
pathy with the American Engineering Standards 
Committee as it is now organized, but that any changes 
affecting the fundamental character of the committee 
may not be acceptable to it. 

Something over a year ago, amovement was under- 
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taken to form an International Standards Association, 
the proposed organization to have a national com- 
mittee in each country. In America, the national 
committee was to be the American Engineering Stand- 
ards Committee. As it has been stated heretofore, 
its (A. E. S. C.) principal constitutional object is to 
supervise standardization work, but it is expressly 
stated in its constitution that it shall not formulate 
standards. There is, however, a clause in its con- 
stitution which states that one of the objects of the 
American Engineering Standards Committee shall be | 
“to act as the authoritative channel of cooperation in 
international engineering standardization.” 

The Institute has subscribed to the American Engi- 
neering Standards Committee constitution. It is also 
a member of the United States National Committee of 
the International Electrotechnical Commission, which 
has been and is at present the body through which the 
electrical industry of America is conducting its inter- 
national standardization work. The Institute is thus 
faced with a conflict of obligations. The most reason- 
able course is for it to go before the American Engineer- 
ing Standards Committee with a frank statement 
of the case, and ask the American Engineering Stand- 
ards Committee for its support for the course which the 
Institute considers to be in the best interest of the 
electrical industry of this country, at the present time. 
Under the procedure of the International Electro- 
technical Commission much of value has been 
accomplished in establishing international electrical 
engineering standards. This field alone is a very large 
one, and it would appear unwise to abandon the present 
successful plan for the untried plan of an International 
Standards Association which does not appear to be 
based on such sound fundamental principles. The 
success of the International Electrotechnical Com- 
mission has been so considerable that it could well be 
duplicated in other engineering fieldssuch as mechanical, 
civi', and mining fields, etc. If this were done, then we 
should, in addition to the International Electrotechnical 
Commission have an International Mechanical Com- 
mission, an International Civil Commission, etc. 
At some future time it might become desirable to tie 
these international organizations into an international 
technical commission, but it would at this time be pre- 
mature to try to decide whether this last step would be 
desirable and when it should be undertaken. 

It would appear that if the electrical industry is a unit 
in desiring to continue the International Electro- 
technical Commission, and in believing that its interests 
would be seriously endangered by going over to a new 
plan, representations to this effect should be made in 
proper form and on the proper occasion to the American 
Engineering Standards Committee. While the Inter- 
national Electrotechnical Commission recognizes that 
its field is electrical, and that the desired international 
accomplishments in that field alone constitute an 
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enormous task, it is also recognized that its 20 years of 
experience constitute a considerable asset. The Inter- 
national Electrotechnical Commission has never taken 
advantage of this asset in a selfish way. In cases where 
in other fields of engineering, it should be desired to 
make use of the International Electrotechnical Com- 
mission’s organization and experience, either tem- 
porarily or permanently, for work in other lines, the 
International Electrotechnical Commission is prepared, 
as in certain cases in the past, to offer its facilities and 
to adapt them to include the added work. In such cases 
the International Electrotechnical Commission could 
arrange with the organization in whose field the work 
belongs for additional representatives from that organi- 
zation’s membership. If at a later time the co- 
operating organization, through the establishment 
of its own international organization, or from any other 
reason for change of policy, should decide to discontinue 
the arrangement, this without doubt should and would 
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meet with the hearty agreement of the International 
Electrotechnical Commission. 

Three open problems on standardization thus con- 
front the Institute and their importance justifies a 
prompt solution but not a hasty one. 

First: The internal routine to be followed through 
its Committee on Standards for the handling of stand- 
ards and standardization should be revised. This 
has to do primarily with the A. I. E. E. Standards. 

Second: The present and future status of the Ameri- 
can Engineering Standards Committee should be 
determined. 

Third: The relation of the American Institute of 
Electrical Engineers to the United States National 
Committee of the International Electrotechnical 
Commission. 

These I repeat are important and vital problems and 
need, for- the best interest of the Institute and the 
industry, a prompt solution. 


Report of the Board of Directors 


FOR THE FISCAL YEAR ENDING APRIL 30, 1927 


The Board of Directors of the American Institute of Electrical Engineers presents herewith to the membership 
its Forty-third Annual Report, for the fiscal year ending April 30, 1927. A general balance sheet showing the 
condition of the Institute’s finances on April 30, 1927, together with other detailed financial statements, is included 


herein. 


The following is a brief summary of the principal activities of the Institute during the year;more detailed 


information has been published from month to month in the Institute JOURNAL. 


- Directors’ Meetings.—The Board of Directors 
held seven meetings during the year; six in New York 
and one at White Sulphur Springs, W. Va. The 
Executive Committee acted upon various matters 
during intervals between Board Meetings. 

Information regarding the more important activities 
of the Institute which have been under consideration of 
the Board of Directors, the committees, and the various 
officers, is published each month in the section of the 
JOURNAL devoted to ‘Institute Activities.” 


President's Visits.—President Chesney has at- 
tended the three National Conventions of the Institute 
held during the year and in addition visited many of 
the Sections. The following is a list of places visited: 
White Sulphur Springs, W. Va., (Summer Convention); 
Salt Lake City, Utah, (Pacific Coast Convention); 
New York, N. Y. (Winter Convention); Niagara Falls, 
N. Y., (Regional meeting); New York, N. Y., (Regional 
meeting); Los Angeles, Cal.; San Francisco, Cal.; 
Portland, Ore.; Seattle, Wash.; Spokane, Wash.; 
Vancouver, B. C.; Regina, Saskatchewan; Pittsfield, 
Mass.; Sharon, Pa.; Syracuse, N. Y.; Springfield, 
Mass.; Bridgeport, Conn.; Chicago, Ill.; Ithaca, N. Y.; 
Toronto, Ont. 

Other meetings that President Chesney is scheduled 
to attend will be held in Cleveland, Ohio; Ft. Wayne, 
Ind.; Pittsfield, Mass. (Regional meeting); and Detroit, 
Mich., (Summer Convention). 


Meetings.—Three national conventions of the In- 
stitute were held during the year, namely, the Summer, 
Pacific Coast, and Winter. The annual business 
meeting was held in May. Regional meetings under 
the auspices of the geographical districts were held in 
Madison, Wis., District No. 5; Niagara Falls, N. Y., 
District No. 1; New York, N. Y., District No. 3; 
Kansas City, Mo., District No. 7; Bethlehem, Pa., 
District No. 2. A regional meeting is also scheduled 
for Pittsfield, Mass., District No. 1, in May. 


Annual Meeting.—The Annual Business Meeting 
was held at Institute headquarters, New York, on 
May 21, 1926. The Annual Report of the Board of 
Directors for the fiscal year ending April 30, 1926, was 
presented. The Tellers Committee made its report 
upon the election of officers for the administrative year 
beginning August 1, 1926. l 
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Following the business meeting a talk was given on 
“A High-Power Laboratory for Testing Oil Circuit 
Breakers and other Apparatus” by W. R. Woodward of 
the Westinghouse Elec. & Mfg. Co. This part of the 
meeting was held under the auspices of the New York 
Section. Attendance about 600. 


Summer Convention.—The Forty-second Annual 
Summer Convention was held at White Sulphur Springs, 
W. Va., June 21-25, 1926. Four technical sessions 
were held at which thirteen papers were presented. 
In addition two special sessions were devoted to 
the presentation of technical committee reports. 
The annual conference of the Sections Committee 
was held on Monday, June 21; forty-three Sections 
were represented. The entertainment program in- 
cluded golf and tennis tournaments, sightseeing, and 
special features. Attendance, about 350 members 
and guests. 

Pacific Coast Convention.—The Fifteenth Pacific 
Coast Convention was held at Salt Lake City, Utah, 
September 6 to 9, 1926. Five technical sessions 
were held at which nineteen papers were presented. 
Attendance about 250. | 

Winter Convention.—The Fifteenth Winter Con- 
vention was held in New York, N. Y., February 7-11, 
1927. Thirty-five technical papers were presented at 
eight sessions. Numerous inspection trips, a smoker, 
and a dinner-dance were also scheduled. Attendance 
was over 1900. 

Regional Meetings.— During the year five Regional 


. meetings were held. The first in District No. 5 at 


Madison, Wis., May 6 and 7, 1926, at which eight 
papers were presented during three sessions, attendance 
about 180; second, at Niagara Falls, N. Y. in District 
No. 1, May 26-28, 1926, twenty-three papers were 
presented at five sessions, attendance over 580; third, 
New York, N. Y., District No. 3, November 11 and 12, 
1926, eleven papers were presented at three sessions, 
in addition the program also included inspection trips, 
a lecture, and a demonstration of the Vitaphone, 
registration over 700; fourth, Kansas City, Mo., 
District No. 7, March 17-18, 1927, twelve papers 
were presented at four sessions; student conference, 
inspection trips, attendance approximately 225; 
fifth, Bethlehem. Pa., District No. 2, April 21, 22, 
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and 23, 1927, ten papers were presented at four 
sessions, inspection trips, lecture, attendance about 400. 


Sections.—The increased activity of the Sections 
mentioned last year has been well-maintained. The 
cooperation and affiliation of Sections with Sections of 
other national engineering societies and with local 
engineering societies have remained prominent subjects 
of discussion. Definite advances have been made in 
the development of plans to bring about closer contact 
between engineers and the general public. The 
growing interest in this subject is well illustrated by the 
` report of the 1926 Sections Committee Conferences, and 
by the records of several Sections which have planned 
some of their meetings to attract non-engineers. 
The increasing number and success of the Regional 
Meetings (see listing under Regional Meetings) are 
additional evidences of Section activity. The Sections 
have given greater attention to cooperation with neigh- 
boring Student Branches, with very good results. Four 
Sections have sponsored Student Conventions, and a 
considerable number have held joint meetings with 
Branches. Several have devoted regular meetings to 
Student programs, and in other cases joint programs 
have been arranged. During the past year, a Section 
was organized at Louisville, Kentucky. 


Student Activities.—During the past year, pro- 
visions were made for the organization in each District 
of a Committee on Student Activities consisting of the 
Vice-President, District Secretary, and the Counselors 
of all Branches in the District, and for the holding, 
under its auspices, of an annual conference on Student 
Activities in order that the activities of all Branches 
in the District might be more effectively coordinated. 
Such conferences have been held by the Committees 
of seven Districts, and have resulted in much helpful 
discussion of all phases of Student activities. A 
considerable portion of the increase in Student Branch 
activity may be ascribed to these conferences and to the 
greater efforts of the Sections and the Counselors of 
the Branches to establish closer relations between 
Sections and Branches. Very successful Student 
Conventions, sponsored by Sections, have been held in 
four Districts, with approximately twenty Branches 
participating and an aggregate attendance of about 800. 
A separate department devoted to Student activities 
was inaugurated in the JOURNAL in January 1927. 
Upon recommendations of the Committee on Student 
Branches, the Board of Directors approved a statement 
of “Suggested By-Laws for Branches,” and adopted a 
By-Law (59A) providing for the affiliation of established 
student engineering societies with the Institute. New 
Branches were authorized during the year at Louisiana 
State University, University of New Hampshire, 
Princeton University, Municipal University of Akron, 
Newark College of Engineering, University of Santa 
Clara, Mississippi Agricultural and Mechanical College, 
Duke University, and Northwestern University. 
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SECTION AND BRANCH STATISTICS 
For Fiscal Year Ending 


SECTIONS 
Number of Sections. 
Number of Section 


BRANCHES 
Number of Branches. 
Number of Branch 

meetings held..... 
Total Attendance.... 


Meetings and Papers Committee.— During the past 
year, the Meetings and Papers Committee has followed 
practically the same policy as followed during the 
last three years in arranging technical programs for the 
national conventions and regional meetings. 

Three national conventions have been held and five 
regional meetings. At all of the conventions and meet- 
ings there was a total attendance of over 4500; 144 
technical papers were presented. Detailed information 
on these meetings is given in the accompanying 
tabulation. 

One of the most note-worthy developments of the 
year was the growth in the number of regional meetings 
and the increased interest taken in them. These 
meetings seem to be fulfilling their purpose in a very 
desirable manner. They allow the attendance of a 
large number who could not attend a national con- 
vention of the Institute. Also, they allow the presenta- 
tion in a particular territory of papers on subjects which 
are of special interest to members in the territory. 

Most of the papers presented at the regional meetings 
are of as high quality as those presented at national 
conventions. The committee, however, has followed 
the policy of encouraging the regional committees to 
include in their programs certain papers which are of 
particular interest locally, although they might not be 
selected for a national convention. 

In addition to arranging for programs for the meetings 
held during the past fiscal year, the programs also for 
three future meetings have been practically fixed. For 
the regional meeting at Pittsfield, Massachusetts, 
May 25-28, 1927, and the Summer Convention 
in Detroit, June 20-24, 1927, the programs are 
complete. For the Pacific Coast Convention in 
Del Monte, Sept. 13-16, 1927, due very largely to 
the foresighted efforts of the Pacific Coast Convention 
committee, that program also has been rather definitely 
arranged. 

Publication Committee.— No change inthe general 
arrangements governing Institute publications has been 
made by this year’s committee as the policies adopted 
several years ago, after many months of careful con- 


sideration, seem to have fulfilled the requirements of 


the membership very completely. This is attested by 
the fact that the JOURNAL has become generally 
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recognized, both at home and abroad, as the leading 
publication in its class. 

The general scheme of publication of Institute 
papers is (1) publication in pamphlet form in full, 
these copies being available for use at the meeting 
where presented; (2) publication either in full or 
abridged, according to length, in the JOURNAL; (3) 
publication in full in the annual TRANSACTIONS. A few 
papers of merely transitory interest have been omitted 
from the TRANSACTIONS each year. These papers 
amount to less than six percent of the total number 
printed and they are referred to in the TRANSACTIONS 
INDEX. | 

The TRANSACTIONS for 1926 will be completed early 
next Fall and will contain about 1350 pages, or 150 
pages more than the previous volume. Six-hundred 
and eight pages have been printed to date, and 300 
pages more are ready to print as soon as the current 
work for coming conventions permits. 

Standards.—The Standards Committee has con- 
tinued actively the revision of the Institute standards. 
There are now 23 standards available in the revised 
sectional or pamphlet form, several of which have 
themselves been revised and reprinted. The ease with 
which revisions can be made shows the wisdom of the 
change in form for the standards, adopted several years 
ago. Specially designed loose leaf binders can be 
supplied at a nominal price. 

The Spanish translation of the standards has gone 
forward with gratifying speed. The translation of 17 
of the standards has been completed and 11 have been 
published by the Bureau of Foreign and Domestic 
Commerce. By July 1 it is expected that all will be 
issued. The Spanish edition is printed in the same 
style and in the same size as the English edition. The 
translation has been received with interest by engineers 
in Spanish-speaking countries of South America. The 
Institute is very much indebted to the Bureau of 
Foreign and Domestic Commerce for the excellent 
manner in which the Spanish text has been pub- 
lished, and for the close cooperation that exists be- 
tween the Bureau and the Standards Committee. 
American electrical manufacturers will no doubt dis- 
tribute this Spanish edition widely in Spanish-speaking 
countries. 

Six standards have been approved as American 
Standard by the American Engineering Standards 
Committee and others are before the Committee for 
consideration. The Institute is sole sponsor for 9 
projects and joint sponsor for 9 more. These sponsor- 
ships and joint sponsorships are handled largely through 
the Standards Committee. Representatives on 26 
additional Sectional Committees for which the Institute 
is not sponsor have also been appointed. 

There has been during the year an increasing co- 
operation between the Standards Committee and the 
technical committees of the Institute. The chairman 
of each technical committee, or a member of the com- 
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mittee designated by the chairman as a “contact 
officer” is a member of the Standards Committee. 
Several standards have been formulated by the technical 
committees and accepted by the Standards Committee 
and in another case a subcommittee of a technical 
committee has been made the “working committee” of 
the Standards Committee on a project. 

The Standards Committee has maintained close 
contact with the United States National Committee of 
the International Electrotechnical Commission, and at 
practically every meeting has received full reports on 
the work of the U. S. National Committee. This has 
been a very useful coordination of international 
problems in electrical standardization with the regular 
work of the committee. 

U. S. National Committee of the I. E. C.—The 
scope of the work of the U. S. National Committee of 
the International Electrotechnical Commission has 
increased during the past year in several respects. 
One important increase in responsibility results from the 
adoption by the I. E. C. of a policy of decentralization 
of the secretarial work under which policy, various 
National Committees are asked to assume the Secre- 
tariat for one or more subjects. The U.S. N. C. has 
accepted the responsibility of the Secretariats on 
Nomenclature, on Prime Movers, and on the Rating of 
Rivers. This work involves stimulating and guiding 
the work of the International Advisory Committees 
on these subjects in the interim between meetings of 
the I. E. C. 

A study of the problem of Rating of Rivers is a sub- 
ject recently undertaken by the I. E. C. and illustrates 
the broadening scope of work of the Commission. Its 
importance is illustrated by the fact that the methods 
now used in different countries for rating the flow of 
rivers from the standpoint of their usefulness in the 
production of power, do not permit of comparative 
results. 

Through its twelve groups of advisors the U. S. N. C. 
is kept closely in contact with the standardizing work 
of the various American organizations bearing on the 
subjects under consideration by the I. E. C., and has 
cooperated with these various organizations in the 
preparation of material to be presented as recommenda- 
tions from America at the next meeting of the I. E. C. 
This meeting is to be held in September at Bellagio 
and Rome. 

U. S. National Committee, International Com- 
mission on Illumination.—The United States Com- 
mittee of the Commission is composed of representa- 
tives of various organizations interested in illumination, 
the Institute having three representatives on the 
committee. Following the plenary session in Geneva, 
July 1924, the general work of the committee has been 
proceeding. Measures are now being taken to prepare 
for the next session which probably will be held in the 
United States in 1928 

Committee on Safety Codes.—The Committee on 
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Safety Codes investigates all matters relating to the 
formulation of rules for the protection of persons 
and property against fire, accidents, and other 
hazards in connection with electrical installations and 
equipments and to confer with similar committees of 
other bodies. 

A subcommittee on procedure was instructed to 
include in its recommended procedure that the main 
Committee should make nominations to the President 
of representatives suitable for appointment on national 
safety code committees; that members of the A. I. E. E. 
now or hereafter, on safety code work, should submit 
drafts of their work to the Committee for review; that 
attention be given to having safety properly developed 
at the Institute meetings and in the Institute publica- 
tions; that authors having papers where safety is 
involved be asked to emphasize that phase; that so far 
as possible helpful cooperation be set up with other 
engineering organizations. 

Technical Committees.—Reports of Technical 
Committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the Annual Convention and printed in the 
JOURNAL. 

Membership.— During the past year the National 
Membership Committee has carried on the usual activi- 
ties for the purpose of obtaining the desired increase in 
membership. This work has been conducted, as hereto- 
fore, mainly through the organization of the various 
Membership Committees of the Institute Sections 
anda reportof progress of the National Committee-pre- 
pared on April 30, 1927 indicates that 1951 applications 
for membership have been received during the year. 

The following table gives the number of new mem- 
bers added to the roll during the year and also the 
number of members whose affiliations have terminated 
through resignation, death, or delinquency in dues. The 
revised membership total as of May 1, 1927 is 18,344. 


Honorary | Fellow | Member | Associate Total 
Membership 
April 30. 1926. 4 625 2,623 14.906 18,158 
Additions: 
Transferred... 33 307 
New Members 
Qualitied. .. 2 100 1,635 
Reinstated.... 7 71 
Total......... 4 660 3.037 16,612 20,312 
Deductions: 
Died......... 12 15 68 
Resigned. ..... 2 21 543 
Transferred... 25 315 
Dropped ..... 2 45 921 
Se ee 
Membership, | | 
April 30, 1927. 4 644 2.931 14.765 18.344 
Net increase in Membership during the year. 2.0.2... eee eee ee 186 


Deaths.- The following deaths have occurred dur- 
Ing the vear. 
Fellows: H. Fleetwood Albright, Adolphe A. Dion, 
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Edward B. Ellicott, Dudley Farrand, Carl Hering, 
Alexander E. Keith, Edward N. Lake, Thomas D. 
Lockwood, James W. McCrosky, Charles E. Scribner, 
Ernest Thurnauer, C. Griffith Young. 

Members: William Y. Avery, LeRoy Clark, Vahram 
Y. Davoud, Washington Devereux, George E. Luke, 
Leo Lustig, Shiras Morris, Russell Robb, Otto L. J. 
Schier, George D. Shepardson, Jesse Merrick Smith, 
Oberlin Smith, Charles C. Stutz, Victor H. Todd, 
C. Reginald Van Trump. 

Associates: Charles H. Bedell, John I. Beggs, Albert 
P. Boeri, Alva A. Bonney, Anson W. Burchard, Paul 
Busher, Lawrence W. Cady, Charles A. Chapman, 
Edward L. Clark, Charles A. Coffin, Charles S. Cook, 
Richard J. Crandall, George S. Davis, Howard S. 
Davis, Samuel O. Edmonds, Olin J. Emmons, Louis 
M. Finkelstein, John J. Flather, William H. Forde, 
Frank E. Goodnow, Frank W. Graham, Walter Halfin, 
Arthur R. Henry, Albert J. Hoch, Harold O. Holte, 
Charles W. Holtzer, Everett D. Hunter, Charles R. 
Huntley, Arthur R. Jealous, Arthur Keller, Francis M. 
Kenny, William Korff, John V. Lannon, Don C. G. 
Linnell, Leo B. Masten, Charles C. Mathis, Joseph B. 
McCall, Henry K. McIntyre, Frederick McKeever, 
Walter R. McLeod, Richard N. Olds, Willis E. Osborne, 
George H. Pearson, Virgil Poston, John C. Potter, 
Lawrence W. Powers, Joseph H. Procter, William A. 
Rankin, Isidor M. Reguenga, Clarence E. Reid, An- 
tonine R. Rivet, Frederick W. Roth, Earl A Schaefer, 
Rudolf Schmolck, Charles W. Shaifer, Frank C. Small- 
piece, Leland L. Summers, Clark A. Sutton, Svatopluk 
Sychra, Hazen G. Tyler, Benjamin T. Viall, Edwin M. 
Walker, John M. Walshe, James C. Webster, Edgar M. 
Wilkins, Thomas W. Wilkinson, Fred W. Wilson, 
Ray D. Wilson. 

Board of Examiners.—The Board of Examiners 
during the year held eleven meetings, averaging about 
three and one-quarter hours. It considered and re- 
ferred to the Board of Directors a total of 4080 applica- 


tions for admission or transfer to the higher grades. 


APPLICATIONS FOR ADMISSION 


Recommended for grade of Associate...... 1729 
Not recommended...................... 16 1745 
Recommended for grade of Member....... 93 


Not recommended for admission to this 


PTAC Cesena i Be bate 41 134 
Recommended for grade of Fellow........ 2 
Not recommended for admission to this 

Pade aeea a a aE a a ANA 5 T 
Recommended for enrolment as Students..  18%4 

APPLICATIONS FOR TRANSFER è 
Recommended for grade of Member....... 293 
Not recommended for transfer to this grade 82 325 
Recommended for grade of Fellow......... 30 


Not recommended for transfer to this grade 5 35 
Total number of applications considered... 
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Scholarships.—The governing bodies of Columbia 
University have placed at the disposal of the Institute 
three scholarships in electrical engineering. In con- 
sequence, the Institute is now authorized to award a 
scholarship each year so that there may be one man in 
each class holding a scholarship on the nomination of 
the Institute; these scholarships will continue until 
further notice. Each scholarship pays $350 toward the 
annual tuition, and reappointment for completion of 
course is conditioned upon the maintenance of good 
standing. The award in 1926 was made to E. R. 
Riethmiller of the University of Michigan. 

Institute Prizes.—A report of a special committee 
on prizes and regulations regarding them, was received 
and adopted by the Board, February 9, 1926. The 
committee suggested the yearly award of four National 
Prizes of $100 each and a suitable certificate, as follows: 
(1) Best Paper Prize, (2) First Paper Prize, (3) Best 
Regional Paper Prize, (4) Best Branch Paper Prize. 

The following Regional Prizes may also be awarded 
yearly in each of the ten Geographical Districts, each 
prize to consist of $25 and a suitable certificate: (1) 
Best Paper Prize, (2) First Paper Prize, (3) Best Branch 
Paper Prize. For complete details and conditions of 
award, see the February 1927 JOURNAL. 

The following National Prizes were awarded during 
the past year, under the conditions in force prior to the 
adoption of the above-mentioned regulations: 

First Paper Prize for the Year 1925. To R. W. 
Wieseman, Schenectady, N. Y., for his paper, “A Two- 
Speed Salient-Pole Synchronous Motor.” 

. Transmission Prize for the Year 1925. To J. H. 
Cox and J. W. Legg, East Pittsburgh, Pa., for their 
paper, “The Klydonograph and its Application to 
Surge Investigation.” 

Various Regional Prizes have been awarded as an- 
nounced from time to time in the issues of the monthly 
JOURNAL. 

The National awards for papers presented during the 
year 1926 have been made and the prizes will be pre- 
sented at the annual Summer Convention, in Detroit, 
in June, as follows: 

Best Paper Prize for the Year 1926. To F. M. 
Farmer, New York, for his paper, “Tests of Paper- 
Insulated High-Tension Cable.”’ 

First Paper Prize for the Year 1926. To Othmar 
K. Marti, Camden, N. J., for his paper, “‘Steel Enclosed 
Power Rectifiers.” 

Best Regional Paper Prize for the Year 1926. To 
F. M. Farmer, New York, for his paper, “Tests of Paper- 
Insulated High-Tension Cable.” : 

Best Branch Paper Prize for the Year 1926. To 
R. A. Schaefer, of Marquette University Branch, 
for his paper, “A Study of Transverse Armature 
Reaction in Synchronous Machines by Means of a 
Second Machine with an Adjustable Stator.” 

Edison Medal.—The Edison Medal awarded last 
year to Dr. Harris J. Ryan, Stanford University, Cali- 
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fornia, ‘for his contributions to the science and the art 
of high-tension transmission of power,” was presented 
to Dr. Ryan at the Pacific Coast Convention, Salt 
Lake City, Utah, on September 8, 1926. 

John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical, and 
Electrical Engineers, awarded the 23rd medal to 
Elmer Ambrose Sperry of New York, “for the develop- 
ment of the gyro-compass and the application of the 
gyroscope to the stabilization of ships and aeroplanes.” 
The medal was presented at New York, at the annual 
meeting of the American Society of Mechanical Engi- 
neers, December 7, 1926. 

Lamme Gold Medal.—A bequest was made by the 
late B. G. Lamme, to cover the cost of an annual 
award by the Institute of a gold medal, toa member who 
has shown meritorious achievement in the development 
of. electrical apparatus. The conditions governing the 
award of the Lamme Gold Medal are now being pre- 
pared by the Committee on Award of Institute Prizes. 

Commission of Washington Award.—The Wash- 
ington Award for 1926 was voted to John Watson 
Alvord, Consulting Engineer, Chicago, Ill. 

The award is made annually ‘‘to an engineer whose 
work in some special instance, or whose services in 
general have been noteworthy for their merit in pro- 
moting the public good,” by a committee composed of 
nine representatives of the Western Society of Engi- 
neers and two each from the A. S. C. E., the A. I. M. E., 
the A. S. M. E., and the A. I. E. E. 

Employment Service.—The employment service 
which the Institute has maintained for many years is 
now conducted as a cooperative bureau in conjunction 
with a similar service maintained by the National 
Societies of Civil, Mining, and Mechanical engineers 
under the title, “Engineering Societies Employment 
Service.” In addition to the main office in the En- 
gineering Societies Building, New York, offices have 
been opened in Chicago in cooperation with the Western 
Society of Engineers and in San Francisco under similar 
arrangements with the California Section, American 
Chemical Society, and Engineers Club of San Francisco. 
Arrangements have been completed to open a branch 
office in Denver, Colorado in cooperation with the 
Colorado Engineering Society. It is hoped to continue 
this development from year to year as conditions 
warrant. The service is supported by the joint con- 
tributions of the societies and their individual members 
who are benefited. As in the past it consists principally 
in acting as a medium for bringing’ together the em- 
ployer and the employee. In addition to the publication 
of the “Employment Service Bulletin” in the monthly 
JOURNALS, weekly subscription bulletins are issued for 
employers and those seeking positions. 

American Engineering Council.—This organiza- 
tion is the instrument of the constituent engineering 
societies through which the engineering profession may 
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contribute toward the solution of the social, economic, 
and political problems of the day. 

The annual meeting of tne American Engineering 
Council was held in Washington, D. C., in January 
1927. Meetings of the Administrative Board have 
been held during the year. The activities of Council 
have covered an extensive field, the following being a 
partial summary: study of accidents and production; 
forest conservation; represented on National Board 
for Jurisdictional Awards; has endorsed the develop- 
ment of the Patent office and endeavored to secure a new 
building; Public Works Bill written to conform with 
recommendations of Councils’ committee; report of 
Committee on Radio Broadcasting presented to 
Federal Radio Commission; preliminary study of 
stream pollution; has Committee on Street Signs, 
Signals, and Markings with local committees in over 
one hundred cities; ete. 

United Engineering Society.—This Society per- 
forms for the national societies of Civil, Mining, Me- 
chancial, and Electrical Engineers, certain specific acts 
which are governed by contracts; the primary function 
of the United Society being to hold in trust and to 
administer for these societies the Engineering Societies 
Building, in which the headquarters of the national 
societies are located. 

Extracts from the annual financial report of the 
United Engineering Society were published in the 
March 1927 JOURNAL. i 

Engineering Societies Library.—The library of 
the Institute is combined with the libraries of the 
national societies of Civil, Mining, and Mechancial 
Engineers, administered as the “Engineering Societies 
Library” under the direction of the Library Board of 
the United Engineering Society; this board is com- 
posed of representatives of each of the four societies 
referred to above. 

In order to place the facilities of the library at the 
disposal of persons residing at a distance from New 
York, a Library Service Bureau has been established, 
and a staff of expert searchers and translators is 
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employed to cover almost any engineering topic, ir 
the following manner: abstracting, translating, bib- 
liographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, 
etc. A lending department is also maintained. 

A copy of the annual report of the Engineering So- 
cieties Library covering the calender year 1926, may 
be obtained by applying to Institute headquarters. 

Engineering Foundation.—Engineering Founda- 
tion is a trust fund established in 1914 by Ambrose 
Swasey, of Cleveland, Ohio, by gifts to United Engi- 
neering Society as.a nucleus of a large endowment 
“for the furtherance of research in science and in 
engineering, or for the advancement in any other 
manner of the profession of engineering and the good 
of mankind.” The fund has been generously in- 
creased through the gifts of Edward D. Adams and 
others, and also through bequest under the will of the 
late Henry R. Towne. It is administered bv the 
Engineering Foundation Board upon which the Insti- 
tute and other national engineering societies are 
represented. The Board is a Department of United 
Engineering Society. 

The Foundation has made appropriations for various 
research projects and has cooperated in others. 

The annual report of the Foundation is available in 
printed form. 

Representatives.—The Institute has continued its 
representation upon various national committees and 
other local and national bodies with which it has 
been affiliated in past years, and has accepted sponsor- 
ship and appointed representatives upon a number 
of new Sectional Committees of American Engineering 
Standards Committee. A complete list of representa- 
tives is published frequently in the JOURNAL. 

Finance Committee.— During the year the com- 
mittee has held monthly meetings, has passed upon the 
expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in 
the Constitution and By-laws. 

Haskins and Sells, certified public accountants, have 
audited the books, and their report follows: 


Respectfully submitted for the Board of Directors. 


New York, May 20, 1927 


F. L. HUTCHINSON, 
National Secretary. 
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HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 


OFFICES IN THE PRINCIPAL CITIES OF 37 WEST 39TH STREET 
THE UNITEO STATES OF AMERICA 
SECANO INE NEW YORK 


LONDON, PARIS, BERLIN, SHANGHAI, 
MONTREAL, HAVANA, MEXICO CITY 


May 16, 1927. 


American Institute of Electrical Engineers, 
33 West 39th Street, 
New York. 


Dear Sirs: 
We have made a general audit of your accounts for the year ended April 
30, 1927, and submit the following exhibits and schedule: 
Exhibit 
A—Balance Sheet, April 30, 1927. 
Schedule 
1—Reserve Capital Fund—Securities. 


B—Summary of Income and Profit and Loss for the Year Ended 
April 30, 1927. 


WE HEREBY CERTIFY that in our opinion Exhibits A and B correctly set 
forth the financial condition of the Institute at April 30, 1927, and the results 
of its operations for the year ended that date. 

Yours truly, 
HASKINS & SELLS 
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EXHIBIT A. 


ASSETS 
REAL ESTATE: 
One-fourth interest in United Engineering 
Society’s Land, Building, and Building Equip- 
ment, 25 to 33 West 39th Street (Depreciation 


$493,352.60 


54,081.15 


9,580.45 


55,926.48 


132,162.40 


carried on books of United Engineering Society) 
EQUIPMENT: 
Library—Volumes and Fixtures........ aleea e... $40,607.84 
Works of Art, Paintings, etc....... Pe EERE 3,001.35 
Office Furniture and Fixtures........ $20,917.93 
Less Reserve for Depreciation (in- 
cluding $5,556.81 funded)......... 10,445.97 10,471.96 
Total Equipment.........ccccececces poss 
WORKING ASSETS: 
“Transactions” etC......sssssssesosesosessssoooo $ 3,821.50 
Paper and Cover Paper..........cccccccccccvece 4,254.65 
Bad BOS oie unger s eNe eke bee ae eas 1,504.30 
Total Working Assets....... ee ee 
CURRENT ASSETS: 
CMS ieee en E Ea a A E $24,991.26 
Accounts Receivable: 
Members—For Dues....esssocsssosossecesoes 25,919.93 
Advertisers....... Se ee ee ne ee 1,986.25 
MiscellaneouS........sssssscssoesosooososeoeo P 1,584.91 
Accrued Interest on InvestmentS.....essssssse.o 1,444.13 
Total Current Assets.....ccccecsecccsncce 
Funps: 
Reserve Capital Fund: 
Securities—Schedule 1.........+..-+- $105,520.63 
Cases eww bess cesT ee ar 613.07 $106,133.70 
Life Membership Fund: 
GC) «PR ee men ee a te ea $ 5,056.03 
Chicago, Burlington & Quincy Rail- 
road Company 4% Bonds, 1958, 
Registered, Par Value $5,000.00. . 4,868.75 
Accrued Intcrest...... Mager nets és 33.33 9,958.11 
International Electrical Congress of 
St. Louis Library Fund: 
CAST civ oitie vin Bare 6 AS saree Ree ae $ 853.64 
New York City 4%% Corporate 
Stock, 1957, par Value $2,000.00. . 2,204.05 
New York Telephone Company 
44%% Bond, 1939, Registered, Par 
Value $1,000.00. ....... cece ween 878.75 
Accrued Interest........cecececeee 67.50 4,003.94 
Mailloux Fund: 
New York Telephone Company 
434% Bond, 1939, Registered, Par 
Value $1,000.00....... ccc eee nes $ 1,000.00 
Accrued Interest.........000- ee 22.50 1,022.50 
Midwinter Convention Fund—Cash..........-e0e008 106.53 
Lamme Medal Fund: 
AS ict ce obs Gia aaa ae et BEGG $ 1,034.14 
Baltimore and Ohio Railroad Co. 
6% Refunding and General Mort- 
gage Series C Bond, 1995, Par 
Value $4,000.00.......... 00 eee 4,330.00 
Accrued Intercst.......cc cece eens 16.67 5,380.81 
Depreciation of Furniture and Fixtures Fund: 
CAS Ha Sura Gaya aces A E wie aieracs $ 544.31 
Cleveland Union Terminals Co. 
5% Sinking Fund Series B Gold 
Bonds, 1973, Registered, Par 
Value $5,000.00... ... cc cece eee 5,012. 50 5,556.81 
Total Funds aaas aain a E E eas E a baa 
Totales ke0i-0' 9 s E e E EEEE EE AES peenes 


$745,103.08 


Totals, isis 
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BALANCE SHEET, APRIL 30, 1927 


LIABILITIES 


CuRRENT LIABILITIES: 


Accounts Payable......cccccvccccccccvcsccscesrs $12,227.44 
Dues Received in Advance..........cccccccccces 2,842.19 
Entrance Fees and Dues Advanced by Applicants 

for Membership.......cccccccccccccces EET 633.85 
Subscriptions for “Transactions” received in 

Advant sosirea ea a RNG a SS 38.00 

Total Current Liabilities............. paeas 
Funp ReseEerRvES (NoT INCLUDING DEPRECIATION RESERVES): 
Reserve Capital Fund..... eee Peer eyo ee $106 133.70 
Life Membership Fund........... Sag tacked « 9,958.11 
International Electrical Congress of St. Louis— 

Library Fund..........0. ee re eee : 4,003.94 
Mailloux Fund..........e.e.6. ely Beads BEREA é 1,022.50 
Midwinter Convention Fund...........-. a wisate aes 106.53 
Lamme Medal Fund...... Ee e a a alas Sea RS 5,380.81 

Total Fund Reserves (Not Including Depre- 
ciation Reserves).......ssossssosoo 
SURPLUS, Per Exhibit “"B”....ssssessssesse 


$ 15,741.48 


$126,605.59 
602,756.01 


$745,103.08 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


SUMMARY OF INCOME AND PROFIT & Loss 
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FoR THE YEAR ENDED APRIL 30, 1927 


EXHIBIT B. 
INCOME: 
Dues..... arcane ECO C EL ET Ee eer eee 
Students’ Dues..........0.0. Pr Ee ere ee 
Entrance Fees........cec00% ee Mew ees ete s 
Transfer Fees.........0+ ee te er nee ; 
Advertising......... ie Sawa ees RRA aR è 
Journal Subscriptions.......... EE E 
“Transactions” Subscriptions. ......ccccccceces 
Miscellaneous Sales..... ccc cece ccccece ; 
Badges Sold.......ccceccveee rawea $ 4,724.00 
Less: Cost. is esdedesseen vies Ate 3,114.35 
Interest on Securities in Reserve Fund......... g 
Interest on Bank Balances.,........... baie aid 
Oth ives iancusasaeaveees ceeeeeds š 
EXPENSES: 
Publications: 
Journal .caneesas te tessen enai $103,370.22 
“Transactions” .....cccecccccce ‘ 24,531.76 
Year Book .succicwsiwes caw sen é 7,623.60 
MiscellaneouS.........ccccecces 4,933.69 
Institute MeetingsS........cccccccccccccccccce è 
Administrative Expenses. .....cccccccccevccece 
SOCUOTSSiea0Se ek ike CONS ea Seen oes < te 
Membership..........e006 Lenawee ees eanews bees 
Standards....... PR E eee errr ree Mamie 
Finance..... Tintas P EREE TEE EEE ET 
Headquarterg.......esssssseo Des esea we eae 
Code Committee......... eee ree 
Technical Committees.......... ETETE re rere 
Edison Medal.....pesssssssóosorsessecesosoao 
Engineering Education...... eee ee re (san 
Geographical Districts: 
Traveling Expense: 
Executive Committees........ $ 2,424.86 
Vice-Presidents.........sccees 372.02 
Speaker's Bureau............ è 65.69 
- Best Paper Prize........sssssso 176.50 
First Paper Prize............005 201.50 
Branches: 
Traveling Expense—Counsellors. $ 3,746.36 
Salaries eseese u eee S saG sees es 583.25 
Stationery and Printing......... 525.65 
Best Paper Prizes............00. 175.00 
American Engineering Standards Committee..... 
International Electrotechnical Commission....... 
United States National Committee of Inter- 
national Commission on I]lumination.......... 
President’s Appropriation....c..sccccccccccccce 
Board of Directors—Mileage...........cceccees 
National Nominating Committee, Mileage....... 


Institute Representatives—Traveling Expenses... 
Honorary Secretary.........cceccccccccccsecs 
John Fritz Medal Award........... ccc cc eeces 
Engineering Societies Library—Maintenance..... 
United Engineering Society Assessment....... are 


American Engineering Council...........ccccce ‘ 


Engineering Societies Employment Service....... 
International Annual Tables...... EENEN ‘ 
Best Paper Prizes—1926.........ccccccccccsces 
First Paper Prizes—-1926........ ccc cccccccsces 

Total.. 


@aeepeoeeseeeeeeseeoeevevneeeseeveeneer ee 


NET INcoME—(FORWARD) .’. eeoeeeoe ecoeeeeveee 


. *$224,565. 


10,424. 
17,215. 
1,740. 
73,980. 
9,088. 
8,887. 
10,195. 


1,609. 


§,119. 
1,320. 


3,240. 


5,030. 


1,500. 
782. 


300. 
955. 
3,085. 
1,172. 
246. 


4,000 


375. 
8,000. 
4,860. 

17,451. 
1,635. 

100. 

187. 

187. 


ZAQSUSsye 


57 


$364,146.61 


318,020.64 


$ 46,125,97 
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NET INCOME— FORWARD ee oe eoe ooe ee ewe we ee ooo $46,125.97 
PROFIT AND Loss CREDITS: 
Adjustment of Inventories—Library Volumes and 
Fixtures......... Seek eae ato ae A ... $ 62.25 
Increase in Equity of United ae 
Society's Land, Building, and Equipment.... 1,710.24 1,772.49 
Gross SURPLUS FOR THE YEAR......ccccccccccces $ 47,898.46 
PROFIT AND Loss CHARGES: f 
Adjustment of Inventory—'‘Transactions"....... $ 1,288.00 
Uncoliectible Dues Written Off.......sssssseso 8,259.91 
Furniture and Fittings Scrapped—Loss.......... 327.14 
Provision for Depreciation of Furniture and 
Fixtures ....... sie ata eae EAA Se rere 799.93 
Total oiwsuss sieeeweses Areenana eah 10,674.98 
SURPLUS FOR THE YEAR...... E re a ee ‘ee $ 37,223.48 
SuRPLUS, MAY 1, 1926............cccccccaccvecs $588,967.53 


Less Transferred to Capital Fund Reserve in’ 
Accordance with Resolution of Board of 
Directors. oiaee cree wees eee se EEA 


SURPLUS, APRIL 30, 1927.......000% ENEE E 


23,435.00 565,532.53 


$602,756.01 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
RESERVE CAPITAL FUND—SECURITIES 


APRIL 30, 1927 


EXHIBIT A. 
SCHEDULE No. 1. 


Par Value Book Value 


The American Telephone and Telegraph Company 5% 


Gold Debentures Sinking Fund, Due _ 1960, 
Registered oii dis cues cases tests t acca wl eeu ages 
Consolidated Gas Company of New York 54% Gold 
Debentures, Due 1945, Registered............0008 


Pacific Gas & Electric Company 54% First and 
Refunding Mortgage Gold Bonds, Due 1952, 
Registetediecrs oa aug bs dee Saw Seas e Se Wa Seen 

Chicago, Burlington & Quincy Railroad Company 5% 
First and Refunding Mortgage Series “A” Gold 
Bond, Due 1971, Registered............ PE P ee 

The New York Central Railroad Company 5% 
Refunding and Improvement Mortgage, Series "C" 
Bonds, Due 2013, Registered..........ccccccccecs 

Southern Railway Company 5% First Consolidated 
Mortgage Gold Bond, due 1994, Registered........ 

Great Northern Railroad Company 54% General 
Mortgage Series “B” Gold Bonds, Due 1952, 
Registered uere 5 aihia/ Sa arora arte ed eee eeee kes 

The Detroit Edison Company 6% First and Refunding 
Mortgage, Series “B” Gold Bonds, Due 1940, 
Registered........ eee ee re er re ee eee 

The Western Electric Company 5% Bonds, Due 
Apik 21094 oe oon ca ees sanean WS eS we een 

Baltimore and Ohio Railroad Company 44% Con- 
vertible Gold Bonds, Due 1933, Registered........ 

St. Louis, San Francisco Railway Company 5% Prior 
Lien Mortgage, Series “B” Bonds, Due 1950, 
Registered 3354. d cate hi ideew eh ube eee Ga ll bees 

American Smelting and Refining Company 5% first 
Mortgage 30-Year Gold Bonds, Due _ 1947, 
Registerëed ioc oi on View a eted aree e ea 

Florida East Coast Railway Company 5% First and 
Refunding Mortgage Series “A” Gold Bonds, Due 
1974, Registered........ EE EAE E AEE 

Public Service Corporation of New Jersey 514% Gold 
Bonds, Due 1956.......sesssesosssscescessesoso 

Chicago, Terre Haute & Southeasteri Railroad Com- 
pany 5% First and Refunding Mortgage Gold Bonds, 


Commonwealth Power Corporation 6% Sinking Fund 
25-Year Bonds, Due 1947......... ccc ce cc ec cececs 
United States Rubber Company 5% First and Refund- 
ing Mortgage Series “A” Bonds, Due 1947........ 
American Smelting and Refining Company 6% First 
Mortgage Bonds, Due 1947............ 


Total.. 


5,000.00 


5,000.00 


1,000.00 


6,000.00 


1,000.00 


10,000. 00 


5,000.00 


10,000. 00 


10,000. 00 


6,000. 00 


9,000.00 


5,000.00 


8,000.00 


3,000.00 
3,000.00 
2,000.00 


3,000.00 


$ 15,000.00$ 14,625.00 


5,187.50 


5,137.50 


1,010.00 


5,742.50 


980. 


9,847. 


5,178.13 
9,818. 


9,387. 


5,497. 


9,085. 


4,918. 


7,952. 


2,846.25 


3,150.00 
1,915.00 


3,241.25 


$107,000.00 $105,520.63 


1168 


OFFICERS AND COMMITTEES 


l Officers A. I. E. E. 1926-1927 


PRESIDENT 
(Term expires July 31, 1927) 
C. C. CHESNEY 
JUNIOR PAST PRESIDENTS 


(Term expires July 31, 1927) 
FARLEY OSGOOD 


(Term expires July 31, 1928) 
M. I. PUPIN 


VICE-PRESIDENTS 


(Terms expire July 31, 1927) 


P. M. DOWNING (District No. 8) 


(Terms expire July 31, 1928) 
H. M. HOBART (District No. 1) 


HERBERT S. SANDS (District No.6) B. G. JAMIESON (District No. 5) 


W.E. MITCHELL (District No. 4) 


W. P. DOBSON (District No. 10) 


GEORGE L. KNIGHT (District No. 3) 
ARTHUR G. PIERCE(District No. 2) H. H. SCHOOLFIELD (District No. 9) 


A. E. BETTIS (District No. 7) 


MANAGERS 


(Terms expire July 31, 1927) 
W. M. McCONAHEY 

W. K. VANDERPOEL 

H. P. CHARLESWORTH 
(Terms expire July 31, 1928) 
JOHN B. WHITEHEAD 
J. M. BRYANT 

E. B. MERRIAM 


NATIONAL TREASURER 


(Terms expire July 31, 1929) 
M. M. FOWLER 
H. A. KIDDER 
E. C. STONE 

(Terms expire July 31, 1930) 
I. E. MOULTROP 
H. C. DON CARLOS 
F. J. CHESTERMAN 


NATIONAL SECRETARY 


(Terms expire July 31, 1927) 


GEORGE A. HAMILTON 


HONORARY SECRETARY 
RALPH W. POPE 


F. L. HUTCHINSON 


GENERAL COUNSEL 
PARKER & AARON 
30 Broad Street, New York 


PAST PRESIDENTS— 1884-1926 


*NORVIN GREEN, 1884-5-6. 
*FRANKLIN L. Pope, 1886-7. 

*T. COMMERFORD MARTIN, 1887-8. 
EpWARD WESTON, 1888-9. 

ELIHU THOMSON, 1889-90. 
*WILLIAM A. ANTHONY, 1890-91. 


*ALEXANDER GRAHAM BELL, 1891-2. 


FRANK JULIAN SPRAGUE, 1892-3. 
*Epwin J. Houston, 1893-4-5. 


*HENRY G. Stott, 1907-8. 
Louts A. FeErGuson, 1908-9. 
Lewis B. STILLWELL, 1909-10. 
DuGa_Lp C. Jacxson, 1910-11. 
Gano Dunn, 1911-12. 

RaLrrpH D. MErRsSHON, 1912-13. 
C. O. MaILLoux, 1913-14. 
PauL M. Lincoln, 1914-15. 
Joun J. Carry, 1915-16. 


H. W. Bucx, 1916-17. 

E. W. Rice, Jr., 1917-18. 
CoMFoRT A. Apams, 1918-19. 
CALVERT TOWNLEY, 1919-20. 
A. W. BeRRESFORD, 1920-21. 
WILLIAM MCCLELLAN, 1921-22. 
Bion J. ARNOLD, 1903-4. FRANK B. JEWETT, 1922-23. 
Joun W. Lies, 1904-5. Harris J. RYAN, 1923-4. 
*SCHUYLER SKAATS WHEELER, 1905-6. FARLEY OsGoop, 1924-25. 
*SaMUEL SHELDON, 1906-7. M. I. Pupin, 1925-26. 

* Deceased. 


*LoUIS DUNCAN, 1895-6-7. 
*FRANCIS BACON CROCKER, 1897-8. 
A. E. KENNELLY, 1898-1900. 
*CarL HERING, 1900-1. 

*CHARLES P. STEINMETZ, 1901-2. 
CHARLES F. Scott, 1902-3. 


LOCAL HONORARY SECRETARIES 
T. J. Fleming, Calle B. Mitre 519, Buenos Aires, Argentina, S. A. 
H. W. Flashman, Aus. Westinghouse Elec. Co. Ltd., Cathcart House, 
11 Castlereagh St., Sydney, N. S. W., Australia. 
Carroll M. Mauseau, Caixa Postal No. 571, Rio de Janeiro, Brazil, S. A. 
Charles le Maistre, 28 Victoria St., London, S. W. 1, England. 
A. S. Garfield, 45 Bd. Beausejour, Paris XVI, France. 
F. W. Willis, Tata Power Companies, Bombay House, Bombay, India. 
Guido Semenza, 39 Via Monte Napoleone, Milan, Italy. 
P. H. Powell, Canterbury College, Christchurch, New Zealand. 
Axel F. Anstrom, 42a Grefturegatan, Stockholm, Sweden. 
W. Elsdon-Dew, P. O. Box 4563, Johannesburg, Transvaal, Africa. 


A. I. E. E. Committees 


GENERAL STANDING COMMITTEES 


EXECUTIVE COMMITTEE 
C. C. Chesney, Chairman, General Electric Co., Pittsfield, Mass. 
H. P. Charlesworth, G. A. Hamilton, G. L. Knight, 
W. P. Dobson, H. A. Kidder, I. E. Moultrop. 


FINANCE COMMITTEE 
H. A. Kidder, Chairman, 600 W. 59th St., New York, N. Y. 
H. P. Charlesworth, G. L. Knight. 


MEETINGS AND PAPERS COMMITTEE 
E. B. Meyer, Chairman, 80 Park Place, Newark, N. J. 
E. H. Hubert, Secretary, 33 W. 39th St., New York, N. Y. 
E. E. F. Creighton, L. W. W. Morrow, Harold B. Smith. 
J. E. Macdonald, F. D. Newbury, C. E. Skinner. 

F. W. Peek, Jr., 

Chairman of Committee on Coordination of Institute Activities, ex-o fir io. 
Chairmen of technical committees, ex-offi to. 


PUBLICATION COMMITTEE 
L. F. Morehouse, Chairman, 195 Broadway, New York, N. Y. 
F. L. Hutchinson, Donald McNicol, I. E. Moultrop. 
E. B. Meyer, 
COMMITTEE ON COORDINATION OF INSTITUTE ACTIVITIES 
Farley Osgood, Chairman, 31 Nassau Street, New York, N. Y. 
F. L. Hutchinson, E. B. Meyer, W. I. Slichter, 
H. A. Kidder, L. F. Morehouse, Harold B. Smith. 
BOARD OF EXAMINERS 
Erich Hausmann, Chairman, Polytechnic Institute, Brooklyn, N. Y. 
H. C. Don Carlos, Harold Goodwin, Jr. L. W. W. Morrow, 


H. W. Drake, S. P. Grace, N. L. Pollard, 
E. H. Everit, F. V. Magalhaes, - W. I. Slichter, 
F. M. Farmer, A. E. Waller, 


SECTIONS COMMITTEE 


Harold B. Smith, Chairman, Worcester Polytechnic Institute, Worcester, Mass. 


H. H. Henline, W. B. Kouwenhoven, Herbert S. Sands. 
C. E. Magnusson, 


Chairmen of Sections, ex-o fcio. 


COMMITTEE ON STUDENT BRANCHES 
C. E. Magnusson, Chairman, University of Washington, Seattle, Wash. 
J. M. Bryant, Charles F. Scott, W. H. Timbie. 
Harold B. Smith, 
Student Branch Counselors, ex-officio. 


MEMBERSHIP COMMITTEE 
L. S. O'Roark, Chairman, 463 West St., New York, N. Y. 


R. B. Bonney, J. J. Frank, L. M. Moyer, 
A. B. Cooper, F. R. George, I. M. Stein, 
H. E. Cox, G. S. Morris, C. V. Woolsey, 


S. H. Mortensen, 
Chairmen of Section Membership Committees, ex-officio. 


HEADQUARTERS COMMITTEE 
G. L. Knight, Chairman, Pearl & Willoughby Sts., Brooklyn, N. Y. 
F. L. Hutchinson, H. A. Kidder. 


LAW COMMITTEE 
W. I. Slichter, Chairman, Columbia University, New York, N. Y. 
H. H. Barnes, Jr., E. B. Merriam, Charles A. Terry. 
R. F. Schuchardt, 


PUBLIC POLICY COMMITTEE 
Gano Dunn, Chairman, 43 Exchange Place, New York, N. Y. 
H. W. Buck, John W. Lieb, M. P. Pupin, 
F. B. Jewett, Wiliam McClellan, Harris J. Ryan. 


STANDARDS COMMITTEE 
J. Franklin Meyer, Chairman, Bureau of Standards, Washington, D. C. 
H. E. Farrer, Secretary, 33 W. 39th St., New York 


H. A. Kidder, H. S. Osborne, C. E. Skinner, 

A. M. MacCutcheon, F. L. Rhodes, W. I. Slichter, 

F. D. Newbury, L. T. Robinson, R. H. Tapscott. 
Ex-O ficto . 


Chairmen of Working Committees. 
Chairmen of delegations on other standardizing bodies. 
President of U. S. National Committee of I. E. C. 


EDISON MEDAL COMMITTEE 
Appointed by the President for term of fire years. 
(Terms expire July 31, 1927) 

Gano Dunn, Chairman, F. A. Scheffler, W. R. Whitney. 
(Terms expire July 31, 1928) 

Robert A. Millikan, M. I. Pupin. 
(Terms expire July 31, 1929) 

W. C. L. Eglin, John W. Licb. 
(Terms expire July 31, 1930) 

Samuel Insull, Ralph D. Mershon. 
(Terms expire July 31, 1931) 

L. F. Morehouse, David B. Rushmore. 


C. C. Chesney, 
N. A. Carle, 
George Gibbs, 


John W. Howell, 


Elected by the Board of Directors from its own mem bership for term of two years. 


(Terms expire July 31, 1927) 
Farley Osgood, A. G. Pierce. 
(Terms expire July 31, 1928) 
H. A. Kidder, G. L. Knight. 
Ex-O fuio 


W. P. Dobson, 
B. G. Jamieson, 


C. C. Chesney, President, 
F. L. Hutchinson, National Secretary. 


COMMITTEE ON CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 


John W. Lieb, Chairman, 124 E. 15th St., New York, N. Y. 
A. H. Babcock, R. D. Mershon, Harris J. Ryan, 
G. Faccioli, L. F. Morchouse, C. E. Skinner. 
COMMITTEE ON AWARD OF INSTITUTE PRIZES 
E. B. Meyer, Chairman, 80 Park Place, Newark, N. J. 
L. F. Morehouse, John B. Whitehead. 


COMMITTEE ON AWARD OF COLUMBIA UNIVERSITY SCHOLARSHIPS 


W. I. Slichter, Chairman, Columbia University, New York, N. Y. 
Francis Blossom, H. C. Carpenter. 


George A. Hamilton, National Treasurer, 


COMMITTEES 


COMMITTEE ON SAFETY CODES 


John Price Jackson, Chairman, N.Y. Edison Co., 130 E. 15th St., New York, N.Y. 


F. A. Barron, 
Philander Betts, 
W. J. Canada, 
R. N. Conwell, 
J. V. B. Duer, 
J. C. Forsyth, 
R. C. Fryer, 

D. H. Gage, 


Francis Blossom, Chairman, Sanderson & Porter, 52 William St., 


H. W. Buck, 


H. B. Gear, Farley Osgood, 
P. J. Howe, George Quinan, 
L. C. Isley, Joseph Sachs, 

M. G. Lloyd, H. R. Sargent, 
Ernest Lunn, W. H. Sawyer, 
Wills Maclachlan, M. L. Sindeband, 
J. C. Martin, Paul Spencer, 

J. E. Moore, H. S. Warren. 


R. W. E. Moore, 


SPECIAL COMMITTEES 

LICENSING OF ENGINEERS 

New York, N.Y. 
E. W. Rice, Jr. 


Gano Dunn, 
L. E. Imlay, 


TECHNICAL ACTIVITIES 


A. G. Pierce, Chairman, 1239 Guardian Building, Cleveland, Ohio 


H. P. Charlesworth, 


H. M. Hobart, 


E. C. Stone, 
J. B. Whitehead. 


H. A. Kidder, 


ADVISORY COMMITTEE TO THE MUSEUMS OF THE PEACEFUL ARTS 
J. P. Jackson, Chairman, 130 E. 15th St., New York, N. Y. 


Randolph H. Nexsen, 
TECHNICAL COMMITTEES 


George K. Thompson. 


COMMUNICATION 


H. P. Charlesworth, Chairman, 195 Broadway, New York, N. Y. 
F 


. L. Baer, D. H. Gage, F. A. Raymond, 
L. W. Chubb, S. P. Grace, Chester W. Rice, 
J. L. Clarke, P. J. Howe, J. K. Roosevelt, 
Charles E. Davies, F. H. Kroger, H. A. Shepard, 
H. W. Drake, Ray H. Manson, J. F. Skirrow, 
Major P. W. Evans, R. D. Parker, E. B. Tuttle, 

R. D. Evans, H. S. Phelps, K. L. Wilkinson, 
E. H. Everit, Lt.Commdr. B.B.Ralston, F. A. Wolff, 
L. F. Fuller, C. A. Wright. 

l EDUCATION 


P. M. Lincoln, Chairman, Franklin Hall, 


Cornell University, Ithaca, N. ¥. 


R. E. Doherty, Vice-Chairman, Schenectady, N. Y. 


C. A. Adams, 
Edward Bennett, 
Nelson J. Darling, 
W. C. Eglin, 


. Adams, 
Alger, 
Batley, 
Barns, 

. Behrend, 

. Bergstrom, 
. Bunker, 

es Burke, 

{. Dann, 
L. Eiden, 

G. Faccioli, 

C. J. Fechheimer, 
W. J. Foster, 


a eee ee 


am 


a 
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. M, Hobart, Chairman, General Electric Co., 
. Parker, Vice-Chairman, Brooklyn, N. Y. 
. Pacton, Secretary, General Electric Co., 


Harold B. Smith, 
R. W. Sorensen, 


J. P. Jackson, 
John Mills, 


H. H. Norris, J. B. Whitehead, 
Harold Pender, W. R. Whitney, 
W. L. Robb, W. E. Wickenden. 


ELECTRICAL MACHINERY 
Schenectady, N. Y. 


Schenectady, N. Y. 


G. H. Garcelon, . K. Marti, 
C.M. Gilt, . M. Montsinger, 
Harold Goodwin, . A. Mudge, 

J. L. Hamilton, D. Newbury, 
W. E. Haseltine, C. Nichols, 

R. A. Hentz, . L. Pollard, 


C. F. Hirshfeld, 
B. G. Jamieson, 


H. Sanderson, 
F. Schuchardt, 


J. A. Johnson, Stull, 

V. Karapetoff, C. Stone, 

A. H. Kehoe, H. Tapscott, 
P. M. Lincoln, . B. Williamson, 


RADE ROAZE MAS 


A. M. MacCutcheon, . L. Zabriskie. 


ELECTRIC WELDING 


. Lincoln, Chairman, Coit Road and Kirby Avenue, Cleveland, Ohio 


FoC 

C. A. Adams, 

P. P. Alexander, 
C. W. Bates, 
Ernest Bauer, 
A. M. Candy, 


Ernest Lunn, 
J. W. Owens, 
William Spraragen, 
H. W. Tobey, 
Ernest Wanamaker. 


Alexander Churchward, 
O. H. Eschholz, 

F. M. Farmer, 

H. M. Hobart, 

C. J. Holslag, 

C. L. Ipsen, 


ELECTROCHEMISTRY AND ELECTROMETALLURGY 
G. W. Vinal, Chairman, Bureau of Standards, Washington, D. C. 


Lawrence Addicks, 


A. N. Anderson, 
T. C. Atchison, 
Farley G. Clark, 


Safford K. Colby, 

F. A. J. Fitzgerald, 
Walter E. Holland, 
F. A. Lidbury, 

C. G. Schluederberg, 


ELECTROPHYSICS 


Magnus Unger, 

J. B. Whitehead, 

J. L. Woodbridge, 
J. L. McK. Yardley. 


V. Karapetoff, Chairman, Cornell University, Ithaca, N. Y. 


Carl Kinsley, 
Oliver E. Buckley, 
V. Bush, 

J. P. H. Douglas, 
Charles Fortescue, 
Carl Kinsley, 


Secretary, 22 Lynwood Road, Scarsdale, N. Y. 


Chester W. Rice, 
J. Slepian, 

Harold B. Smith, 
Irving B. Smith, 
J. B. Whitehead. 


W. B. Kouwenhoven, 
K. B. McEachron, 
R. A. Millikan, 

J. H. Morecroft, 


INSTRUMENTS AND MEASUREMENTS 
A. E. Knowlton, Chairman, Dunham Laboratory, Yale University, 


New Haven, Conn. 


E. D. Doyle, Vice-Chairman, New York, N. Y. 


O. J. Bliss, 

Perry A. Borden, 

W. M. Bradshaw, 
H. B. Brooks, 

J. R. Craighead, 
Melville Eastham, 
W. M. Goodwin, Jr., 


C. F. Hanson, 


W. B. Kouwenhoven, 


P. M. Lincoln, 


W. M. McConahey, 
Wm. J. Mowbray, 


H. A. Perkins, 
R. T. Pierce, 


L. T. Robinson, 
E. J. Rutan, 

B. W. St. Clair, 
G. A. Sawin, 

I. B. Smith, 

H. M. Turner, 
Roy Wilkins. 


APPLICATIONS TO IRON AND STEEL PRODUCTION 
. Pierce, Chairman, 1329 Guardian Building, Cleveland, Ohio 


- Bunker, 


S. L. Henderson, 
R. H. Keil, 

W. C. Kennedy, 
A. G. Place, 

F. O. Schnure, 


J. W. Speer, 
G. E. Stoltz, 
T. S. Towle, 
J. D. Wright. 


PRODUCTION AND APPLICATION OF LIGHT 
P. S. Millar, Chairman, Electrical Testing Laboratories, 80th St. & 
East End Ave., New York 


W. T. Blackwell, 
J. M. Bryant, 
J. R. Cravath, 
W. T. Dempsey, 
William Esty, 


G. C. Hall, 

L. A. Hawkins, 
H. H. Higbie, 

C. L. Kinsloe, 
A. S. McAllister, 


George S. Merrill, 


F. H. Murphy, 
F. A. Rogers, 


B. E. Shackelford, 


C. J. Stahl, 
G. H. Stickney. 


APPLICATIONS TO MARINE WORK 
G. A. Pierce, Chairman, Wm. Cramp & Sons S. & E. B. Co., Philadelphia, Pa. 


R. A. Beekman, Vice-Chairman, Schenectady, N. Y. 


Commdr. C. S. Gillette, 
E. M. Glasgow, 

H. F. Harvey, Jr., 

Wm. Hetherington, Jr., 
H. L. Hibbard, 

J. S. Jones, 


A. Kennedy, Jr., 


Commdr. M. A. Libbey, 


J. B. Lunsford, 
E. B. Merriam, 
1. H. Osborne, 
William H. Reed, 


R. L. Witham, 
H. M. Southgate, 
W. E. Thau, 

C. P. Turner, 

A. E. Waller, 

J. L. Wilson. 


APPLICATIONS TO MINING WORK 
W. H. Lesser, Chairman, Madeira Hill & Co., Frackville, Pa. 


M. C. Benedict, 
F. N. Bosson, 
Graham Bright, 
L. C. Ilsley, 

. M. Kennedy, 
. L. Kingsland, 
. B. Kiser, 


> AO 


Carl Lee, 
John A. Malady, 


Charles H. Matthews, 


F. C. Nicholson, 
H. F. Pigg, 

L. L. Quigley, 
Herbert S. Sands, 


W. F. Schwedes, 
E. D. Stewart, 

F. L. Stone, 

W. A. Thomas, 
E. B. Wagner, 

J. F. Wiggert, 

C. D. Woodward. 


GENERAL POWER APPLICATIONS 


. E. Arnold, 
. H. Braymer, 
. C. Deale, 


OPU>E> 


J. F. Gaskill, 
Clyde D. Gray, 
C. Francis Harding, 


H. D. James, 

P. C. Jones, 

A. C. Lanier, 

W. S. Maddocks, 
N. L. Mortensen, 
K. A. Pauly, 

D. M. Petty, 


POWER GENERATION 
W. S. Gorsuch, Chairman, 600 W. 59th St., 


J. T. Lawson, Vice-Chairman, Newark, N. J. 


Vern E. Alden, 

H. A. Barre, 

E. T. Brandon, 

N. E. Funk, 

W. S. Gorsuch, 

C. F. Hirshfeld, 
Francis Hodgkinson, 


H. A. Kidder, 
W. H. Lawrence, 
F. T. Leilich, 
James Lyman, 
W. E. Mitchell, 
I. E. Moultrop, 


. M. MacCutcheon, Chairman, 1088 Ivanhoe Road, Cleveland, Ohio 
W. Henderson, Secretary, 1088 Ivanhoe Road, Cleveland, O. 


H. W. Price, 
H. L. Smith, 
A. H. Stebbins, 
E. C. Stone, 
W. H. Timbie, 
F. M. Weller, 
W. C. Yates. 


New York, N. Y. 


M. M. Samuels, 
F. A. Scheffler, 
R. F. Schuchardt, 
Arthur R. Smith, 
Nicholas Stahl, 
B. Tikhonovitch, 
W. M. White. 


POWER TRANSMISSION AND DISTRIBUTION 


Philip Torchio, Chairman, 124 E. 15th St., 
P. H. Chase, Vice-Chairman, Philadelphia, Pa. 
R. N. Conwell, Vice-Chairman, Newark, N. J. 
R. H. Tapscott, Vice-Chairman, New York, N. Y. 


R. W. Atkinson, 
A. O. Austin, 

F. G. Baum, 

R. D. Booth, 

J. A. Brundige, 
V. Bush, 

George F. Chellis, 
Wallace S. Clark, 
Edith Clarke, 
John C. Damon, 
W. A. Del Mar, 
Herbert H. Dewey, 


L. L. Elden, 

R. D. Evans, 
F. M. Farmer, 
C. L. Fortescue, 


. A. Hawley, 
. P. Jollyman, 

. H. Kehoe, 
. H. Kraft, 
« H. 


E. A. Loew, 
W. E. Meyer, 
W. E. Mitchell, 


New York, N. Y. 


C. R. Oliver, 

F. W. Peek, Jr., 
D. W. Roper, 

C. E. Schwenger, 
A. E. Silver, 

M. L. Sindeband, 
H. C. Sutton, 
Percy H. Thomas, 


W. K. Vanderpoel, 


Theodore Varney, 
H. S. Warren, 
R. J. C. Wood, 
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PROTECTIVE DEVICES 


F. L. Hunt, Chairman, Turners Falls Power & Electric Co., Greenficld, Mass. 
H. R. Summerhayes, Vice-Chairman, Schenectady, N. Y. 
E. A. Hester, Secretary, 435 Sixth Ave., Pittsburgh, Pa. 


Raymond Bailey, H. C. Louis, J. M. Oliver, 

W. S. Edsall, W. B. Kirke, E. J. Rutan, 

H. Halperin, K. B. McEachron, H. P. Sleeper, 

F. C. Hanker, W. H. Millan, E. C. Stone, 

J. Allen Johnson, L. J. Moore, A. H. Sweetnam, 

M. G. Lloyd, A. Royal Wood. 
RESEARCH 


John B. Whitehead, Chairman, Johns Hopkins University, Baltimore, Md. 
F. W. Peek, Jr., Vice-Chairman, Pittsfield, Mass. 


Edward Bennett, B. Gherardi, E. W. Rice, Jr., 
V. Bush, V. Karapetoff, D. W. Roper, 

E. H. Colpitts, A. E. Kennelly, Clayton H. Sharp, 
E. E. F. Creighton, M. G. Lloyd, C. E. Skinner, 


W. F. Davidson, C. E. Magnusson, Harold B. Smith, 


W. A. Del Mar, Harold Pender, R. W. Sorensen. 
TRANSPORTATION 
J. V. B. Duer, Chairman, Pennsylvania Railroad, Altoona, Pa. 
E. R. Hill, H. A. Kidder, N. W. Storer, 
W. K. Howe, John Murphy, W. M. Vandersluis, 
D. C. Jackson, W. S. Murray, Richard H. Wheeler. 
W. B. Potter, 


A. I. E. E. Representatives 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 
i COUNCIL 
M. I. Pupin, John B. Taylor. 


AMERICAN BUREAU OF WELDING 
H. M. Hobart. 


AMERICAN COMMITTEE ON ELECTROLYSIS 


B. J. Arnold, N. A. Carle, F. N. Waterman. 
AMERICAN ENGINEERING COUNCIL ASSEMBLY 

H. H. Barnes, Jr., H. M. Hobart, A. G. Pierce, 

A. W. Berresford, F. L. Hutchinson, M. I. Pupin, 

*C. C. Chesney, William McClellan, E. W. Rice, Jr., 
H. W. Eales, L. F. Morchouse, *Charles F. Scott, 
*John H. Finney, I. E. Moultrop, *C. E. Skinner, 
*M. M. Fowler, *Farley Osgood, Calvert Townley, 


*NMembers of Administrative Board 


AMERICAN ENGINEERING STANDARDS COMMITTEE 
H. M. Hobart, J. F. Meyer, C. E. Skinner, 
H. S. Osborne, John C. Parker, L. T. Robinson, Alternates. 


AMERICAN MARINE STANDARDS COMMITTEE 
R. A. Beekman. 


AMERICAN YEAR BOOK, ADVISORY BOARD 
Edward Caldwell. 


APPARATUS MAKERS AND USERS, COMMITTEE OF 
NATIONAL RESEARCH COUNCIL 
C. E. Skinner. 


BOARD OF TRUSTEES, UNITED ENGINEERING SOCIETY 


Bancroft Gherardi, G. L. Knight, Calvert Townley. 
CHARLES A. COFFIN FELLOWSHIP AND RESEARCH FUND 
COMMITTEE 


C. C. Chesney. 


COMMITTEES AND REPRESENTATIVES 


ELIMINATION OF FATIGUE, COMMITTEE ON, SOCIETY OF 


INDUSTRIAL ENGINEERS 
C. Francis Harding. 


ENGINEERING FOUNDATION BOARD 
Gano Dunn, L. B. Stillwell. 


JOHN FRITZ MEDAL BOARD OF AWARD 
Gano Dunn, M. I. Pupin, 
Farley Osgood. 


JOINT COMMITTEE ON WELDED RAIL JOINTS 
D. D. Ewing, A. P. Way. 


JOINT CONFERENCE COMMITTEE OF FOUNDER SOCIETIES 
The Presidents and Secretaries, ex-o ficio. 


LIBRARY BOARD OF UNITED ENGINEERING SOCIETY 
Edward D. Adams, F. L. Hutchinson, W. B. Jackson, 
E. B. Craft, W. I. Slichter. 


C. C. Chesney, 


NATIONAL FIRE PROTECTION ASSOCIATION, ELECTRICAL 
COMMITTEE 
J. P. Jackson. 


NATIONAL FIRE WASTE COUNCIL 
John H. Finney, J. P. Jackson. 
NATIONAL MUSEUM OF ENGINEERING AND INDUSTRY 
BOARD OF TRUSTEES 
Gano Dunn. 


NATIONAL RESEARCH COUNCIL, ENGINEERING DIVISION 
John B. Whitchead, Cary T. Hutchinson, E. W. Rice, Jr., 
F. L. Hutchinson, ex-officto. 
NATIONAL SAFETY COUNCIL, ELECTRICAL COMMITTEE OF 
A. S. S. E.—ENGINEERING SECTION 
J. P. Jackson. 


THE NEWCOMEN SOCIETY 
E. B. Craft. 


RADIO ADVISORY COMMITTEE, BUREAU OF STANDARDS 
A. E. Kennelly. 
SOCIETY FOR THE PROMOTION OF ENGINEERING EDUCATION 
BOARD OF INVESTIGATION AND COORDINATION 

Gano Dunn, Frank B. Jewett. 

U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 
ILLUMINATION COMMISSION 

A. E. Kennelly, C. O. Mailloux, Clayton H. Skarp. 


WASHINGTON AWARD, COMMISSION OF 
L. A. Ferguson, Charles F. Scott. 


U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 


C. A. Adams, H. A. Kidder, (ex-oficio) E. W. Rice. Jr. 
C. C. Chesney, ex-oficio, John W. Lich, L. T. Robinson, 
L. W. Chubb, F. V. Magalhaes, D. W. Roper. 
W. A. Del Mar, C. O. Mailloux, Charles F. Scott. 
Gano Dunn, A. S. McAllister, C. H. Sharp. 
B. Gherardi, William McClellan, C. E. Skinner, 
H. M. Hobart, J. F. Meyer, ex-officio, N. W. Storer, 
D. C. Jackson, F. D. Newbury, John B. Tavlor, 
F. B. Jewett, H. S. Osborne, Elihu Thomson. 
A. E. Kennelly, Farley Osgood, R. B. Williamson. 
F. W. Peek, 


LIST OF SECTIONS 


Name Chairman Secretary 
AKON ico sce eee Soak 4g cee toeu te aia A. R. Holden H. L. Steinbach 
Atlanta.........esssssssssssesoses. C. E. Bennett W. F. Oliver 
Baltimore...............6- eceseeee. W.B. Kouwenhoven R. T. Greer 
Boston..........ssessses> Sain ates Hartley Rowe W. H. Colburn 
Chicago.........sssesesessosssses> K. A. Auty William Wurth 
CiINnCimnaty «yi we 59s FRA RRR W. P. Beattie L. J. Gregory 
Cleveland. ......... cc cece eee eee H. L. Grant W. E. McFarland 
ColumbusS.........ssssscssesss.»e. A. W. Janowitz E. A. Wiliams 
Connecticut.............c ce eeeeeeee A. E. Knowlton R. G. Warner 
Denvér iit ha Aa OSS Se W. H. Edmunds R. B. Bonney 
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